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Abstract 

BioPackLCA – Closing the gap: Extending 
LCA to reflect the sustainability 
contributions of bio-based packaging 
Existing LCA methods (especially impact categories considered) do not always include 

some of the environmental interventions that are unique to bio-based materials.  

Subsequently, this report to investigates areas where LCA impact assessment 

methodology can be enhanced or expanded in order to fully account for the 

environmental advantages and disadvantages of bio-based packaging materials. The 

work focuses on impact assessment areas most pertinent to three of the highest-profile 

environmental policy objectives of the day, i.e. climate change, single-use plastics and 

microplastics generation. Subsequently, recommendations are made with regards to the 

application of the global warming potential impact category when conducting LCA 

studies comparing bio-based and other packaging materials, and proposals are presented 

for simplified impact categories for littering potential and microplastics generation 

potential. 
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Preface 
In the drive for a bio-based economy, it is important that solutions that are developed 

and adopted are genuinely beneficial to the environment. It is necessary to understand 

the advantages that new bio-based materials provide, whilst also recognising trade-offs 

between environmental impacts that may occur. The best tool to provide this type of 

insight is life cycle analysis (LCA).  

However, existing LCA methods (especially impact categories considered) do not 

always include some of the environmental interventions that are unique to bio-based 

materials.  Subsequently, RISE Innventia has prepared this report to highlight areas 

where LCA impact assessment methodology can be enhanced or expanded in order to 

fully account for the environmental advantages and disadvantages of bio-based 

packaging materials.  

The RISE Innventia team would like to thank the group Intressentföreningen Packforsk 

(IFP) which provided funding for the research work. Intressentföreningen Packforsk 

consists of a wide range of companies that are stakeholders in the supply chains for 

packaging and packaged goods. There interest lies in better understanding the relative 

environmental advantages and disadvantages of the packaging solutions they produce or 

use. 

The work was completed between January 2018 and April 2019. In undertaking the 

work, we recognise that this is a fast-developing field. We anticipate, and hope, that this 

report will open up further debate on the inclusion of new environmental impact 

categories and approaches in LCA that will both better reflect the current sustainability 

priorities and will account for some of the unique environmental interventions 

associated with bio-based packaging materials. 

May 2019 

Michael Sturges, Martin Kay and Malin Johansson 
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Executive summary 

Background 

Bio-based packaging materials will make a significant contribution to the transition to a 

more sustainable society. As well as being central to the European Union’s ambition to 

establish a strong bio-based industrial sector, bio-based packaging materials also have 

the potential to contribute to other key policy objectives, such as the low carbon 

economy, and the elimination of single-use plastics and micro-plastics. 

Life cycle assessment (LCA) is a widely used decision support tool for quantifying the 

environmental impacts of products or services across their life cycle. Against the 

backdrop of these current EU policy objectives, bio-based packaging materials are 

frequently evaluated using existing LCA methodologies to ascertain their environmental 

consequences, either as a stand-alone solution or in comparison to existing solutions. 

However, LCA methodology, particularly impact assessment, has remained largely 

unchanged for a number of years, whilst the environmental backdrop (the current 

environmental situation, the scientific knowledge and public priorities) has changed. In 

this research, we consider the following questions: 

• Are current life cycle impact assessment techniques appropriate for evaluating 

the environmental interventions of bio-based packaging materials within the 

context of the current policy objectives? 

• What improvements in methodology can be made? 

To address these questions, the following research activities have been followed: 

1) Review of the scientific literature to identify existing impact assessment 

approaches, documented limitations and proposed alternative and/or improved 

methods 

2) Development of new methodologies and/or approaches to address perceived 

gaps or limitations in impact assessment 

3) Application of existing and alternative and/or extended and/or new impact 

assessment methodologies to simplified case studies to demonstrate the 

implications for LCA studies including bio-based materials 

4) Recommendations for improved life cycle impact assessment relating to bio-

based packaging materials 

To provide a workable frame for these activities, the research team has focused on impact 

assessment areas most pertinent to three of the highest-profile environmental policy 

objectives of the day, i.e. climate change, single-use plastics and microplastics 

generation. 

Regarding the low carbon economy 

Our investigation of current practices for determining the climate change impact of bio-

based packaging systems in LCA leads to the following important conclusions: 
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• Choice of boundaries and inclusion/exclusion of biogenic GHGs can have 

significant influence over the result - studies that focus on cradle-to-gate, fossil-

based GHG emissions may disadvantage bio-based packaging solutions. 

Subsequently, LCA studies of bio-based packaging materials and solutions should 

always include biogenic emissions and removals and, wherever possible, cradle-

to-grave boundaries should be considered 

• “Bio-based” does not always mean “low carbon”. It is extremely important that 

the entire composition of the material (including all non bio-based components) 

are considered in the analysis. Although this may sound obvious, during the 

course of this work the researchers have observed instances of claims made in 

favour of bio-based solutions based on LCA studies that have excluded the 

(potentially high-impact) non bio-based components. This is both misleading 

and potentially damaging to the credibility of bio-based materials 

• The time horizon considered for GWP emissions can be important for bio-based 

packaging solutions. Nonetheless, it remains most relevant to continue working 

with the 100-year GWP factors. However, LCA practitioners should keep a 

watching brief on this, and it may sometimes be relevant to present results using 

both the 100-year and 20-year GWP factors.  

• The timing of biogenic GHG emissions and removals is important for fibre-based 

packaging solutions. However,considering the current situation in which fibres 

for fibre-based packaging are sourced from sustainably managed forests and that 

overall European forests are expanding, then it would appear to be appropriate 

to assume that at the landscape level forests (and forest carbon) remain stable at 

the very least. In this case, continued use of the standard LCA global warming 

approach (in which the timings of emissions and removals is not considered) is 

viewed as appropriate. Stand-by-stand forest management data is unlikely to be 

readily available, but where it is available practitioners are encouraged to also 

apply the time adjusted warming potential approach investigated in this work, as 

it is clearly demonstrated that this will have a significant effect on the results 

achieved and conclusions drawn 

• The data sources used can have a significant impact on the results achieved and 

conclusions drawn. Data sources for bio-based materials require further 

development and greater standardisation in approach. Availability of 

comprehensive and transparent LCI data should be an ongoing focus for the bio-

based materials sector. In the meantime, LCA practitioners should seek out 

alternative datasets in order to apply appropriate sensitivity analysis. 

• Recent work has shown that plastic packaging deposited in the environment as 

litter can degrade leading to the generation of previously unrecognised fossil 

GHG emissions. It is also recognised that bio-based packaging deposited as litter 

in the environment will give rise to biogenic GHG emissions during 

biodegradation. In the work, we have estimated emission profiles for plastic 

packaging materials when deposited in the environment as litter. Our 

calculations show that these additional emissions associated with the 

degradation of plastics are small compared to the overall life cycle emissions. 

Nonetheless, our approach means that these can now be accounted for. We 

recommend that the approach applied in our case studies, and the GHG 

emissions data estimates developed, should be applied in LCA studies and that, 
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where appropriate, a “littering” scenario should be considered as an end-of-life 

destination for all packaging solutions. 

Regarding single-use plastics 

Littering of single-use plastics, especially packaging items, is a prominent environmental 

issue at this moment. Legislation is being introduced to limit certain single-use plastic 

packaging items, whilst many brand-owners and retailers are making commitments to 

cut their use of single-use plastics.  

In our work, we have identified impact pathways for littering of single-use plastics which 

highlight potential to contribute to existing life cycle impact assessment categories 

(terrestrial ecotoxicity, freshwater aquatic ecotoxicity and marine ecotoxicity). Littering 

also has a negative impact on aesthetics, which is not typically addressed in LCA. 

Subsequently, we propose a littering potential impact category calculated by multiplying 

the surface area of material or weight of material by the time taken for fragmentation we 

get an environmental impact result in m2.yrs or kg.yrs. Where information is available, 

the impact category can be further improved on a study-by-study basis by refining the 

analysis based on the propensity of certain products to be littered. 

We recognize that the methods proposed are far from perfect. However, regarding the 

environmental impact of litter we are starting from a very low base and if we wait for the 

knowledge gaps to be filled this highly important impact category will continue to be 

omitted from LCA for many years to come. This significantly disadvantages bio-based 

materials that are inherently compostable and therefore offer a reduced environmental 

impact with regards to litter. Considering the new awareness of the impact of litter in the 

environment this omission is not acceptable. We therefore recommend that the proposed 

methodology should be applied in future LCA studies comparing alternative packaging 

solutions. The results should be highlighted as indicative only of the relative standing of 

the different solutions, and the issues of uncertainty regarding absolute values should be 

clearly communicated.  

Regarding microplastics 

In recent years, there has been a growing awareness that primary and secondary 

microplastics have entered the environment on a pervasive scale. Once in the 

environment, microplastics are persistent. Whilst research into the effects of 

microplastics in the environment is in its infancy, there is concern that microplastics 

could be toxic to both wildlife and humans. In this work, we have mapped the potential 

impact pathways for microplastics, linking them to the standard LCA impact categories 

of terrestrial ecotoxicity, freshwater aquatic ecotoxicity, marine ecotoxicity, and human 

toxicity. However, data to support quantitative connections between microplastics 

generation to the end-points of these impact categories is not yet available.  

As a result, the important environmental impacts associated with microplastics 

generation are overlooked by current LCA studies. This is a major omission from LCA 

studies, especially when comparisons between different packaging materials are being 

made.  
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In this research, we proposed and tested approaches for estimating the generation of 

both primary microplastics and secondary microplastics so these could at least be 

quantified and included in LCA results.  

For primary microplastics, a documented method for estimating microplastics 

generation from pellet distribution was adopted. For secondary microplastics, initially a 

very basic approach is initially applied in that we assume that, if packaging is 

inappropriately disposed of, 100% of the plastic in the packaging solution has the 

potential to form microplastics. This consideration of “potential impacts” is entirely 

compatible with other LCA impact categories. However, we feel that the approach is 

over-simplistic and may lead to gross over-estimations of the probable microplastics 

generation from different packaging solutions. The analysis could be improved if detailed 

data is available on the proportion of each material/solution being lost to formal, 

appropriate waste management systems. This level of detail is currently not yet available. 

However, in order to at least reduce the potential for overstating results we have 

proposed to weight the result according to the proportion of plastics waste reaching the 

ocean globally. From available information, we estimate this at approximately 2.9%. This 

will of course vary greatly from country to country, and where the LCA practitioner has 

additional regional data available this can be applied in order to improve the analysis. 

Although the proposed methodologies are highly simplified compared to the realities, 

the uncertainties and limitations will be consistent across different case studies. It is 

therefore anticipated by the research team that the relative standing of the different 

materials would remain constant even with improved meta data and impact pathway 

knowledge, and therefore the overall conclusions drawn in a comparative LCA study 

would be valid.  

We recognize that the methods proposed in this analysis are highly simplified and far 

from perfect. However, regarding the environmental impact of microplastics we are 

starting from a very low base. If we wait for the knowledge gaps to be filled this highly 

important impact category will continued to be omitted from LCA for many years to 

come. This significantly disadvantages materials that are inherently compostable and do 

not significantly contribute to microplastics generation. Considering the new awareness 

and concerns regarding the possible environmental and health implications of 

microplastics the failure to consider them in LCA is not acceptable. We therefore 

recommend that the proposed methods should be applied in future LCA studies 

comparing alternative packaging solutions. The results should be highlighted as 

indicative only of the relative standing of the different solutions, and the issues of 

uncertainty regarding absolute values should be clearly communicated.  
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1 Introduction 
Bio-based packaging materials will make a significant contribution to the transition to a 

more sustainable society. As well as being central to the European Union’s ambition to 

establish a strong bio-based industrial sector, bio-based packaging materials also have 

the potential to contribute to other key policy objectives, such as the low carbon 

economy, and the elimination of single-use plastics and micro-plastics. 

Life cycle assessment (LCA) is a widely used decision support tool for quantifying the 

environmental impacts of products or services across their life cycle. Against the 

backdrop of these current EU policy objectives, bio-based packaging materials are 

frequently evaluated using existing LCA methodologies to ascertain their environmental 

consequences, either as a stand-alone solution or in comparison to existing solutions. 

However, LCA methodology, particularly impact assessment, has remained largely 

unchanged for a number of years, whilst the environmental backdrop (the current 

environmental situation, the scientific knowledge and public priorities) has changed. In 

this research, we consider the following questions: 

• Are current life cycle impact assessment techniques appropriate for evaluating

the environmental interventions of bio-based packaging materials within the

context of the current policy objectives?

• What improvements in methodology can be made?

To address these questions, the following research activities have been followed: 

5) Review of the scientific literature to identify existing impact assessment

approaches, documented limitations and proposed alternative and/or improved

methods

6) Development of new methodologies and/or approaches to address perceived

gaps or limitations in impact assessment

7) Application of existing and alternative and/or extended and/or new impact

assessment methodologies to simplified case studies to demonstrate the

implications for LCA studies including bio-based materials

8) Recommendations for improved life cycle impact assessment relating to bio-

based packaging materials

To provide a workable frame for these activities, the research team has focused on impact 

assessment areas most pertinent to three of the highest-profile environmental policy 

objectives of the day, i.e. climate change, single-use plastics and microplastics 

generation. 
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2 About bio-based packaging 
The term ‘bio-based’ refers to a material or product that is derived fully or in part from biomass 

(i.e. plants, animals or over living matter). Fibre-based packaging (i.e. paper and board 

manufactured from fibres from the forests) are the most prevalent example of bio-based 

packaging, but other examples include bioplastics manufactured from agricultural plants, 

algae and other sources of biomass such as chitin from shellfish.  

There is a tendency to assume that bio-based means biodegradable, but this is not the case. 

Bio-based materials may be biodegradable or non-biodegradable, depending on the chemical 

structure. Equally, some fossil-based polymers are also biodegradable. These relationships 

and definitions are demonstrated in Figure 1. 

Figure 1 

Defining bio-based packaging 

In this study, we focus primarily on bio-based materials as an alternative to fossil-based 

packaging solutions. However, some bio-based materials incorporate fossil-based 

biodegradable polymers within their construction in order to achieve necessary functionality 

and processability. In this respect, the impacts and relevance of some fossil-based, 

biodegradable biopolymers is also investigated. 

To provide a workable frame for the analysis, the research focuses on three of the highest-

profile environmental policy objectives of the day, i.e. climate change, single-use plastics and 

microplastics generation. However, it should be acknowledged that there is a wider spectrum 

of environmental interventions across the life cycle of bio-based materials, as illustrated in 

Figure 2. Nonetheless, it can be seen that these three high-profile environmental challenges 

are directly relevant to bio-based packaging. 
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Figure 2 

Environmental interventions across the life cycle of bio-based packaging
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3 Systems modelled in this project 
To demonstrate the implications of existing and proposed impact assessment approaches for 

bio-based packaging it has been necessary to develop case studies to which the methods can 

be applied and investigated. However, as previously shown, the term “bio-based packaging” 

can cover a range of materials including paper & board, biopolymers that mimic conventional 

polymers that are not biodegradable (e.g. sugarcane PE), or biopolymers that are 

biodegradable (e.g. PLA and/or starch-based polymers).  

As these materials all have different properties, it is difficult to identify applications where 

they could be interchangeable. Furthermore, the focus of the research is on method evaluation 

and development. The research team did not want to commit a significant proportion of the 

available budget to an extensive data gathering and LCA modelling exercise. With this in mind, 

it was agreed to model simplified systems for the following e-commerce packaging solutions: 

1. A standard LDPE mailer bag (conventional polymer), weight considered = 28g 

2. A bio-based LDPE mailer bag (sugar cane derived polymer), weight considered = 28g 

3. A kraft paper mailer bag (virgin paper), weight considered = 70g 

4. A starch-based mailer bag 

System a: 30% recovered starch, 70% PBAT1, weight considered = 28g 

System b: 30% virgin starch, 70% PBAT, weight considered = 28g 

System c: 89% PLA/Starch blend, 11% PBAT, weight considered = 28g 

These systems were chosen as e-commerce is a growing packaging market, and all these 

solutions can meet the demands of e-commerce for certain products (e.g., for the shipping of 

clothing where the functional requirements of containment, protection, print/branding, 

address labelling/direct print can all be fulfilled). 

However, it is stressed that the effort of the project has been on investigating and developing 

impact assessment methods pertinent to the prioritised environmental interventions. The LCA 

results should be considered with this objective in mind only. The research team has made 

broad assumptions on the material weights for the options modelled and has used only readily 

available life cycle data. As such, the results should not be used for making 

comparative claims of environmental preference for one packaging solution 

over another. This was not the focus of the work, and would require primary data collection, 

more extensive system modelling and external peer review.  

 

 

  

                                                        
1 polybutylene adipate terephthalate 
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4 The low carbon economy  

4.1 The climate change challenge 

The need to decarbonize industrial processes has never been more sharply in focus. During 

2018, the Intergovernmental Panel on Climate Change (IPCC) warned that climate change is 

occurring earlier and more rapidly than previously anticipated. massive and unprecedented 

changes to global energy infrastructure are required within the next twelve years if 

catastrophic global warming is to be averted (Intergovernmental Panel on Climate Change, 

2018). 

The European Commission has already presented its strategic long-term vision for a 

prosperous, modern, competitive and climate-neutral economy by 2050. To achieve this, 

significant shifts in energy efficiency, the use of renewable energy, and land-use patterns will 

be required.  

It would appear to be obvious that bio-based packaging has a key role to play in the drive for 

the low carbon economy. Not least, the production of biomass (forestry and agriculture) 

removes carbon dioxide from the atmosphere. Afforestation in particular has been identified 

as playing a key role in all climate change mitigation scenarios. However, the processing of 

biomass requires energy, whilst the end-of-life management of materials may give rise to 

emissions of GHGs. It is therefore important to establish that existing and emerging bio-based 

packaging materials deliver a genuinely low carbon solution.  

To this end, this section of the report investigates the influence of a number of aspects of 

standard impact assessment techniques for climate change and different approaches for 

handling these in order to fully understand the climate change interventions of bio-based 

packaging solutions and ensure that decisions are made on a well-informed basis. 

 

4.2 Climate change impact assessment and bio-

based packaging 

In this section we investigate the influence of a number of aspects of standard impact 

assessment techniques for climate change and different approaches for handling these in LCAs 

of packaging systems. The various systems were modelled using standard LCA software and 

readily available data. The results for considering different system boundaries, different end-

of-life scenarios, different GWP time horizons and either including or excluding biogenic 

emissions are summarised in Table 1 below. 
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Table 1 Global Warming Potential Results for the studied systems, kgCO2e per 1,000 mailers  
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Detailed analysis of these results leads the research team to the following important 

conclusions: 

1) Choice of boundaries and inclusion/exclusion of biogenic GHGs can have significant 

influence over the result - studies that focus on cradle-to-gate, fossil-based GHG 

emissions may disadvantage bio-based packaging solutions 

 

LCA and carbon footprint studies of packaging materials often focus on cradle-to-gate 

emissions only. These boundaries are often chosen on the basis that the results will be 

applied by the downstream stakeholders, who will add their own information relating 

to the specific packaging construction, downstream distribution and end-of-life 

scenarios relevant to their packaging.  

 

The selection of cradle-to-gate system boundaries necessitates the exclusion of 

biogenic GHGs from the analysis, on the basis that the inclusion of the removals of 

biogenic GHGs at the beginning of the life cycle whilst excluding the emissions of 

biogenic GHGs at end-of-life may be misunderstood and/or misapplied by users of the 

data. If the data cradle-to-gate data is used to compare bio-based and fossil-based 

solutions without adding the downstream biogenic emissions, uses may incorrectly 

conclude that bio-based materials are always carbon negative (i.e. lead to a net removal 

of GHGs from the atmosphere). 

 

This is an approach that has in the past been accommodated by the forest industries. 

For example, the focus of the original CEPI framework for carbon footprinting of paper 

and board products (CEPI, September 2007) was on the quantification of the cradle-

to-gate fossil GHG emissions. Whilst other aspects could also be quantified, there was 

less emphasis on these. Subsequently, quantification of biogenic emissions and 

removals tended to be excluded from calculations undertaken using the CEPI 

approach, and downstream (end-of-life) was usually excluded. This approach was 

evident in the sector-wide calculations and results presented by the paper and board 

packaging associations represented in CITPA (Confederation of Paper and Board 

Converters in Europe).  

 

However, depending on the materials considered this focus can lead stakeholders to 

entirely inappropriate conclusions. This is particularly evident in the example 

presented in Figure 3 below, where the results for bio-based LDPE film are contrasted 

against those for standard LDPE film for different boundaries and either including or 

excluding biogenic emissions and removals. It can be seen that if we consider only 

fossil GHG emissions on a cradle-to-gate basis, then the bio-based LDPE has a higher 

carbon impact than the standard LDPE2. However, if we extend the analysis to include 

both fossil and biogenic GHG emissions and removals across the entire life cycle we 

can see that result is reversed, with the bio-based LDPE performing better no matter 

which end-of-life scenario is considered. 

 

                                                        
2 Note, the cradle-to-gate fossil GHG result for the sugarcane derived LDPE also depends on the 
treatment and allocation of by-products in the production chain, but this has not been investigated in 
detail in this analysis, as the aim of this element of our work is to determine whether different global 
approaches can influence the results for bio-based materials when benchmarked against standard 
polymer solutions. 
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Figure 3 

Comparison of results for standard LDPE and bio-based LDPE considering 

inclusion/exclusion of biogenic emissions and removals and considering cradle-to-

gate or cradle-to-grave boundaries 

 

These findings endorse the inclusion of biogenic GHG emissions and removals in LCAs 

featuring bio-based materials and confirm that studies featuring bio-based materials 

should include end-of-life scenarios. It is noted that this is now the case in the updated 

version of the industry guidelines for carbon footprinting of paper products (CEPI, 

April 2017), and this approach should be adopted for all bio-based packaging as well 

as paper and board.  

 

2) “Bio-based” does not always mean “low carbon” 

 

Materials that are fully bio-based do tend to have a low carbon impact if we consider 

the full life cycle and include the biogenic GHG emissions and removals. However, 

most materials include other (non-bio) constituents within their make-up. The 

additional impact of these constituents should always be included in the life cycle 

assessment of bio-based materials.  

 

A good example of this can be seen in the life cycle carbon impacts of starch-based 

films. Based on our experience of working with brand owners and other stakeholders, 
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there is a tendency amongst packaging users to assume that packaging described as 

“starch-based” is 100% bio-based and/or has a high starch content. Subsequently, we 

have witnessed examples in the market of stakeholders comparing the carbon impact 

of film made from 100% starch against the footprint of alternative solutions. 

 

However, from our own work with producers and users we are aware that the 

proportion of non-starch constituents can in fact be very high. In our work, we have 

come across examples of packaging films being marketed as “starch-based” which are 

in fact as low as 30% starch, with the remainder being made up of fossil-based 

biodegradable polymers such as PBAT.  

 

These non-starch constituents can significantly influence the carbon impact of starch-

based packaging. Therefore, failure to include these constituents when comparing with 

other solutions (based on the assumption that they will comprise a small part of the 

overall material) can lead to misleading conclusions. This is well illustrated in Figure 

4 below. 

 

 

Figure 4 

Comparison of results – all systems, fossil plus biogenic GHG emissions and removals  

 

In this analysis, it can be seen that whichever boundaries or end-of-life solution is 

considered the two starch-based systems incorporating high levels of PBAT have the 

highest carbon impact of all the options. Figure 5 shows how this footprint is 

dominated by the production of the PBAT which forms a significant component within 

the starch-based film. 
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Figure 5 

Breakdown of results for system 4a (30%rStarch, 70% PBAT), fossil plus biogenic GHG 

emissions – cradle to grave, example EOL landfill 

 

To be clear, these results do not mean that every starch-based film has a similarly high 

footprint. In Figure 4, it can be seen that system 4c (89% PLA/starch composite with 

11% PBAT) performs well, depending on which end-of0life scenario is achieved. This 

tallies with the findings of other studies identified in the literature, in particular: “The 

highest GHG savings are obtained when components such as PBAT and PBS are 

minimised”  (Broeren, Kuling, Worrell, & Shen, 2017). 

 

However, what this result does emphasise is that those businesses failing to clearly 

disclose the presence of non-bio and high carbon constituents within their materials 

place the credibility of entire bio-based sector at risk. This practice should be avoided 

and called-out wherever possible. 

 

 

3) The time horizon considered for GWP emissions can be important for bio-based 

packaging solutions 

 

Global Warming Potentials (GWPs) are a quantified measure of the globally averaged 

relative radiative forcing impacts of each particular greenhouse gas. It is defined as the 

cumulative radiative forcing – from both direct and indirect effects – from the emission 

of a unit mass of a GHG relative to the reference gas (carbon dioxide), integrated over 

a period of time. This means that it is necessary to define a time period for the 

integration to occur. It is necessary to know what the integration period is to make sure 

that the correct GWP factor is applied. The typical integration periods for which the 

IPCC has published factors are 20, 100, and 500 years (although more recent reports 

no longer publish values for 500 years).  
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In LCA, the 100-year GWP is typically applied. The 20-year GWP is sometimes used as 

an alternative to the 100-year GWP. Just as the 100-year GWP is based on the energy 

absorbed by a gas over 100 years, the 20-year GWP is based on the energy absorbed 

over 20 years. This 20-year GWP prioritizes gases with shorter lifetimes, because it 

does not consider impacts that happen more than 20 years after the emissions occur. 

Because all GWPs are calculated relative to CO2, GWPs based on a shorter timeframe 

will be larger for gases with lifetimes shorter than that of CO2, and smaller for gases 

with lifetimes longer than CO2. For example, for CH4, which has a short lifetime, the 

100-year GWP of 28–36 is much less than the 20-year GWP of 84–87. For CF4, with a 

lifetime of 50,000 years, the 100-year GWP of 6630–7350 is larger than the 20-year 

GWP of 4880–49503. 

For fibre-based packaging solutions, applying the 100-year factors leads to a lower 

result compared to the 20-year factors. In the instances that paper packaging would be 

disposed of via landfill, the choice of GWP time horizon is influential, due to the much 

higher GWP factor that is being applied to methane emissions arising from the landfill 

when 20-year factors are considered compared to 100-year factors).  

 

This raises the question as to which GWP factors should we apply. There have been 

proposals for the UNFCCC to adopt a dual-term greenhouse gas accounting standard: 

20-year GWPs alongside the presently accepted 100-year GWPs. Because countries set 

emission goals under a ‘basket of gases’ approach, where the physical emissions of 

GHGs are weighted by GWPs, shifting GHG reduction goals to be set under 20-year 

GWPs increases the weighting of short-lived gases in any target. This would have the 

consequence of significantly increasing the reductions of gases such as methane (CH4), 

or HFC-134a, compared to CO2 and other long lived GHGs. It is argued that the 

advantage of such a change would be to more rapidly reduce short-term warming and 

buy time for reductions of CO2 and longer-lived gases.  

 

However, the non-profit climate science and policy institute Climate Analytics argues 

that these changes would be counter-productive and the benefits over-stated (Climate 

Analytics, Nov 2017): 

• “20-year GWPs attach more weight to short-lived greenhouse gases, such as 

methane and some HFCs, which only stay in the atmosphere from less than a 

year up to a couple of decades, as opposed to CO2, which stays in the atmosphere 

hundreds of years and continues to cause warming 

• Within a basket of gases approach, differentially reducing emissions from short- 

lived gases more than CO2 may reduce the rate of warming for several years, but 

the relative cooling effect will diminish in time and be massively outweighed by 

the additional warming over subsequent decades and centuries caused by the 

relatively higher concentrations of CO2 and other long lived GHG emissions. 

• As a consequence, introducing 20-year GWPs in reporting or accounting would 

likely give countries a perverse incentive to refrain from the deep reductions of 

CO2 emissions that already have been delayed for far too long. 

• This would result in higher CO2 concentrations and ocean acidification than 

would otherwise be the case. 

                                                        
3 Definitions and information presented here taken from 
https://www.epa.gov/ghgemissions/understanding-global-warming-potentials  

https://www.epa.gov/ghgemissions/understanding-global-warming-potentials
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• Given the ultimate objective of the Convention in its Article 2 to “prevent 

dangerous interference in the climate system” moving to an accounting 

framework that reduces mitigation focus on CO2, and as a consequence adds to 

long term warming and ocean acidification commitments compared to the 

present 100 year GWP approach, does not seem well justified. 

• If the focus shifts to reducing short-lived greenhouse gases, we shift the burden 

of increased climate impacts and damages more and more to future generations 

and would ultimately increase the need to negative CO2 emissions technology 

deployment” 

Considering the logic presented by Climate Analytics, it would appear to be appropriate 

to continue to work with the 100-GWP factors historically applied in LCA and carbon 

footprint studies. 

 

4) The timing of biogenic GHG emissions and removals is important  

A significant limitation of the standard LCA impact assessment approach for global 

warming potential is that it takes no account of the actual timing of the emissions. The 

existing practice is to sum the GHG emissions before applying characterisation factors 

to determine the total GWP measured in CO2equivalents. However, this approach is 

simplistic and will inherently misrepresent the global warming effects of emissions that 

occur at specific points of time in the product’s life cycle.  

The problem occurs as the cumulative radiative forcing (CRF) of any emission across 

the life cycle is evaluated over the predetermined time horizon (e.g. the 100 years 

timeframe, as discussed above). So, an emission of CO2 occurring in e.g. 2020 will be 

evaluated until 2120, whereas an emission occurring in 2040 will be evaluated until 

2140. But subsequently, in the characterisation stage, all temporal information is lost. 

The emissions are summed together and effectively considered to have occurred at the 

very beginning of the life cycle. This is problematic because the impacts of emissions 

at different points in time have different implications for climate change processes and 

impacts. This may be particularly pertinent to bio-based packaging materials, 

especially paper and board materials where there will be a significant difference in 

timing between biogenic GHG emissions associated with the end-of-life of the material 

compared to the uptake of biogenic CO2 during the forestry operations.  

The importance of emissions potential has been recognised and addressed by several 

commentators, e.g., (Kendall A, 2009), (Müller-Wenk R, 2010), (Schwietzke S, 2011), 

(Kendall A P. L., 2012). It is an issue that has also been specifically highlighted within 

the paper and board sector itself, for example in the CEPI Framework for Carbon 

Footprint for Paper and Board Products:  

“Traditional carbon footprint practice does not consider timing, except to the extent 

that temporal system boundaries dictate which stocks and flows are included. 

Increasingly, customers and other stakeholders are interested in the timing of 

emissions and removals. Addressing the timing of emissions and removals in a 

carbon footprint greatly complicates the calculations and introduces additional 

uncertainty. As a result, other protocols and frameworks (e.g. ISO 14067 and the 

Product Standard) allow, but do not require, information on timing to be reported 

separately from the calculated carbon footprint (CFP) (again, except to the extent that 

the protocols may specify temporal boundaries). Similarly, the framework described 

in this document does not require information on the timing of emissions and removal 
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except to the extent that temporal boundaries must be clearly explained. Information 

on timing may be included as additional information, however.”   

 (CEPI, April 2017) 

Therefore, in this section of our research, we investigate the implications of the timing 

of biogenic GHG emissions and removals using the approach of time-adjusted global 

warming potentials (Kendall, 2012). In her work, Kendall uses a simplified example to 

demonstrate the potential implications of considering the timing of emissions. In 

Figure 6, three emission profiles are compared, each with a net GHG emission of 

1,000kg CO2. In profile 1, the emissions are all considered to occur in year 0, with no 

emissions in future year. In profile 2, the emissions are considered to occur at a rate of 

50kg per annum over a twenty years timeline. In profile 3, emissions of 200okg CO2 

are considered for year 0, with -1000kg CO2 (a credit) occurring after twenty years. 

The emissions profiles are evaluated using time-adjusted warming potentials 

(TAWPs), which include the reference gas (CO2) and a reference time, year zero (i.e. 

today). Thus, the units of measurement are “CO2e today”. 

 

 
 

 

 

 

 

 

 

 

Figure 6 

CRF of three emissions profiles with net emissions of 1,000 kg CO2, adapted from 

(Kendall, 2012) 

From the graphs it can be seen that simply summing emissions over the life cycle and 

treating them as if they occur immediately potentially overestimates their global 

warming effect. Likewise, considering a credit for future avoided emissions using the 

standard GWP approach overestimates the benefit of the credit. 

Here, we investigate the effects of this limitation when applied to fibre-based material. 

To investigate this, we consider two different scenarios. In both scenarios it is assumed 

that there is a balance in biogenic CO2 emissions and removals across product’s life 

cycle (considering 80 years as an indicative timeline for forest renewal), but two 

different situations are considered: 

i. In the first situation, the system under investigation starts with the 

extraction of fibre, resulting in emissions of CO2 at the beginning of the 80-

year timeline (year zero), followed by annual removals over the 80-year 

timeline 
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ii. In the second situation, the system under investigation starts with the 

planting of trees with annual removals over the 80-year timeline followed by 

emissions from the packaging life cycle in year 80 

The calculations were completed using the MS Excel tool TAWPv1.04, provided as a 

supplementary resource to Kendall’s work on this topic (Kendall, 2012). The results 

are illustrated in Figure 7.  

In each case, the result achieved is very different from the result calculated using the 

standard GWP approach (18kgCO2e per 1,000 mailers, using 100-year GWP factors). 

In System 1, where the removals are made after the extraction of fibre and life cycle 

emissions from the packaging), the result is much higher at 122kgCO2eTAWP. In 

contrast, for System 2, where the CO2 removals are considered to occur before 

extraction of the fibres, results in a net negative result (-105kgCO2eTAWP).  

Of course, this example is a gross over-simplification of the real situation, but it serves 

to illustrate the importance of the timing of biogenic emissions and removals across 

the life cycle.  

 

 

                                                        
4 The TAWPv1.0 tool is available to download at https://link.springer.com/article/10.1007%2Fs11367-
012-0436-5  

https://link.springer.com/article/10.1007%2Fs11367-012-0436-5
https://link.springer.com/article/10.1007%2Fs11367-012-0436-5
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Figure 7 

Time Adjusted Warming Potentials, kraft mailer bags, considering 80-year forest regeneration period
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However, stand-by-stand information is rarely available that will allow paper 

packaging producers to make such detailed analysis. Therefore, a third scenario was 

also investigated, in which we consider that the emissions occur in year 40 of the 80-

year cycle (i.e. we assume some of the removals occur before the packaging related 

emissions and some of the removals occur after, to represent a situation where forests 

are managed sustainably at the landscape level). In this case, the results generated tally 

very closely with the standard LCA methodology. As current available data indicates 

that European forests are growing, it would appear to be appropriate to continue to 

work with the standard 100-GWP factors historically applied in LCA and carbon 

footprint studies, but to encourage the use of time adjusted warming potential factors 

wherever these can be supported, as these can be important within the wider context 

of bio-based packaging materials: 

• As shown, biogenic GHG emissions within a product life cycle may occur over a 

very different timeframe compared to biogenic carbon removals. This may be 

particularly important within the context of emission reductions targets. To deliver 

the widely recognised target of a 1.5oC global temperature increase then globally 

GHG emissions must reach net zero by 205o 

• If increased demand for bio-based materials leads to land-use change, then carbon 

stocks in the environment may change. For example, an increase in demand for 

bio-based materials may lead to an increase in forest cover, ultimately leading to 

an increase in forest-related carbon stocks. Indeed, extending forest cover is 

recognised as an important strategy for achieving future targets or CO2 

concentrations in the atmosphere. Conversely, increased demand for bio-based 

materials may also increase the rate of felling in the immediate term, potentially 

reducing forest carbon stocks. Again, the timeframe for emissions and removals of 

biogenic carbon associated with increased demand for forest products may be 

important within the context of the net zero emissions target for 2050. 

 

 

5) The data sources used can have a significant impact on the results achieved and 

conclusions drawn 

 

For example, alternative datasets were identified for sugarcane derived LDPE. Data the 

RISE team has used previously has indicated that this material has the potential to be 

climate negative if sent to landfill. Carbon contained in the product (biogenic removals 

from the atmosphere) are locked up within the material when it is sent to landfill, 

where it does not degrade and is not released back into the atmosphere. These GHG 

removals exceed the fossil-based emissions arising from processing the raw materials, 

converting and transport across the life cycle. This conclusion appears to be supported 

by the recent accreditation of Braskem’s I’m Green sugarcane LDPE material as carbon 

negative by the Carbon Trust (see https://www.britishplastics.co.uk/News/braskem’s-

has-its-negative-carbon-footprint-credentials-stre/ ).    

However, other data sources identified for sugarcane derived LDPE did not support 

this conclusion. This highlights the genuine need for consolidated and universally 

accepted datasets on bio-based materials production. The relatively new entry of these 

materials into the market means that available data to support LCA and carbon 

footprint studies remains sparse, inconsistent and in some cases potentially unreliable. 

https://www.britishplastics.co.uk/News/braskem's-has-its-negative-carbon-footprint-credentials-stre/
https://www.britishplastics.co.uk/News/braskem's-has-its-negative-carbon-footprint-credentials-stre/
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Generation of transparent and independently reviewed LCA data should be an area for 

prioritised action amongst providers of bio-based materials. Whilst this has become a 

standard practice in the fibre-based packaging sector, there is considerable work to be 

done amongst the bio-polymers sector. 

 

4.2.1 Conclusions and recommendations 

Our investigation of current practices for determining the climate change impact of bio-based 

packaging systems in LCA leads to the following important conclusions: 

1) Choice of boundaries and inclusion/exclusion of biogenic GHGs can have significant 

influence over the result - studies that focus on cradle-to-gate, fossil-based GHG 

emissions may disadvantage bio-based packaging solutions 

2) “Bio-based” does not always mean “low carbon” 

3) The time horizon considered for GWP emissions can be important for bio-based 

packaging solutions 

4) The timing of biogenic GHG emissions and removals is important  

5) The data sources used can have a significant impact on the results achieved and 

conclusions drawn 

 

In response to these conclusions, the research team makes the following recommendations: 

• LCA studies of bio-based packaging materials and solutions should always include 

biogenic emissions and removals and, wherever possible, cradle-to-grave boundaries 

should be considered 

• In undertaking LCA studies of bio-based packaging materials and solutions, it is 

extremely important that the entire composition of the material (including all non bio-

based components) are considered in the analysis. Although this may sound obvious, 

during the course of this work the researchers have observed instances of claims made 

in favour of bio-based solutions based on LCA studies that have excluded the 

(potentially high-impact) non bio-based components. This is both misleading and 

potentially damaging to the credibility of bio-based materials. 

• It remains most relevant to continue working with the 100-year GWP factors. 

However, LCA practitioners should keep a watching brief on this, and it may 

sometimes be relevant to present results using both the 100-year and 20-year GWP 

factors.  

• Considering the current situation in which fibres for fibre-based packaging are sourced 

from sustainably managed forests and that overall European forests are expanding, 

then it would appear to be appropriate to assume that at the landscape level forests 

(and forest carbon) remain stable at the very least. In this case, continued use of the 

standard LCA global warming approach (in which the timings of emissions and 

removals is not considered) is viewed as appropriate. Stand-by-stand forest 

management data is unlikely to be readily available, but where it is available 

practitioners are encouraged to also apply the time adjusted warming potential 

approach investigated in this work, as it is clearly demonstrated that this will have a 

significant affect on the results achieved and conclusions drawn 

• Data sources for bio-based materials require further development and greater 

standardisation in approach. Availability of comprehensive and transparent LCI data 
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should be an ongoing focus for the bio-based materials sector. In the meantime, LCA 

practitioners should seek out alternative datasets in order to apply appropriate 

sensitivity analysis. 

 

4.3 Hydrocarbon gas production from discarded 

plastics 

4.3.1 Understanding the issue 

Petrochemical-based plastics are generally considered to be highly persistent in the 

environment, remaining intact or fragmenting into ever smaller pieces (eventually persisting 

as microplastics) almost indefinitely.  

However, a recent research study  (Royer, Ferron, Wilson, & Karl, 2018) found evidence that, 

when exposed to ambient solar radiation, degradation of the most commonly used plastics 

gave rise to two potent GHG emissions – methane and ethene. The study found polyethylene, 

the most produced and discarded polymer globally, to be the most significant emitter of both 

gases. Key findings from the research can be summarised as follows: 

1. Hydrocarbon gases (methane, ethene, ethane and propane) were emitted following 

exposure of LDPE to ambient solar radiation both within filtered seawater (0.2µm 

filter) and also in air. Methane and ethene were observed to be 2x and 76x higher 

when LDPE was exposed in air compared to seawater 

2. For previously unexposed LDPE, hydrocarbon gas emissions were measurable within 

6 days of exposure. Negligible hydrocarbon gases were noted for previously 

unexposed LDPE which was maintained the dark 

3. Hydrocarbon gases were noted to be emitted for polystyrene, acrylic, polypropylene, 

PET, polycarbonate, HDPE and LDPE following exposure to ambient solar radiation. 

Methane and ethene emissions were several orders of magnitude higher from LDPE 

suggesting greater susceptibility to UV degradation. In the lists below, the polymers 

are ordered from highest to lowest, according to the extent of emissions: 

a. Emission of methane – LDPE>PS>PET>PP>HDPE>Acrylic>polycarbonate 

b. Emission of ethene- LDPE>PS>HDPE>PP>PET>polycarbonate>Acrylic. 

This is very new research, and whilst further work will be required to corroborate the findings 

it is important to understand whether these previously unrecognised GHG emission sources 

will have implications for LCA study results. Currently, LCA datasets would assume that 

emissions of fossil-based GHGs from discarded (littered) fossil-based plastics or non-

biodegradable bio-based plastics would be zero. This research suggests otherwise. Therefore, 

in this section we have used the study results to estimate the additional inventory emissions 

that could be expected to arise from any non-biodegradable fossil or bio-based plastics 

discarded to the environment.  

In Royer et al’s research paper, data for emissions of the GHGs are provided as nmol (gas) per 

g (polymer) per day (nmolg-1d-1). In order to incorporate this into the life cycle case studies, 

we have converted the data converted to g (gas) per g (polymer) per day (g g-1 d-1). 

 

For example, to calculate the emissions from methane (CH4): 
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1 mole C = 12.01 g 4 moles H= 4.04 g 

Therefore, 1 mole of CH4 = 12.01g + 4.04g = 16.05g 

The values calculated are summarised in Table 2 below. 

 

Table 2 Mass per nanomole for selected GHG emissions  

 

 

Preliminary experiments by Royer et al showed that all of the polymer types tested (PC, AC, 

PP, PET, PS, HDPE and LDPE) produced measurable quantities of CH4 and C2H4 when 

exposed in sea water to ambient solar radiation. Plastic pieces used in the experinent 

measured 5.5 x 0.8 cm with a thickness of 0.3 cm and weighed approximately 1.5 g, with the 

exception of PS pieces which were triangular in shape (approximately 5.0 cm perimeter), a 

thickness of 0.3 cm and a weight of approximately 0.2 g. For each plastic type, triplicate vials 

were exposed to ambient solar radiation and another set of triplicates was incubated in the 

dark (by wrapping the vials with aluminium foil), for a period of six and seven days, 

respectively. 

The highest production rates for both gases were measured for LDPE. The rate of production 

spanned more than two orders of magnitude between the different types of plastic, thus: 

• For CH4, from 1.61E-10 g per g polymer per day (polycarbonate) to 6.58E-8 g per g 

polymer per day (LDPE)  

• For C2H4, from 6.73E-10 g per g polymer per day (polycarbonate) to 1.32E-3 g per g 

polymer per day (LDPE). 

Applying this information, cumulative CH4 and C2H4 emissions in marine environments over 

100 years (g gas/g polymer) were calculated. Cumulative CH4 emissions for LDPE amounted 

to 2.40E-3 g/g LDPE while cumulative C2H4 emissions amounted to 4.81E-3 g/g LDPE. 

Researchers noted that CH4 and C2H4 emissions for LDPE exposed to ambient solar radiation 

1 mol 1nmol

g g

Methane CH4 16.05 1.61E-08

Ethene C2H4 28.06 2.81E-08

Ethane C2H6 30.08 3.01E-08

Propane C3H6 42.09 4.21E-08
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Table 3 Data for the emissions from different polymers for different end-of-life scenarios  
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in air were 2x and 76x higher respectively than those recorded for LDPE exposed to 

ambient solar radiation in seawater. 2x and 76x factors were therefore applied to CH4 

and C2H4 emission respectively to estimate hydrocarbon gas emissions when plastics 

are exposed to terrestrial environments as litter (Table 3).  

The rate and extent of hydrocarbon gas emissions for plastic polymers exposed to 

ambient solar radiation in fresh water were not documented. Hydrocarbon gas emission 

from plastic polymers is linked to photocatalytic degradation of the polymer structure, 

principally caused by the UV-B part of the electromagnetic spectrum. The current work 

uses saltwater which has been previously filtered (0.2µm filter) to remove bacteria, 

organic carbon which would otherwise absorb UV-B and reduce photodegradation.  We 

have made the broad assumption that filtered saltwater and filtered fresh water transmit 

UV-B light to the same extent. We therefore propose a simplified model which assumes 

that UV-B penetration and therefore polymer photolytic degradation is the same within 

filtered marine and fresh water environments. This would represent the worst-case 

scenario in terms of hydrocarbon gas emissions. Plastic polymers exposed within the 

marine and freshwater environment would in practice be exposed to less UV-B due to: 

• the presence of organic substances, bacteria and plankton which would absorb 
UV-B 

• surface turbulence of rivers, ponds, lakes, estuaries, seas and oceans which 

reflect some UV-B. 

4.3.2 Case study results 

Subsequently, the RISE team applied the data to estimate the GHG emissions and 

subsequent global warming potential for the LDPE mailer bags (per 1,000 mailers) 

considering different receiving environments (Table 4).  

 

Table 4 GHG emissions arising from littering per 1,000 LDPE mailer bags per receiving 
environment 

 

 

When compared against the total emissions for each system considering other end-of-

life options, these emissions from the degradation of plastics in the environment (in the 

form of litter) are relatively small. In Table 5, we present the global warming potential 

for each example packaging system investigated considering if littering occurs at the end-

of-life compared to a managed end-of-life solution. (For the bio-based mailer solutions, 

emissions from littering have also been estimated based on carbon content of the 

materials). It can be seen that, from a GHG perspective, the additional emissions 

associated with this newly identified source of GHGs from plastic packaging are minor. 
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Table 5 Results for all systems, including GHG emissions arising if littering occurs at end-of-life  
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4.3.3 Conclusions and recommendation 

The initial work by Royer et al has allowed us to develop emission profiles for plastic 

packaging materials that can be applied to estimate the global warming potential 

associated with the previously undocumented degradation of these material when 

deposited in the environment as litter. It is also possible to estimate GHG emissions from 

bio-based materials deposited as litter in the environment.  

Our calculations show that these additional emissions associated with the degradation of 

plastics are small compared to the overall life cycle emissions. Nonetheless, our approach 

means that these can now be accounted for. 

4.3.3.1 Our recommendation 

Although the additional emissions associated with the degradation of plastics in the 

environment as litter have been shown to be relatively small compared to other emissions 

across the life cycle, we recommend that the approach applied in our case studies, and 

the GHG emissions data estimates developed, should be applied in LCA studies and that, 

where appropriate, a “littering” scenario should be considered as an end-of-life 

destination for packaging solutions. Due to a lack of firm data on emissions when 

material ends up as litter in aquatic environments (freshwater or marine) we recommend 

that the emissions associated with materials “in air” (i.e. representing a terrestrial 

environment) are applied. Whilst there are significant uncertainties in the emissions 

data presented in this report, it is important that these are considered for completeness. 

4.3.3.2 Further research needs 

Further work is required to refine the GHG emissions estimates for plastic materials in 

the environment as litter, especially for materials which end up in marine or freshwater 

aquatic environments.  
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5 Single-use plastics 

5.1 The single-use plastics challenge 

Single-use plastics has become a major focus for the public and government in recent 

months. The major driver for this focus has been growing public awareness of the impact 

that single-use plastics can have on the wildlife (especially marine wildlife) and the visual 

disamenity caused by littering.  

Subsequently, in May 2018, the European Commission put forward proposals for new 

measures to reduce marine litter as part of the wider European plastics strategy. In 

parallel, businesses have increasingly sought to take the lead in reducing consumption 

of single-use plastics by making ambitious commitments to reduce or eliminate single-

use plastics in their packaging mix.  

It should be recognised that potential to contribute to littering is not the only 

environmental aspect relevant to single-use plastics. Reliance on fossil-derived resources 

(to produce polymers) is also a concern, whilst the low recycling rates currently achieved 

for most plastic packaging materials is incompatible with the circular economy concept. 

However, in this work we consider only the littering potential aspect of the single-use 

plastics challenge, and focus on the potential to integrate the impacts of littering in LCA 

methodology.  

Of course, it is not just plastics that can become litter in the environment. Any packaging 

that is disposed of inappropriately and deposited in the natural environment will cause 

litter, and therefore a method and supporting data is needed for all materials. This has 

been addressed in our proposed approach. 

5.2 Impacts of macro-plastics in the 

environment 

Mainstream media coverage has brought the topic of pollution of the environment in the 

form of macro-plastics litter to the fore in the public psyche and has subsequently taken 

a prominent position in regulatory initiatives. In particular, the focus has been on marine 

and shoreline littering by items of single-use plastics. The high proximity of the world 

population to coastlines and the combination of natural processes means that there is an 

accumulation of plastics litter in these environments resulting in a high visual impact. 

Depending on the nature of the litter, littering can also lead to a risk of entanglement for 

wildlife, while studies have also shown a propensity for some forms of sealife to mistake 

certain macro-plastic items for foodstuffs, subsequently ingesting the material. This can 

lead to physiological damage or death. Similar impacts have been identified for land-

based littering (e.g. ingestion of plastic carrier bags by cows in India5).  

                                                        
5 See for example, India Cow Killer Bagged, but Deaths Continue, 
https://www.npr.org/sections/krulwich/2008/06/09/91310904/india-cow-killer-bagged-but-
deaths-continue?t=1557502927696  

https://www.npr.org/sections/krulwich/2008/06/09/91310904/india-cow-killer-bagged-but-deaths-continue?t=1557502927696
https://www.npr.org/sections/krulwich/2008/06/09/91310904/india-cow-killer-bagged-but-deaths-continue?t=1557502927696
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In response, the European Commission has implemented or proposed legislation 

targeting some of the most common plastics contributing to marine littering. The single-

use plastics directive will ban certain products and set consumption reduction targets for 

others that are commonly found as litter on Europe’s beaches, including many packaging 

items such as food and beverage containers, packs and wrappers and light-weight carrier 

bags. 

However, the debate should not be limited to marine and coastal environments as 

littering can also occur in terrestrial and freshwater aquatic ecosystems. Furthermore, 

littering impacts are not exclusive to single-use plastic items. Bio-based packaging can 

also contribute to litter. However, an important difference lies in the fate of the materials 

once they have been deposited in the environment: 

• Standard macro-plastic items are generally highly persistent in the environment. 

Abrasion, hydrolysis, photodegradation and a very small degree of mineralisation 

may occur. Whilst this will gradually reduce the visual impact of plastic litter and 

prevent entanglement it will also result in the generation of microplastics (see 

section 6 of this report for further discussion). The lack of significant 

biodegradability of standard polymers also means that the items are highly 

damaging if ingested by animals 

• In contrast, the majority of bio-based packaging is inherently biodegradable and 

is not long-lasting once deposited in the environment (with the exception of bio-

based materials that are specifically manufactured so as not to be biodegradable, 

such as sugarcane derived PE). This inherent biodegradability limits the time 

duration over which the material contributes to visual impact of littering, whilst 

also making the material less of a risk for any creatures ingesting the material 

Considering standard LCA impact categories, the impact categories Terrestrial 

Ecotoxicity, Freshwater Aquatic Ecotoxicity, and Marine Ecotoxicity could all be relevant 

for evaluating the implications of packaging litter in the environment, as ingestion by 

aquatic and terrestrial animals can result in reduced food consumption (leading to lower 

energy levels), blocked intestinal tract or other physical injuries, potentially resulting in 

death. However, no studies have been identified that allow a quantification of the effect 

of littering against these impact categories to be achieved.  

In addition to the ecosystem toxicity impacts of entanglement and ingestion, littered 

packaging materials that do degrade in the environment have the potential to contribute 

to other environmental impacts, in particular: 

• Global warming potential – biodegradation of materials will contribute to the 

release of CO2 to the environment (although this has been identified as a 

relatively minor aspect compared to the GHG emissions arising from the wider 

life cycle of the packaging – see Section 4.3 of this report for further elaboration).  

• Terrestrial Ecotoxicity, Freshwater Aquatic Ecotoxicity, and Marine Ecotoxicity 

– the release of any ingredients (for example, heavy metals) into the environment 

could have implications for toxicity impact s for the receiving environment. 

These impacts will be highly dependent upon the composition of the packaging 

components in question and the receiving environment in which the constituents are 

released. 
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A further impact of littering is its visual impact on the natural environment. Standard 

LCA impact categories and methods do not easily take account this type of amenity 

impact. They focus on the environment as a functioning system rather than as an 

aesthetic resource. Therefore, littering is not typically taken into account by standard 

LCA techniques. This gap is to the potential detriment of bio-based packaging solutions 

when evaluated using LCA techniques.  

Therefore, we propose that littering should be quantified: 

a) To serve as a surrogate environmental impact indicator for the ecosystem 

impacts of litter 

b) To recognise the undesirable aesthetic impacts of litter in the environment 

In Figure 8 we have developed simplified environmental impact pathways associated 

with littering of plastic packaging materials. These impact pathways are also potentially 

relevant to other packaging materials generally. 
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Figure 8 

Potential impact pathways for littering of macro-plastics (developed by RISE Innventia, 2019)
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5.3 Proposed method 

Our review of the literature found that very few studies have tried to incorporate the 

potential impacts of littering into LCA studies. This is a finding that is corroborated by 

another recent study (published in draft form during the progression of our own 

research) by the Joint Research Centre (Nessi, et al., 2018), which made an in-depth 

analysis of 171 LCA studies concerning plastics from standard and/or alternative 

feedstocks. This study concluded that: “Littering is almost always neglected. It is semi-

quantitatively addressed only in one case study, through the introduction of an 

indicator attempting to capture the aesthetic impact of littered product.”6 

Overall, in the literature review a handful of approaches which attempt to incorporate 

aspects of littering into the LCA process were identified. 

Some applied qualitative approaches to acknowledge the littering impact category. For 

example, in a study on behalf of BASF focused on alternative carrier and waste bags, 

littering is addressed through qualitative statements (Muller, 2012) 

A further study comparing oxy-degradable and conventional polyethylene carrier bags 

included a post-consumer waste impact category which was defined as ‘deposited goods 

remaining in land for 700 days after the end of the shelf life of the bags’ (PE Americas, 

2008). This study was referenced in a later analysis of oxy-degradables  (Edwards & 

Parker, 2012), but it has not proved possible to find the original publication, so we have 

only been able to evaluate the method based on limited information. Without further 

information, the rational for the 700-day timeframe is not clear, and it should be 

considered that litter has a visual impact and can have ecosystem impacts both before 

and beyond this 700-day threshold. For this reason, we have not further considered this 

methodology. 

In Edwards and Parker, in order to include the social impact of carrier bag litter and the 

advantages of degradation, an additional impact category was devised. Their 

methodology for ‘litter effects’ multiplies the area of littered bags by the time taken for 

them to degrade (giving an impact category which they define as measured in m2.a, 

although our view is that m2.years would be a more accurate unit for this method). For 

their analysis, Edwards and Parker have considered that an oxo-biodegradable bag will 

degrade abiotically within a six-month period in the open environment, a bio-based bag 

will degrade by hydrolysis within a year, and a conventional LDPE bag was considered 

to degrade abiotically over many decades. In the absence of other data, all other 

emissions from littered items were assumed to be equivalent to those associated with 

landfilling of the material, with the exception of GHG emissions which were recalculated 

based on chemical structure of the materials. The approach proposed by Edwards and 

Parker is interesting in that it takes into account both the quantity of material and the 

time period over which it will degrade (and therefore the time horizon over which the 

material will be present as litter in the environment).  

However, in standard LCA datasets the surface area of material is not detailed, whilst for 

some items surface area may not be an appropriate indication of the litter impact of the 

                                                        
6 Section 2.4, Page 50 Line 9 
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packaging solution. Therefore, in addition to the method developed by Edwards and 

Parker we have also considered a weight-related metric of kg.yrs, in which the mass of 

material is multiplied by the time in years taken for the material to break down in the 

environment. 

In considering these metrics, a major challenge is a lack of consistent and reliable data 

on how long different materials take to “break down” in different environments and 

conditions.  

There are studies which have determined the time taken for different materials, 

including petrochemical plastics, to fully biodegrade. However, for the proposed impact 

indicator of littering, we are not interested in complete biodegradation of the material. 

Our interest lies in impacts that occur when the material is at a larger scale, i.e. visual 

disamenity, risk of entanglement by wildlife and risk of ingestion by wildlife. Whilst it is 

true that smaller particles may also be ingested by smaller organisms, this aspect is 

captured by the proposals presented in Section 6 (Microplastics and the environment). 

Hence, we are interested in the time horizon necessary for a material to fragment (or 

“break up”) into smaller pieces which no longer cause a significant visual impact at the 

landscape level (but may still be visible close up), rather than the time horizon necessary 

for a material to fully biodegrade.  

Still, available data on both degradation and biodegradation of materials in the 

environment is limited and inconsistent. Some data is available on biodegradation of 

materials under certain conditions (especially in landfill). However, finding data 

commensurate to “fragmentation” (i.e., the point at which the main visual impact has 

been negated and risk of entanglement gone) is problematic. In Table 6 we present a 

sample of data identified through the literature search. This table highlights some of the 

difficulties in determining either “fragmentation” or biodegradations rates: 

• Few of the data identified are sourced from scientific studies of 

degradation/biodegradation of materials 

• Those that are sourced from scientific studies tend to reflect 

degradation/biodegradation under very specific circumstances and/or via very 

specific processes – these may not reflect the conditions in the real world and 

therefore fragmentation / biodegradation rates may be very different in the 

environment 

• A lot of the data identified is not fully referenced and it is therefore not possible 

to determine what type of processes and/or what environments (landfill, 

terrestrial, freshwater aquatic or marine) and/or what degree of degradation the 

time horizons refer to 

• The published data do not necessarily take into account that the gauge of the 

materials may affect the degradation rates 

• The published data seem to show huge variations, which due to the information 

gaps previously described cannot be explained. 

This makes it highly challenging to determine a consistent set of fragmentation time 

horizons for different materials.  

Nonetheless, what is very apparent is that fibre-based packaging materials degrade much 

more quickly (a matter of months) compared to standard fossil-based polymers (years, 



38 

 

© RISE Research Institutes of Sweden 

decades or even centuries), which in turn degrade much more quickly than glass and 

metals. No data was sourced for materials marketed as compostable (e.g. starch based 

polymers) but for our work we have considered that these materials must degrade within 

90 days, in line with the requirements of test standards for compostability. 
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Table 6 Examples of published and circulated data on degradation rates for different packaging materials 

Material Biodegradation 

/ decompostion 

rate 

Additional information Source 

PE 

PE Food containers (rigid 

packaging) 

 

PE bags 

 

PE bags 

 

 

PE bags 

 

PE bags 

 

 

PE bags 

 

 

PE bags 

 

1600-5333 years 

 

 

200-500 years 

 

15-1000 years 

 

 

10-1000 years 

 

20 

 

 

200-1000 

 

 

Up to 20 years 

 

 

Full “biodegradation” by soil fungi 

 

 

Full “biodegradation” by soil fungi 

 

“to decompose” 

 

 

“decomposition of waste in landfills” 

 

“how long does it take litter to 

decompose” 

 

“how long does it take for plastic to 

decompose” 

 

How long does litter take to breakdown / 

degrade / decompose (terms used 

interchangeably 

 

 

 

Based on Albertsson estimates (Albertsson, 1978) 

 

 

Based on Albertsson estimates (Albertsson, 1978) 

 

https://www.foodpackagingforum.org/news/microplastics-

in-aquatic-environment 

https://www.thebalancesmb.com/how-long-does-it-take-

garbage-to-decompose-2878033  

https://www.recycleit4u.co.uk/how-long-does-it-take-for-

litter-to-decompose/  

https://one-change-now.org/2018/08/19/how-long-does-it-

take-for-plastic-to-decompose/  

 

Department of Environment and Conservation, Australia, 

“FACT SHEET: Litter – How long does it take to breakdown” 

https://www.kabc.wa.gov.au/library/file/Fact%20sheets/201

7/How%20long%20Fact%20sheet%20KAB.pdf  

HDPE 

HDPE food containers (rigid 

packaging) 

 

HDPE 

 

1600-5333 years 

 

 

Does not decompose 

 

Full “biodegradation” by soil fungi 

 

 

“to decompose” 

 

Based on Albertsson estimates (Albertsson, 1978) 

 

https://www.foodpackagingforum.org/news/microplastics-in-aquatic-environment
https://www.foodpackagingforum.org/news/microplastics-in-aquatic-environment
https://www.thebalancesmb.com/how-long-does-it-take-garbage-to-decompose-2878033
https://www.thebalancesmb.com/how-long-does-it-take-garbage-to-decompose-2878033
https://www.recycleit4u.co.uk/how-long-does-it-take-for-litter-to-decompose/
https://www.recycleit4u.co.uk/how-long-does-it-take-for-litter-to-decompose/
https://one-change-now.org/2018/08/19/how-long-does-it-take-for-plastic-to-decompose/
https://one-change-now.org/2018/08/19/how-long-does-it-take-for-plastic-to-decompose/
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
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  https://www.foodpackagingforum.org/news/microplastics-

in-aquatic-environment 

PET 

PET food containers (rigid 

packaging) 

 

1600-5333 years 

 

 

Full “biodegradation” by soil fungi 

 

 

Based on Albertsson estimates (Albertsson, 1978) 

 

PP 

PET food containers (rigid 

packaging) 

 

Metalized PP film 

 

1600-5333 years 

 

 

200 years 

 

75 years 

 

 

Full “biodegradation” by soil fungi 

 

 

Full “biodegradation” by soil fungi 

 

“how long does it take litter to 

decompose” 

 

Based on Albertsson estimates (Albertsson, 1978) 

 

 

Based on Albertsson estimates (Albertsson, 1978) 

 

https://www.recycleit4u.co.uk/how-long-does-it-take-for-

litter-to-decompose/  

Plastic bottles 

Plastic cntainers (rigid 

packaging) 

 

 

 

 

 

1600-5333 years 

 

 

450 

 

 

500 

 

 

1000 

 

 

Does not decompose 

 

 

Full “biodegradation” by soil fungi 

 

 

“how long does it take for plastic to 

decompose” 

 

“how long does it take litter to 

decompose” 

 

“to biodegrade”, “to degrade” – terms 

used interchangeably 

 

“to decompose” 

 

Based on Albertsson estimates (Albertsson, 1978) 

 

 

https://one-change-now.org/2018/08/19/how-long-does-it-

take-for-plastic-to-decompose/  

 

https://www.recycleit4u.co.uk/how-long-does-it-take-for-

litter-to-decompose/ 

 

https://www.postconsumers.com/2011/10/31/how-long-

does-it-take-a-plastic-bottle-to-biodegrade/  

 

https://www.foodpackagingforum.org/news/microplastics-

in-aquatic-environment 

Nylon 

Nylon 

 

 

600 years 

 

 

“how long does it take for plastic to 

decompose” 

 

https://one-change-now.org/2018/08/19/how-long-does-it-

take-for-plastic-to-decompose/  

https://www.foodpackagingforum.org/news/microplastics-in-aquatic-environment
https://www.foodpackagingforum.org/news/microplastics-in-aquatic-environment
https://www.recycleit4u.co.uk/how-long-does-it-take-for-litter-to-decompose/
https://www.recycleit4u.co.uk/how-long-does-it-take-for-litter-to-decompose/
https://one-change-now.org/2018/08/19/how-long-does-it-take-for-plastic-to-decompose/
https://one-change-now.org/2018/08/19/how-long-does-it-take-for-plastic-to-decompose/
https://www.recycleit4u.co.uk/how-long-does-it-take-for-litter-to-decompose/
https://www.recycleit4u.co.uk/how-long-does-it-take-for-litter-to-decompose/
https://www.postconsumers.com/2011/10/31/how-long-does-it-take-a-plastic-bottle-to-biodegrade/
https://www.postconsumers.com/2011/10/31/how-long-does-it-take-a-plastic-bottle-to-biodegrade/
https://www.foodpackagingforum.org/news/microplastics-in-aquatic-environment
https://www.foodpackagingforum.org/news/microplastics-in-aquatic-environment
https://one-change-now.org/2018/08/19/how-long-does-it-take-for-plastic-to-decompose/
https://one-change-now.org/2018/08/19/how-long-does-it-take-for-plastic-to-decompose/
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Nylon 66 

 

 

Nylon 6 

 

 

3.57 years 

 

 

150 years 

 

 

Marine bacteria mediated degradation 

 

 

Marine bacteria mediated degradation 

 

(Sudhakara, .Priyadarshinia, Doblea, Sriyutha Murthy, & 

Venkatesan, 2007) 

 

(Sudhakara, .Priyadarshinia, Doblea, Sriyutha Murthy, & 

Venkatesan, 2007) 

Cellulose acetate 

Cigarette butts 

 

 

Cigarette butts 

 

Several weeks 

 

 

1-12 years 

 

 

10-12 years 

 

 

Does not biodegrade 

 

In microbially aggressive environments 

such as composting 

 

“to decompose” 

 

 

“how long does it take for plastic to 

decompose” 

 

Will breakdown but will never 

biodegrade 

 

 

 

(Puls & Wilson, 2011) 

 

 

https://www.foodpackagingforum.org/news/microplastics-

in-aquatic-environment 

 

https://one-change-now.org/2018/08/19/how-long-does-it-

take-for-plastic-to-decompose/  

 

https://www.thoughtco.com/are-cigarette-butts-

biodegradable-1204105  

Alumimium 

Aluminium cans 

 

 

Aluminium cans 

 

80-200 years 

 

 

>1million years 

 

“decomposition of waste in landfills” 

 

 

How long does litter take to breakdown / 

degrade / decompose (terms used 

interchangeably 

 

https://www.thebalancesmb.com/how-long-does-it-take-

garbage-to-decompose-2878033  

Department of Environment and Conservation, Australia, 

“FACT SHEET: Litter – How long does it take to breakdown” 

https://www.kabc.wa.gov.au/library/file/Fact%20sheets/201

7/How%20long%20Fact%20sheet%20KAB.pdf 

Glass 

Glass 

 

 

 

Millions of years to 

Never 

 

 

“decomposition of waste in landfills” 

 

 

https://www.thebalancesmb.com/how-long-does-it-take-

garbage-to-decompose-2878033  

 

https://www.foodpackagingforum.org/news/microplastics-in-aquatic-environment
https://www.foodpackagingforum.org/news/microplastics-in-aquatic-environment
https://one-change-now.org/2018/08/19/how-long-does-it-take-for-plastic-to-decompose/
https://one-change-now.org/2018/08/19/how-long-does-it-take-for-plastic-to-decompose/
https://www.thoughtco.com/are-cigarette-butts-biodegradable-1204105
https://www.thoughtco.com/are-cigarette-butts-biodegradable-1204105
https://www.thebalancesmb.com/how-long-does-it-take-garbage-to-decompose-2878033
https://www.thebalancesmb.com/how-long-does-it-take-garbage-to-decompose-2878033
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
https://www.thebalancesmb.com/how-long-does-it-take-garbage-to-decompose-2878033
https://www.thebalancesmb.com/how-long-does-it-take-garbage-to-decompose-2878033
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Glass 

 

1-2 million years 

How long does litter take to breakdown / 

degrade / decompose (terms used 

interchangeably 

Department of Environment and Conservation, Australia, 

“FACT SHEET: Litter – How long does it take to breakdown” 

https://www.kabc.wa.gov.au/library/file/Fact%20sheets/201

7/How%20long%20Fact%20sheet%20KAB.pdf 

Paper 

Paper 

 

 

Paper bag 

 

 

 

 

Cardboard 

 

 

Cardboard 

 

 

 

 

Beverage carton 

 

2-6 weeks 

 

 

1 month 

 

 

 

 

2 months 

 

 

2 months 

 

 

 

 

5 years 

 

“In a landfill to get completely 

decomposed” 

 

How long does litter take to breakdown / 

degrade / decompose (terms used 

interchangeably 

 

 

“In a landfill to get completely 

decomposed” 

 

How long does litter take to breakdown / 

degrade / decompose (terms used 

interchangeably 

 

 

How long does litter take to breakdown / 

degrade / decompose (terms used 

interchangeably 

 

 

https://www.thebalancesmb.com/how-long-does-it-take-

garbage-to-decompose-2878033  

Department of Environment and Conservation, Australia, 

“FACT SHEET: Litter – How long does it take to breakdown” 

https://www.kabc.wa.gov.au/library/file/Fact%20sheets/201

7/How%20long%20Fact%20sheet%20KAB.pdf 

 

https://www.thebalancesmb.com/how-long-does-it-take-

garbage-to-decompose-2878033  

 

Department of Environment and Conservation, Australia, 

“FACT SHEET: Litter – How long does it take to breakdown” 

https://www.kabc.wa.gov.au/library/file/Fact%20sheets/201

7/How%20long%20Fact%20sheet%20KAB.pdf 

 

Department of Environment and Conservation, Australia, 

“FACT SHEET: Litter – How long does it take to breakdown” 

https://www.kabc.wa.gov.au/library/file/Fact%20sheets/201

7/How%20long%20Fact%20sheet%20KAB.pdf 

 

https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
https://www.thebalancesmb.com/how-long-does-it-take-garbage-to-decompose-2878033
https://www.thebalancesmb.com/how-long-does-it-take-garbage-to-decompose-2878033
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
https://www.thebalancesmb.com/how-long-does-it-take-garbage-to-decompose-2878033
https://www.thebalancesmb.com/how-long-does-it-take-garbage-to-decompose-2878033
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
https://www.kabc.wa.gov.au/library/file/Fact%20sheets/2017/How%20long%20Fact%20sheet%20KAB.pdf
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For our case studies, we have used the fragmentation rates summarised in Table 7.  

Table 7 Assumed fragmentation rates for materials in terrestrial environments 

Material Fragmentation time 

Fossil-based LDPE 15 years 

Sugarcane derived LDPE 15 years 

Kraft paper 1 month (o.08 years) 

Starch-based films 1 month (o.08 years) 

 

The choice of fragmentation rates has been made based on an evaluation of the 

information presented across the various sources presented in Table 6. We recognize and 

highlight that this process has been subjective and introduces a high degree of 

uncertainty into the fragmentation rates. However, one thing that is very clear from the 

available data and information is that fibre-based packaging materials and 

biodegradable bio-based packaging materials have considerably shorter fragmentation 

rates than standard polymers (i.e. those that have not been engineered to be 

biodegradable). Fibre-based materials in a terrestrial environment would be expected to 

fragment within a matter of months. In comparison, standard polymers that may be used 

for the applications in these case studies (LDPE films) would be expected to fragment in 

a timescale of years or even decades (along with bio-based polymers that are designed to 

mirror standard polymers, such as sugar-cane derived PE). It seems sensible to assume 

that materials that have been engineered and tested as compostable (such as starch-

based films, or biodegradable petrochemical polymers such as PBAT) will fragment in a 

similar timescale to the fibre-based materials. 

Although specific fragmentation times would be considerably different depending on the 

specific environmental conditions at the point at which the litter is disposed of (e.g. 

woodland versus grassland versus beach, temperate/humid versus arid, terrestrial 

versus freshwater aquatic versus marine, etc) we have assumed that the relative 

differences between the different materials in any given environment/conditions would 

remain consistent. Therefore, we have applied the single fragmentation rates listed in 

Table 7 in order to determine a single environmental impact indicator to represent 

littering in the LCA process. 

 

5.4 Case study results 

The key assumptions regarding the materials used for each case study (surface area and 

weight per package) and the results of the analysis considering both m2.yrs and kg.yrs 

are presented in Table 8 and Figure 9. 
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Table 8 Case study results 

 

 

 

Figure 9 

Case study results for Littering Environmental Impact Indicator  

 

The results show, considering the impact in m2.yrs, the littering impact of the LDPE film 

solutions is a factor of 100 greater than the impact of the fibre-based solutions 

(corrugated box and kraft paper bags) and the starch-based film. 

Considering the impact in kg.yrs, the differential between the LDPE solutions and the 

fibre-based materials is reduced. This would be as expected, as generally fibre-based 

solutions require more material by weight to deliver the same properties as plastics. 

Nonetheless, the scale of the differences between the materials is still highly significant. 

The Litter impact for LDPE film solutions is still a factor of approximately 15x greater 

than that for the corrugated box and over 30x greater than that for the paper bag. 

 

5.5 Conclusions and recommendation 

Developing a complete and comprehensive environmental impact category for littering 

that can be used in life cycle assessment is problematic. In particular, there are two major 

gaps in knowledge: 
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• Impact pathways have not been clearly mapped, and there is currently no way of 

connecting the action of littering to the end-points of terrestrial ecotoxicity, 

freshwater ecotoxicty and/or marine ecotoxicity. 

• Transparent, consistent, scientifically-derived and peer reviewed data on 

fragmentation and/or biodegradation rates for various materials under various 

conditions are not available. 

As a result, the important environmental impacts associated with littering are overlooked 

by current LCA studies. This is a major omission from LCA studies, especially when 

comparisons between different packaging materials are being made.  

In this research, we proposed and tested two methods for incorporating Littering impacts 

into LCA, based on a consideration of the material surface area or material weight 

compared to the time required for the material to fragment (i.e. to reach a point at which 

it is no longer presents a visual disamenity at the landscape level and no longer presents 

a potential entanglement hazard or ingestion hazard (for larger organisms). By 

multiplying the surface area of material or weight of material by the time taken for 

fragmentation we get an environmental impact result in m2.yrs or kg.yrs. This result is 

crude and numerous limitations should be recognised: 

• It assumes one fragmentation rate for each material regardless of material 

thickness, receiving environment, specific localized conditions (temperature, 

humidity, etc) 

• The fragmentation rates applied are highly uncertain and not underpinned by 

scientific studies 

Nonetheless, there is a clear hierarchy of order for fragmentation rates of different 

groups of materials, as illustrated in Figure 10 below. 

 

 

Figure 10 

Order of magnitude of fragmentation rates for different packaging materials 

 

Given these orders of magnitude in difference, it is deemed by the research team 

acceptable to use the limited data available to provide an indication of the relative scale 

of the environmental impact of littering when comparing different packaging solutions 

based on different materials. This is particularly important when comparing bio-based 

and/or compostable solutions against non-compostable solutions such as standard and 
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drop-in polymers, metals and glass. Although the rates would vary considerably in 

different environments, it is anticipated that the relative standing of the different 

materials would remain constant across all environmental conditions and therefore the 

overall conclusions drawn in a comparative LCA study would be valid no matter which 

environmental conditions were considered. 

 

5.5.1 Our recommendation 

We recognize that the methods proposed in this analysis are far from perfect. However, 

regarding the environmental impact of litter we are starting from a very low base. There 

is so little structured and scientifically determined data available today, that if we wait 

for the knowledge gaps to be filled this highly important impact category will continued 

to be omitted from LCA for many years to come. This significantly disadvantages bio-

based materials that are inherently compostable and therefore offer a reduced 

environmental impact with regards to litter. Considering the new awareness of the 

impact of litter in the environment, especially in the oceans, this omission is not 

acceptable. We therefore recommend that the proposed methodology should be applied 

in future LCA studies comparing alternative packaging solutions. The results should be 

highlighted as indicative only of the relative standing of the different solutions, and the 

issues of uncertainty regarding absolute values should be clearly communicated.  

 

5.5.2 Further research needs 

Further research is required regarding fragmentation rates for different materials and in 

different environments and climatic conditions. 
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6 Microplastics and the environment 

6.1 The microplastics challenge 

Microplastics are plastic fragments of less than five millimeters in length. At the lower 

end of the scale, microplastics can be in the nanometer range. In recent years, there has 

been a growing awareness that microplastics have entered the environment on a 

pervasive scale. Studies have shown that microplastics are not only widely distributed in 

marine and coastal environments, but are also present in remote environments such as 

Arctic sea ice (Peeken, et al., 2018) and mountain tops (Allen, et al., 2019), as well as in 

soils around the world (e.g. (Scheurer & Bigalke, 2018). 

Subsequently, microplastics have been found to be ingested by wildlife and have been 

found to be present in tap water, sea salt and in human stools, suggesting they are 

potentially present in the human food chain  (Harvey & Watts, 2018). Whilst the toxicity 

of microplastics is not yet clear, a precautionary approach demands action to limit the 

further generation and release of microplastics to the environment. This has already led 

some countries to introduce bans on the use of microbeads in cosmetics (see for example 

https://www.gov.uk/government/news/microbead-ban-announced-to-protect-sealife 

), but other sources of microplastics are not yet controlled.   

6.2 Impacts of microplastics in the 

environment 

Microplastics are defined by the US National Oceanic and Atmospheric Administation 

(NOAA) as plastic fragments of less than five millimeters in length (Arthur, Baker, & 

Bamford, 2009). At the lower end of the scale, microplastics can be in the nanometer 

range. 

There are two classifications of microplastics: 

• Primary microplastics: any plastic fragments or particles that are already 5.0mm 

or less in size before entering the environment – for example, microbeads from 

cosmetics and nurdles (plastic pellets) ready for manufacturing processes 

• Secondary microplastics: created in the environment from larger plastic products 

through natural weathering and abrasion. The pervasiveness of plastics in society 

means that sources of secondary microplastics are extremely diverse, including 

weathered plastic agricultural mulch, abrasion of car tyres, ship paints, fishing 

equipment and abrasion of other plastic items including but not limited to 

household items and plastic packaging materials. 

Both primary and secondary microplastics are highly persistent once they have entered 

the environment. Recent studies have shown microplatics to be present in a wide variety 

of ecosystems, particularly marine environments. Presence of microplastics has been 

determined from the extremes of the Arctic to the depths of the Marianas Trench.  

https://www.gov.uk/government/news/microbead-ban-announced-to-protect-sealife


48 

 

© RISE Research Institutes of Sweden 

This pervasiveness has inevitably raised questions regarding the environmental 

implications of microplastics in the environment. Figure x shows simplified potential 

impact pathways for packaging-derived microplastics in the environment.  

Table 9 summarises the main sources of all primary and secondary microplastics found 

the in environment. 

Table 9 Overview of sources for primary and secondary microplastics in the environment 

Primary microplastics 

Specific personal care products containing microplastics as exfoliants/abrasives 

Specific medical applications (e.g. dentist tooth polish) 

Drilling fluids for oil and gas exploration 

Industrial abrasives 

Pre-production plastics, production scrap, plastic regranulate: accidental losses, 
run-off from processing facilities 

Secondary microplastics 

General littering, dumping of plastic waste 

Losses of waste during waste collection, from landfill sites and recycling facilities 

Losses of plastic materials during natural disasters 

Plastic mulching 

Synthetic polymer particles used to improve soil quality and as composting additive 

Abrasion/release of fibres from synthetic textiles 

Release of fibres from hygiene products 

Abrasion from car tyres 

Paints based on synthetic polymers (ship paints, other protective paints, house 
paint, road paint): abrasion during use and paint removal, spills, illegal dumping 

Abrasion from other plastic materials (e.g. household plastics) 

Plastic items in organic waste 

Plastic coated or laminated paper: losses in paper recycling facilities 

Material lost or discarded from fishing vessels and aquaculture facilities 

Material lost or discarded from merchant ships (including lost cargo), recreational 
boats, oil and gas platforms 

Source: (Duis, 2016) 
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The raw materials used for the manufacture of plastic packaging items and components 

(plastic pellets or nurdles) can be a source of microplastics pollution through run-off 

from processing facilities (virgin pellet production, plastic processing factories, or 

recycled pellet production) or through accidental losses during transport. Measurements 

have revealed high concentrations of nurdles in coastal environments, although these 

peaked during the period between the 1970s and 1990s. The highest concentrations of 

pre-production pellets are found near production and processing sites (with 

concentrations up to an astounding 100,000 pellets per metre of beach. Improved 

handling practices have seen overall concentrations decline since the 1990’s, although 

higher concentrations are still evident closer to production sites. (Duis, 2016) 

Sources of packaging-derived secondary microplastics will obviously include plastic 

packaging items and components in their entirety, but sources could also include 

laminated bio-based packaging materials (for example coated papers), adhesives or 

polymer-based chemicals and additives used in papermaking. The packaging which acts 

as the source packaging-derived microplastics can enter the environment through 

multiple routes, including:  

• Littering 

• Illegal dumping of plastic waste both on land and at sea 

• Inappropriately managed landfill 

• Losses from waste collection  

• Windblown litter from recycling facilities 

• Lost cargo 

• Natural disasters such as hurricanes and tsunamis which can release significant 

quantities of plastic and other waste into the environnent 

It has been estimated that around 75-90% of the plastic debris in the marine 

environment originates from land-based sources, compared to 10-25% originating from 

ocean-based sources. 

Once in the environment, microplastics can take a number of different pathways, as 

illustrated in Figure 11. During these pathways, the macro-plastic items which are the 

source of secondary microplastics will be subject to abrasion and degradation processes. 

Existing primary microplastics and secondary microplastics items will also continue to 

be weathered by the environment, potentially becoming ever smaller particles.  
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Figure 11 

Potential impact pathways for microplastics (developed by RISE Innventia, 2019)
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Microplastics present on land may be ingested by terrestrial organisms (e.g. worms, 

moles, etc - reference), and subsequently incorporated into the soil. Here they may 

remain in the ecosystem, circulating between different organisms and/or the soil. As soil 

is weathered, soil particles are transported to other environments (e.g. streams, rivers 

and the sea). A high proportion of all soil ends in the sea. (any reference). It is likely that 

any microplastics in the soil will also be ultimately carried to the marine environment. 

Microplastics present in freshwater ecosystems will potentially be ingested by micro-

organisms. They may then either be excreted and become available for ingestion again, 

or they may pass up the food chain through trophic transfer. Fish may also take in 

microplastics via their gills.  

For microplastics reaching the marine environment, the potential impact pathways and 

implications for wildlife are similar to those for freshwater ecosystems.  

It is also possible to envisage that microplastics could be transferred to humans 

consuming freshwater fish and/or seafood.  

It could also be considered that where surface freshwaters are used as a source of potable 

water there may be potential for microplastics to be ingested by humans via tap water or 

via food and beverage products processed using this water. Indeed, recent studies have 

indicated the presence of anthropogenic micro particles in 81% of tap water samples in a 

global study (Kosuth, Mason, & Wattenberg, 2018). However, the exact nature of these 

micro particles, described as micro fibres in the study, has not been determined and these 

may not include packaging derived microplastics. The study also found a significant 

presence of anthropogenic micro particles in sea salt.  

The role of microplastics as a carrier for the distribution and transfer of other pollutants 

has also been discussed in the literature. Microplastics are hydrophobic and have a large 

surface area to volume ratio. There is evidence that hydrophobic organic pollutants such 

as hexachlorinated hexanes, polycyclic aromatic hydrocarbons (PAHs), polychlorinated 

biphenyls (PCBs) and polybrominated diphenyl ethers (PBDEs) are enriched on 

microplastics, e.g. (Andrady, 2011), (Bakirab, Rowland, & Thompson, 2014), (Batel, 

Linti, Scherer, & Erdinger, 2016). Subsequently concentrations of pollutants may be in 

the several orders of magnitude higher than in the surrounding environment. Studies 

show that these pollutants may then be transferred to organisms ingesting 

microparticles. The potential for these pollutants to bioaccumulate in organisms and to 

be transferred through the food chain requires further investigation. 

Furthermore, recent work has found that microplastics can act as rafts for harmful 

pathogens, transporting them from sewage outfalls and agricultural runoff to bathing 

waters and shellfish beds (Rodrigues, Oliver, McCarron, & Quilliam, 2019). A study 

found scientists found that 45% of nurdles collected from five EU-designated beaches in 

East Lothian, Scotland were polluted with E coli, a bacteria that causes diarrhoea and 

severe cramps. Up to 90% of them were contaminated with Vibrio, which causes 

gastroenteritis.  

Considering standard LCA impact categories, the impact categories Terrestrial 

Ecotoxicity, Freshwater Aquatic Ecotoxicity, Marine Ecotoxicity and Human Toxicity 

could all be relevant impact categories for evaluating the implications of microplastics 

pollution in the environment.  
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However, there is currently a lack of firm toxicological evidence to definitively and 

quantitatively connect the pathways to the impacts.  In LCA terms, this makes 

classification of the impacts and determination of characterisation factors problematic. 

However, the following should be considered: 

• Very high concentrations of microplastics have already been observed at some 

sites 

• The ongoing fragmentation of macro plastics already present in the environment, 

coupled with the addition of further micro and macro plastics, will undoubtedly 

result in higher concentrations in the future 

• Microplastics are extremely persistent in the environment 

• There is high levels of uncertainty regarding the toxicity of microplastics, 

although some evidence is already available of toxicity effects (e.g.,  (GESAMP 

Joint Group of Experts on the Scientific Aspects of Marine Environmental 

Protection, 2015)). 

Thus, despite the challenges of classification and characterisation it is very important 

that the impact of microplastics should be integrated into the LCA process. At present, 

this is an environmental aspect that is not considered in LCQ and this is a potential 

disadvantage to certain bio-based packaging materials.  

In light of the lack of classification and characterisation factors for microplastics 

pollution, a method is needed to serve as a surrogate potential environmental impact 

indicator. 

 

6.3 Proposed approach 

6.3.1 Primary microplastics 

Methods have been proposed in the literature (Nessi, et al., 2018) for determining losses 

to the environment arising from the distribution of plastics pellets. Once lost to the 

environment, these pellets have the potential to form microplastics. 

It has been proposed that this primary microplastics generation can be estimated using 

the following equation (Equation 1): 

 

𝑀𝑖𝐺𝑝 (𝑘𝑔) =  (𝑇𝑟, 𝑤𝑖 + 0.9 ∙ 𝑇𝑟, 𝑤 ∙ 𝑛𝑡 + 𝑇𝑜) ∙ 𝐿𝑟(%) ∙ 𝑚(𝑘𝑔) 

Equation 1 

 

This concept is further developed by considering the microplastics production due to 

multiple production of plastic pellets from each plastic element (i) in each life cycle stages 

considered (j) (see Equation 2) 
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𝑀𝑖𝐺𝑝 (𝑘𝑔) =  ∑ ∑

𝑛

𝑖=0 

 (𝑇𝑟, 𝑤𝑖 + 0.9 ∙ 𝑇𝑟, 𝑤 ∙ 𝑛𝑡 + 𝑇𝑜) ∙ 𝐿𝑟(%) ∙ 𝑚𝑖, 𝑗(𝑘𝑔)

𝑛

𝑓=0

 

Equation 2 

 

Where: 

• ∑𝑛
𝑓=0  ∑𝑛

𝑖=0  is the sum of the mass of microplastics arising from each plastic 

element (i) in each life cycle stages considered (j) 

• Tr,wi is the transfer rate from road to wind 

• Tr,w is the transfer rate from road to water 

• To is the transfer rate to the ocean 

• nt is the water treatment efficiency 

• Lr is the loss rate of plastic pellets 

• M is the mass of the plastic element 

• Mi,j is the mass of the plastic element (i) in each of the life cycle stages 
considered (j). 

Default values for Equations 1 and 2 are proposed in Table 10 

 

Table 10 Default values for use in Equations 1 and 2 

Variable Value  Source 

Tr,wi 0.1 (Boucher & Friot, 2017) 

Tr,w 
0.035 for rural areas 

0.5 for urban areas 
(Boucher & Friot, 2017) 

To 1, for maritime transport (Boucher & Friot, 2017) 

Nt 0.85 (Boucher & Friot, 2017) 

Lr 

0.00003% optimistic 

scenario 

0.0001% central scenario 

0.001% pessimistic 

scenario 

(Cole & Sherrington, 2016) 

quoted in (Boucher & Friot, 

2017) 

 

The application of these equations is described in the fictional examples below: 
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Illustrative example 1 – A plastic pellet company makes 10 tonnes (10,000 kg) of 

plastic pellets per year. They manufacture and distribute within an urban area and also 

rely on maritime transport for export. They adopt abatement techniques to reduce the 

loss of plastic pellets to the environment that are considered BAT and would fulfil the 

optimistic scenario ie 0.00003% loss rate.   

Using Equation 1:  

𝑀𝑖𝐺𝑝 (𝑘𝑔) =  (𝑇𝑟, 𝑤𝑖 + 0.9 ∙ 𝑇𝑟, 𝑤 ∙ 𝑛𝑡 + 𝑇𝑜) ∙ 𝐿𝑟(%) ∙ 𝑚(𝑘𝑔) 

MiGp (kg) = (0.1+0.9*0.5*0.85 + 1.0) * 0.00003 * 10,000 = 0.44475kg 

The plastic pellet company loses 0.44475kg of pellets to the environment annually. 

 

Illustrative example 2 - A company manufactures plastic pellets at three European 

sites each with differing manufacturing capability and standards of environmental 

performance: 

• Plant 1 makes 10 tonnes per year within an urban area and uses maritime 

transport for export. They adopt BAT abatement techniques and estimate their 

losses to the environment at 0.00003% 

• Plant 2 makes 20 tonnes per year within a rural area. They do not export not use 
maritime transport. They are yet to adopt ‘best in class’ abatement techniques 

and estimate that their losses to the environment are average (central scenario) 

• Plant 3 makes 50 tonne per year within an urban area and uses maritime 
transport for export. Losses to the environment are high (pessimistic scenario). 

 Using Equation 2:  

𝑀𝑖𝐺𝑝 (𝑘𝑔) =  ∑ ∑

𝑛

𝑖=0 

 (𝑇𝑟, 𝑤𝑖 + 0.9 ∙ 𝑇𝑟, 𝑤 ∙ 𝑛𝑡 + 𝑇𝑜) ∙ 𝐿𝑟(%) ∙ 𝑚𝑖, 𝑗(𝑘𝑔)

𝑛

𝑓=0

 

 

MiGp (kg) = ((0.1+0.9*0.5*0.85 + 1.0) * 0.00003 * 10,000) +  

((0.1+0.9*0.035*0.85 + 0) *0.0001*20,000) +  

((0.1+0.9 * 0.5*0.85+1)*0.001*50,000) 

 

= 0.44475 + 0.25355 + 74.125 

 

= 74.823 kg 

 

The example plastic pellet company loses 74.823 kg of pellets to the environment from 

its three manufacturing sites annually. One of the sites is responsible for over 99% of 

plastic pellet losses. 
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In theory it should be possible to apply these equations in order to estimate the 

generation of primary microplastics for any packaging life cycle scenario. To do this, 

additional information would be required as to the origin and modes of transport 

applied to deliver the pellets to the converting operation. A judgement would also be 

required as to the loss rate of plastic pellets. It may not be possible to acquire this 

information for an LCA study, and therefore we propose that the following parameters 

should be considered for generating the results: it is assumed that pellets will be 

distributed by road (urban areas) and by maritime transport, and the central scenario 

should be considered for losses (0.0001%).  

 

6.3.2 Secondary microplastics 

Secondary microplastics generation potential (i.e. microplastics created in the 

environment from larger plastic products through natural weathering and abrasion) 

could potentially be estimated using the very simple assumption that, if disposed of 

incorrectly, all the plastics in the packaging would eventually become microplastics.  

However, this simplified approach to secondary microplastics may be misleading, 

particularly when considering different types of polymer and different geographies. 

Whilst theoretically it is true that, if disposed of irresponsibly at end-of-life, then all the 

plastics in a package could lead to the generation of secondary microplastics, it should 

also be recognised that most packaging is not disposed of irresponsibly. We might 

therefore try to weight the results according to how likely they are to end up in the 

environment rather than captured in an appropriate waste management system. 

This could be done on a case-by-case basis, taking into account the specific materials and 

the location. For example, compared to Europe and North America, inappropriate waste 

management practices are far more prevalent in emerging economies of Asia and Africa 

(leading to far greater likelihood of plastic packaging waste to enter the environment and 

contribute to secondary microplastics generation. This is demonstrated clearly in Figure 

12.  
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Figure 12  

Top sources of ocean plastic waste, 20107 

 

However, finding such detailed information and incorporating it into LCA datasets may 

be challenging. Therefore, a shortened approach would be to consider what proportion 

of the annual global packaging waste material is estimated to end up in the ocean. Again, 

sourcing such information has proved difficult, but based on the information presented 

in Figure 13, this can be estimated at approximately 2.9% globally.  

 

                                                        
7 From https://news.nationalgeographic.com/news/2015/02/150212-ocean-debris-

plastic-garbage-patches-science/   

https://news.nationalgeographic.com/news/2015/02/150212-ocean-debris-plastic-garbage-patches-science/
https://news.nationalgeographic.com/news/2015/02/150212-ocean-debris-plastic-garbage-patches-science/
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Figure 13  

Plastic waste inputs from land to ocean, 20108 

 

Therefore, we propose that a weighting factor of 2.9% is applied to the plastic 

components of the packaging solution in order to provide an initial estimate of the 

secondary microplastics generation potential.  

 

6.4 Results of case studies 

6.4.1 Primary microplastics 

Figure 14 below show the results for estimated primary microplastics generation for 

each of the packaging case studies considering this approach. Unsurprisingly, the 

potential impact for the two non-biodegradable LDPE bags (from conventional LDPE 

and from sugar-cane derived LDPE) are many orders of magnitude greater than the 

potential impact of the fibre-based solutions. Using this method, the kraft paper mailer 

bag has an extremely small primary microplastics generation potential (not visible on 

the graph but recorded in the data table), due to the presence of a very small quantity of 

polymers used as retention aids and other constituents in the composition 

(representing less than 0.5% of the composition). In contrast, the primary microplastics 

generation potential of the starch-based bag, which contains only 100% compostable 

materials, is zero. 

                                                        
8 From https://www.weforum.org/agenda/2015/02/how-much-plastic-goes-into-the-

oceans-each-year/  

https://www.weforum.org/agenda/2015/02/how-much-plastic-goes-into-the-oceans-each-year/
https://www.weforum.org/agenda/2015/02/how-much-plastic-goes-into-the-oceans-each-year/
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Figure 14  

Primary microplastics generation potential - Results per 1,000 mailer bags    

 

Overall, these results will be an underestimate of primary microplastics generation 

potential, as the calculations focus purely on losses arising from distribution. They do 

not take into account losses arising during the production of the pellets or any 

subsequent losses during the production of recycled pellets from the end-of-life. 

Nonetheless, the proposed primary microplastics generation potential environmental 

impact indicator ensures that primary microplastics arising from packaging supply 

chains are at least recognised in the LCA process. The uncertainties inherent in the 

method will be consistent across all case studies, and therefore the approach is deemed 

by the research team to be a valid approach for ensuring that the advantages of fibre-

based and some bio-based packaging materials are recognised. 

 

6.4.2 Secondary microplastics 

The very simple approach of assuming that all plastics in the packaging solution has the 

potential to generate secondary microplastics leads to the results shown in Figure 15. 
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Figure 15  

Seconday microplastics generation potential (simple method) - Results per 1,000 
mailer bags    

Once again, the potential impact for the two non-biodegradable LDPE bags (from 

conventional LDPE and from sugar-cane derived LDPE) is many orders of magnitude 

greater than the potential impact of the fibre-based solution, whilst the secondary 

microplastics generation potential of the starch-based bag is zero. Using this simplified 

method, the secondary microplastics generation potential for each solution is over 6740 

times greater than the primary microplastics generation potential. 

Applying the proposed weighting factor of 2.9% (i.e. 2.9% of all plastics in the 

packaging solution has the potential to contribute to microplastics generation) leads to 

the results for the case studies as presented in Figure 16. Even considering this 

weighting factor, the secondary microplastics generation potential is nearly 200 times 

greater than the primary microplastics generation potential for each solution. 

Nonetheless, we believe that primary microplastics generation potential should still be 

estimated and presented separately in order to continue to raise awareness of this 

source of microplastics and therefore encourage adoption of best handling practices in 

the supply chain.   
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Figure 16  

Seconday microplastics generation potential (weighted approach) - Results per 
1,000 mailer bags    

 

6.5 Conclusions 

Developing an environmental impact category for microplastics generation that can be 

used in life cycle assessment is problematic. In particular: 

• It is difficult to estimate the proportion of polymer that will be lost to the 

environment through inappropriate disposal or poor waste management 

practices 

• Impact pathways have not been clearly mapped, and there is currently no way of 

quantitatively connecting the generation of microplastics to the end-points of 

terrestrial ecotoxicity, freshwater ecotoxicty, marine ecotoxicity and/or human 

toxicity. 

As a result, the important environmental impacts associated with microplastics 

generation are overlooked by current LCA studies. This is a major omission from LCA 

studies, especially when comparisons between different packaging materials are being 

made.  

In this research, we proposed and tested approaches for estimating the generation of 

both primary microplastics and secondary microplastics so these could at least be 

quantified and included in LCA results.  

For primary microplastics, a documented method for estimating microplastics 

generation from pellet distribution was adopted. Assumptions were made regarding the 

distribution scenarios, and this is a limiting factor of the approach. Where the LCA 

practitioner has supply chain specific information available this may be applied in order 

to improve the analysis. 



61 

 

© RISE Research Institutes of Sweden 

For secondary microplastics, a very basic approach is initially applied in that we assume 

that, if packaging is inappropriately disposed of, 100% of the plastic in the packaging 

solution has the potential to form microplastics. This consideration of “potential 

impacts” is entirely compatible with other LCA impact categories (for example, 

acidification potential assumes that all emissions of SO2 has the potential to contribute 

to the impact category). However, we feel that the approach is over-simplistic and may 

lead to gross over-estimations of the probable microplastics generation from different 

packaging solutions. The analysis could be improved if detailed data is available on the 

proportion of each material/solution being lost to formal, appropriate waste 

management systems. However, this level of detail is currently not yet available. 

However, in order to at least reduce the potential for overstating results we have 

proposed to weight the result according to the proportion of plastics waste reaching the 

ocean globally. From available information, we estimate this at approximately 2.9%. This 

will of course vary greatly from country to country, and where the LCA practitioner has 

additional regional data available this can be applied in order to improve the analysis. 

Although the proposed methodologies are highly simplified compared to the realities, 

the uncertainties and limitations will be consistent across different case studies. It is 

therefore anticipated by the research team that the relative standing of the different 

materials would remain constant even with improved meta data and impact pathway 

knowledge, and therefore the overall conclusions drawn in a comparative LCA study 

would be valid.  

 

6.5.1 Our recommendation 

We recognize that the methods proposed in this analysis are highly simplified and far 

from perfect. However, regarding the environmental impact of microplastics we are 

starting from a very low base. There is so little structured and scientifically determined 

data available today, that if we wait for the knowledge gaps to be filled this highly 

important impact category will continued to be omitted from LCA for many years to 

come. This significantly disadvantages materials that are inherently compostable and do 

not significantly contribute to microplastics generation. Considering the new awareness 

and concerns regarding the possible environmental and health implications of 

microplastics the failure to consider them in LCA is not acceptable. We therefore 

recommend that the proposed methods should be applied in future LCA studies 

comparing alternative packaging solutions. The results should be highlighted as 

indicative only of the relative standing of the different solutions, and the issues of 

uncertainty regarding absolute values should be clearly communicated.  

 

6.5.2 Further research needs 

Further research is required regarding the proportions of different materials that escape 

appropriate waste management systems, material by material and region by region. This 

information could be used to develop a more sophisticated microplastics impact 

category. 
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7 Conclusions & recommendations 
In this research, we have explored the relationship between life cycle assessment and the 

three most prominent environmental policy areas of the day, namely climate change, 

single-use plastics and microplastics, with specific emphasis on whether the 

environmental interventions of bio-based packaging materials are fully represented in 

current approaches. Where deficiencies in current methodologies and practices exist, we 

have proposed new approaches or recommended improved practices.  In particular, we 

draw the following conclusions and make the following recommendations: 

7.1 Regarding the low carbon economy 

Our investigation of current practices for determining the climate change impact of bio-

based packaging systems in LCA leads to the following important conclusions: 

• Choice of boundaries and inclusion/exclusion of biogenic GHGs can have 

significant influence over the result - studies that focus on cradle-to-gate, fossil-

based GHG emissions may disadvantage bio-based packaging solutions. 

Subsequently, LCA studies of bio-based packaging materials and solutions should 

always include biogenic emissions and removals and, wherever possible, cradle-

to-grave boundaries should be considered 

• “Bio-based” does not always mean “low carbon”. It is extremely important that 

the entire composition of the material (including all non bio-based components) 

are considered in the analysis. Although this may sound obvious, during the 

course of this work the researchers have observed instances of claims made in 

favour of bio-based solutions based on LCA studies that have excluded the 

(potentially high-impact) non bio-based components. This is both misleading 

and potentially damaging to the credibility of bio-based materials 

• The time horizon considered for GWP emissions can be important for bio-based 

packaging solutions. Nonetheless, it remains most relevant to continue working 

with the 100-year GWP factors. However, LCA practitioners should keep a 

watching brief on this, and it may sometimes be relevant to present results using 

both the 100-year and 20-year GWP factors.  

• The timing of biogenic GHG emissions and removals is important for fibre-based 

packaging solutions. However,considering the current situation in which fibres 

for fibre-based packaging are sourced from sustainably managed forests and that 

overall European forests are expanding, then it would appear to be appropriate 

to assume that at the landscape level forests (and forest carbon) remain stable at 

the very least. In this case, continued use of the standard LCA global warming 

approach (in which the timings of emissions and removals is not considered) is 

viewed as appropriate. Stand-by-stand forest management data is unlikely to be 

readily available, but where it is available practitioners are encouraged to also 

apply the time adjusted warming potential approach investigated in this work, as 

it is clearly demonstrated that this will have a significant effect on the results 

achieved and conclusions drawn 

• The data sources used can have a significant impact on the results achieved and 

conclusions drawn. Data sources for bio-based materials require further 

development and greater standardisation in approach. Availability of 
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comprehensive and transparent LCI data should be an ongoing focus for the bio-

based materials sector. In the meantime, LCA practitioners should seek out 

alternative datasets in order to apply appropriate sensitivity analysis. 

• Recent work has shown that plastic packaging deposited in the environment as 

litter can degrade leading to the generation of previously unrecognised fossil 

GHG emissions. It is also recognised that bio-based packaging deposited as litter 

in the environment will give rise to biogenic GHG emissions during 

biodegradation. In the work, we have estimated emission profiles for plastic 

packaging materials when deposited in the environment as litter. Our 

calculations show that these additional emissions associated with the 

degradation of plastics are small compared to the overall life cycle emissions. 

Nonetheless, our approach means that these can now be accounted for. We 

recommend that the approach applied in our case studies, and the GHG 

emissions data estimates developed, should be applied in LCA studies and that, 

where appropriate, a “littering” scenario should be considered as an end-of-life 

destination for all packaging solutions. 

7.2 Regarding single-use plastics 

Littering of single-use plastics, especially packaging items, is a prominent environmental 

issue at this moment. Legislation is being introduced to limit certain single-use plastic 

packaging items, whilst many brand-owners and retailers are making commitments to 

cut their use of single-use plastics.  

In our work, we have identified impact pathways for littering of single-use plastics which 

highlight potential to contribute to existing life cycle impact assessment categories 

(terrestrial ecotoxicity, freshwater aquatic ecotoxicity and marine ecotoxicity). Littering 

also has a negative impact on aesthetics, which is not typically addressed in LCA. 

Subsequently, we propose a littering potential impact category calculated by multiplying 

the surface area of material or weight of material by the time taken for fragmentation we 

get an environmental impact result in m2.yrs or kg.yrs. Where information is available, 

the impact category can be further improved on a study-by-study basis by refining the 

analysis based on the propensity of certain products to be littered. 

We recognize that the methods proposed are far from perfect. However, regarding the 

environmental impact of litter we are starting from a very low base and if we wait for the 

knowledge gaps to be filled this highly important impact category will continue to be 

omitted from LCA for many years to come. This significantly disadvantages bio-based 

materials that are inherently compostable and therefore offer a reduced environmental 

impact with regards to litter. Considering the new awareness of the impact of litter in the 

environment this omission is not acceptable. We therefore recommend that the proposed 

methodology should be applied in future LCA studies comparing alternative packaging 

solutions. The results should be highlighted as indicative only of the relative standing of 

the different solutions, and the issues of uncertainty regarding absolute values should be 

clearly communicated.  
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7.3 Regarding microplastics 

In recent years, there has been a growing awareness that primary and secondary 

microplastics have entered the environment on a pervasive scale. Once in the 

environment, microplastics are persistent. Whilst research into the effects of 

microplastics in the environment is in its infancy, there is concern that microplastics 

could be toxic to both wildlife and humans. In this work, we have mapped the potential 

impact pathways for microplastics, linking them to the standard LCA impact categories 

of terrestrial ecotoxicity, freshwater aquatic ecotoxicity, marine ecotoxicity, and human 

toxicity. However, data to support quantitative connections between microplastics 

generation to the end-points of these impact categories is not yet available.  

As a result, the important environmental impacts associated with microplastics 

generation are overlooked by current LCA studies. This is a major omission from LCA 

studies, especially when comparisons between different packaging materials are being 

made.  

In this research, we proposed and tested approaches for estimating the generation of 

both primary microplastics and secondary microplastics so these could at least be 

quantified and included in LCA results.  

For primary microplastics, a documented method for estimating microplastics 

generation from pellet distribution was adopted. For secondary microplastics, initially a 

very basic approach is initially applied in that we assume that, if packaging is 

inappropriately disposed of, 100% of the plastic in the packaging solution has the 

potential to form microplastics. This consideration of “potential impacts” is entirely 

compatible with other LCA impact categories. However, we feel that the approach is 

over-simplistic and may lead to gross over-estimations of the probable microplastics 

generation from different packaging solutions. The analysis could be improved if detailed 

data is available on the proportion of each material/solution being lost to formal, 

appropriate waste management systems. This level of detail is currently not yet available. 

However, in order to at least reduce the potential for overstating results we have 

proposed to weight the result according to the proportion of plastics waste reaching the 

ocean globally. From available information, we estimate this at approximately 2.9%. This 

will of course vary greatly from country to country, and where the LCA practitioner has 

additional regional data available this can be applied in order to improve the analysis. 

Although the proposed methodologies are highly simplified compared to the realities, 

the uncertainties and limitations will be consistent across different case studies. It is 

therefore anticipated by the research team that the relative standing of the different 

materials would remain constant even with improved meta data and impact pathway 

knowledge, and therefore the overall conclusions drawn in a comparative LCA study 

would be valid.  

We recognize that the methods proposed in this analysis are highly simplified and far 

from perfect. However, regarding the environmental impact of microplastics we are 

starting from a very low base. If we wait for the knowledge gaps to be filled this highly 

important impact category will continued to be omitted from LCA for many years to 

come. This significantly disadvantages materials that are inherently compostable and do 

not significantly contribute to microplastics generation. Considering the new awareness 
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and concerns regarding the possible environmental and health implications of 

microplastics the failure to consider them in LCA is not acceptable. We therefore 

recommend that the proposed methods should be applied in future LCA studies 

comparing alternative packaging solutions. The results should be highlighted as 

indicative only of the relative standing of the different solutions, and the issues of 

uncertainty regarding absolute values should be clearly communicated.  
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