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Summary 
 
This report describes relevant environmental, social and cost aspects that should be considered in 
an LCSA model developed for FuturePack case studies. Each raw material chapter (chapters 2.1-
2.4) addresses environmental and social LCA issues that a state-of-the-art LCSA model should 
include.  
 
The raw materials identified as possible raw materials for Norwegian bioplastics imply different 
importance of potential impact categories that should be included in the LCSA model. The results of 
WP1 (mapping of suitable raw materials for co-pyrolysis), to be concluded in the first quarter of 2018, 
will be important for the LCSA model. 
 
Potential environmental impacts that could be included in the model are: 

• biodiversity  
• LUC (iLUC and dLUC) 
• Depletion of natural resources 
• global warming   
• ozone layer depletion  
• photochemical oxidation  
• acidification  
• ocean acidification 
• eutrophication  
• human toxicity  
• eco-system toxicity 

 
The model development should also consider the inclusion of global warming potential assessment 
associated with black carbon (soot), changes in SOC, and albedo effects. It is also possible to 
consider the inclusion of site specific assessment of foreground system impacts, when the specific 
geographical source of raw materials and sites for production facilities are known. The final list of 
impacts to be included in the LCA part of the LCSA will depend on the decisions made about raw 
materials and the LCSA goal and scope definition to be carried out in 2018. 
 
S-LCA indicators can be more interesting to consumers than more traditional environmental LCA 
indicators. This is likely to be due to a more emotive response to the types of indicator described 
(e.g. child labour vs global warming potential). In order to perform an S-LCA the project team will 
need to identify the relevant stakeholders to be included in the study, as well as the impact categories 
of interest. The FuturePack project partners are stakeholders, whose vision, values and opinions 
should form the basis for the decisions about the relevant stakeholder groups and impact categories 
included in the model. 
 
The LCC part of the model will not attempt to monetarise externalities, these are already represented 
in the form of the LCA and S-LCA. A list of relevant costs to be included in an LCC is given in Chapter 
5. The relevant perspective for the LCC exercise and the costs to be included, will be defined in the 
goal and scope. 
 
Infrastructure data will need to be included in the LCSA model. A pragmatic approach will be adopted 
for estimating infrastructure for new technologies, based on adapting inventory data for current 
process technologies from currently available LCI databases.  
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Glossary 
 

C  Carbon 

CED   Cumulative Energy Demand  

CO2  Carbon Dioxide  

dLUC   direct Land Use Change(s)  

GHG   Greenhouse Gases 

GWP  Global Warming Potential 

GWPbio  Global Warming Potential arising from Biogenic CO2  

iLUC   indirect Land Use Change(s) 

LCA   Life Cycle Assessment  

LCC   Life Cycle Costs 

LCI  Life Cycle Inventory  

LCSA   Life Cycle Sustainability Assessment  

LUC  Land Use Change(s) 

NGO  Non-Governmental Organisation  

PA  Polyamine  

POCP Photochemical Ozone Creation Potential  

PSILCA Product Social Impact Life Cycle Assessment 

PEFC Program for the Endorsement of Forest Certification 

ppm parts per million 

SHDB Social Hot-spot Database 

S-LCA  Social LCA  

SOC   Soil Organic Carbon 

WP  Work Package 
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1 Introduction 

Life Cycle Sustainability Assessment (LCSA) is the result of the combination of Life Cycle 

Assessment (LCA), Life Cycle Costs (LCC) and social LCA (S-LCA) (UNEP/SETAC, 2011). This 

report documents a literature review, collating best practice for LCA and S-LCA for relevant raw 

materials and value chains for bioplastics. LCC literature has not been considered in this report, but 

rather an explanation of what LCC entails and the kind of data required for an LCC assessment 

(Chapter 5). The aim of the work presented in this report is to provide the basis for the LCSA model 

to be developed in 2018. The review presented provides knowledge about which data and 

environmental and social impacts are likely to be important for ensuring a good quality LCSA model 

for the FuturePack bioplastics value chain. 

 

This report is the first deliverable from Work Package 5 (WP5, LCSA) in the FuturePack project. 

FuturePack addresses key challenges related to a future Norwegian production of sustainable 

polymers for packaging in line with circular economy principles. The project focuses on polyethylene 

and polypropylene, the two major polymers for packaging applications.  

 

The concept behind the project is that future plastics packaging shall be made from biomass. A 

range of Norwegian biomass types - forest, agricultural, marine, rest raw materials from food 

producing industries, others - are being evaluated with respect to volumes and composition (WP1). 

The most suitable bio-based raw materials will be selected and used for the development of a 

pyrolysis process (WP2). Further, plastic packaging shall also be made from post-consumer waste 

that is not suitable for material recycling. The pyrolysis process being developed in the project (WP3) 

is therefore a form of chemical recycling. The targeted products from pyrolysis of biomass and waste 

plastics are ethylene and propylene, the building blocks for production of virgin polyethylene and 

polypropylene. Design for recycling is addressed in WP4. 

 

New value chains shall be proposed and evaluated in the FuturePack project (Figure 1), therefore a 

holistic assessment approach is required. The LCSA (WP5) will provide an LCSA model that can be 

used for the proposed future value chains for plastic packaging, as well as scenario testing for case 

products. The project partners and work packages are summarised in the figure below. 
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Figure 1 Proposed value chain for sustainable and biobased plastics packaging 

 

This report describes different stages of the life cycles that are to be considered in FuturePack. 

Beginning with raw materials and the environmental and social aspects that can be important when 

assessing each different raw material. The report also considers conversion of biomass and plastics 

by pyrolysis, infrastructure aspects and life cycle costs. This report should provide the reader with 

an overview of aspects that will be relevant and included in the LCSA model, once the final decisions 

about which raw materials are to be focused on for the biological material required for pyrolysis 

process development. 
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2 Raw Materials 

The main goal of FuturePack is to find sustainable and economically viable future solutions for 

Norwegian plastic packaging material. Thus, this review focuses on Norwegian resources that are 

potential raw materials for a sustainable plastic packaging value chain. Based on information 

provided by WP1, it was decided to narrow down the possible raw materials included in this review 

to forest, agricultural residues, plastic waste and seaweed.  

 

The text in this chapter describes environmental and social aspects relevant for inclusion in a state-

of-the-art LCSA model for bioplastics produced using co-pyrolysis of biomass and plastic waste that 

cannot be recycled. The chapter is split up into subsections for each of the relevant raw materials.  

 

2.1 Forest 

Forest resources are the main raw material for the sawmill industry. This industry produces mainly 

sawn timber but also several co-products such as bark and sawdust. These co-products have 

become popular raw materials in other industries and are also partly used within the sawmill industry 

for energy generation (Tellnes, Flæte, & Nyrud, 2011). This means that there is low availability of 

co-products that are not already utilised. Further utilisation of outflows is limited to ash and flue gas 

(Tellnes et al., 2011).  This chapter, therefore, focuses on newly harvested wood and excludes co-

products from the sawmill industry. 

 

Trees take up carbon dioxide (CO2) from the atmosphere and store it in different pools above and 

below ground. The carbon (C) pools of a forest are primarily above-ground biomass, below ground 

biomass, deadwood, litter and soils (IPCC, 2006). The interactions of these pools during harvest and 

regrowth is illustrated by Figure 2 (b). Figure 2 (a) represents the carbon pools of a 100-year-old 

forest. In figure (b), the forest is harvested at year 100 and the carbon captured in the trunks and 

other living biomass are therefore taken out the forest carbon stock. The first years after harvesting, 

the soil organic carbon (SOC) decreases. The loss of above-ground biomass leads to “increased 

solar radiation to the soil and decreased evapotranspiration from the soil” (Buchholz et al., 2014). 

Together with the compacted and mechanically mixed state of the soil after harvesting, this may 

change decomposition rates and soil microbial communities, potentially increasing soil respiration 

rates (Diochon A, Kellman L, 2009).  Holtsmark (2014) assumed that after 15 years, the soil carbon 

pool gradually increases back to its original state. Thereafter, the growing phase starts and a fast 

uptake of carbon has been observed. The amount of carbon conserved in the residues will gradually 

decrease and be released to the atmosphere as CO2 or stored in the soil. When the forest is fully 

regrown (in this case after 180 years), the size of the carbon pools is only slightly different from the 

scenario where the forest is not logged after 100 years.  

 

Carbon pool dynamics are complicated and can be influenced by multiple factors. Newell & Vos 

(2012) suggest that primary forests across different geographical regions hold significantly more 

carbon above and below ground than managed forest or plantations. In contrast, other studies 

showed that managed forest can store more carbon than unmanaged forests (Jandl et al., 2007, 

Cherubini, Strømman, & Hertwich, 2011). This indicates that there is great uncertainty about the 

carbon pool dynamics, especially related to below-ground pools. Besides the forest management 
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practices, also forest age and rotation time have considerable impacts on the flux dynamics of carbon 

pools (Newell & Vos, 2012).  

 

 

2.1.1 Environmental impacts 

Since the first comprehensive guidelines for greenhouse gas (GHG) emissions, biogenic CO2 

emissions have been considered neutral (Cherubini, Peters, Berntsen, Strømman, & Hertwich, 

2011). Biogenic CO2 emissions is a collective term used for CO2 that is generated through the 

combustion or decay of biomass. When harvested areas are kept forested, carbon is sequestered 

by the growing biomass and consequently, the net emissions of GHG are zero (Manomet, 2010). 

There is however a considerable time lag between the pulse of CO2 emissions from incineration and 

the sequestration in new vegetation, which can take multiple years. During this period, the carbon 

emitted in the atmosphere influences the earths radiative balance and will therefore contribute to 

global warming.  Cherubini, Peters, et al. (2011) includes this impact by introducing a new metric: 

GWPbio. For a slow growing forest with rotation time of 100 years, the characterization factor for 

biogenic CO2 (i.e. GWPbio) was found to be 0.43 (Table 1). This is significantly lower than the impact 

of fossil CO2, which has a GWP of 1. Guest, Cherubini, & Strømman (2013) pointed out that the 

storage of biomass in the anthroposphere will further reduce the GWPbio. Carbon in the harvested 

biomass will not be emitted immediately but, at the same time, growing biomass will replace the 

Figure 2 The development of carbon stored in a forest stand as modelled by Holtsmark 

(2014).  (a) The harvest scenario (b) The non-harvest scenario 
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harvested biomass and thereby sequester carbon. According to this calculation method, the GWP 

of biogenic carbon stored in plastic could potentially be reduced, depending on the recycling 

efficiency of the system.   

 

 

Different adjustments to the GWPbio have been proposed and an interval of 0.32 – 0.62 has been 

considered when including diverse types of forest stands (Pingoud, Ekholm, & Savolainen, 2012). 

According to Holtsmark (2014), the previous studies underestimate the real climate impact due to 

the exclusion of  carbon dynamics in soil, residues and natural deadwood. Furthermore, some of the 

previous studies assume that a 90 year old forest does not sequester carbon anymore. This  

weakens the reference scenario and underestimates the GWPbio (ibid.). Holtsmark (2014) concluded 

that the GWPbio for a 100 year time interval was two to three times higher when including the carbon 

pools in residues and naturally dead wood. Thereby possibly being above 1, indicating that the 

climate impact could be higher compared to the combustion of fossil carbon over a timeframe of 100 

years. When considering a 500-year timeframe, the global warming potential was considerably lower 

than 1.  

 

Harvesting forest residues for energy purposes generates a larger initial pulse of emissions as the 

residuals are burnt immediately and not left on land to decompose and release CO2 gradually. This 

leads to an increased absolute global warming potential (Holtsmark, 2014).  Holtsmark (2014) found 

that inclusion of harvesting residues (left at the forestry site) in the GWP assessment decreased the 

final value of GWPbio, while the inclusion of soil carbon was less important for the results. It should 

be noted that this study did not include the interactions between harvesting residues and SOC. 

Roots, dead wood, litter and needles are important for soil carbon stock growing in forests (Repo, 

Tuomi, & Liski, 2011). Some studies show clearly that intensified removal of harvesting residues 

reduces the soil carbon stock (Repo et al., 2011) and that these indirect emissions can be significant 

in an energy production chain utilizing forest harvest residues (Palosuo, Wihersaari, & Liski, 2001). 

To maintain the nutrient level in the soil and to secure future growth, Clarke et al. (2014) suggest 

leaving at least one third of the residues after logging.  

 

Besides GHG emissions, forests mainly influence the climate by albedo and evapotranspiration. 

Evapotranspiration can create climate cooling effects through feedbacks with clouds and 

Table 1 Biogenic global warming potential (GWPbio) factor values tabularized for several 
rotation/storage period combinations using a 100-year time horizon   
(Guest, Cherubini, & Strømman, 2013) 
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precipitation. Evaporative cooling is stronger for tropical forests than boreal forests but albedo 

changes are more significant in boreal forests (Bonan, 2008). Albedo is a measure for the reflexivity 

of solar radiation by a surface. Dark surfaces, such as the ocean, have an albedo close to zero and 

absorb solar radiation. Bright surfaces, such as snow-covered surfaces, have an albedo close to 1 

and are effective at reflecting incoming solar radiation. A change in vegetation can alter the albedo 

and contribute positively or negatively to climate change. Bright, Strømman, & Peters (2011) report 

that when boreal forests are harvested via clear-cutting techniques, the albedo changes can be 

substantial and potentially offset carbon emissions over near term. Albedo changes are complex and 

influenced by several factors like geographical region, harvesting technique, tree species and site 

productivity (Bright, Cherubini, & Strømman, 2012). Cherubini, Bright, & Strømman (2012) calculated 

the net impact of bioenergy from forest across different geographical regions, considering both the 

albedo changes and the effect from biogenic carbon.  They also found that the albedo is larger from 

a forest if the residues are removed. Holtsmark (2015) used the metric developed in Holtsmark 

(2014) to calculate the net impact from the combustion of biomass including both biogenic carbon 

emissions and albedo changes.  

 

Land use and land use changes are considered the main drivers for loss of biodiversity (Michelsen, 

McDevitt, & Coelho, 2014). Biodiversity focuses on the variability among living organisms, i.e. 

diversity within species but also between species and ecosystems (Convention on Biological 

Diversity, 1992) and is known to be an essential life support function (Milà i Canals et al., 2007). 

Land use impacts on biodiversity can be divided into three types: transformational impacts, impacts 

of occupation and permanent impacts (Michelsen et al., 2014). Transformational impacts are related 

to land use changes whereas occupation impacts are related to land use. The basic idea behind 

modelling occupation impacts is that “a stretch of land (area) is altered from the current state (quality) 

to adapt it to the intended use for a period of time (time)” (Milà i Canals et al., 2007). While the area 

is relatively easy to determine, quality and time are much harder to assess. A crucial factor for 

determining the quality changes for an area is the reference scenario. 

 

Few studies include the impacts on biodiversity despite the availability of accurate methods 

(Cherubini & Strømman, 2011). A lack of consensus (Cherubini & Strømman, 2011) and the high 

data need for these methods are identified as possible obstacles for increased implementation of 

biodiversity impacts. Michelsen, Cherubini, & Strømman (2012) used the three grade scale given in 

World Wildlife Fund (2006) to quantify the ecosystem vulnerability of Norwegian forest. Michelsen et 

al. (2014) compared three different methods for quantifying biodiversity impacts. Only one of these 

methods is based on already available datasets with global coverage and has been applied on New 

Zealand kiwifruit production (Coelho & Michelsen, 2014). The different methods were found to 

present somewhat diverging results and one could question their usefulness for decision-making. 

However, Michelsen et al. (2014) points out that each of these methods are in fact modelling different 

aspects of biodiversity, ranging from ecosystem scarcity and vulnerability to species richness and 

absolute loss of species. A certain difference in results was therefore expected.  

 

Forest management tools can be used in an environmental impact assessment to include 

biodiversity and recreational value. The method used by Soldal et al. (2014) uses the forest model 

GAYA-J to calculate the available biomass under different management scenarios and uses this as 

an input to LCA. A model that values biodiversity will thus limit the available biomass from a given 
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area of forest. Forest management scenarios can be made in cooperation with local authorities to 

facilitate decision-making.  

 

The use of wood as a raw material is becoming increasingly popular. Products that can be made 

from wood range from construction and packaging materials to cosmetics, biochemicals and fuels. 

Increased use of wood could therefore create competition between the building, biochemical and 

energy sector. To ensure wood availability, the Norwegian Forest and Wood industry has created 

projections for increased logging from 11 million m3  in 2012 to 15 million m3 in 2045 (Skog22, 2014). 

To guarantee sustainable forestry in this context, the Program for the Endorsement of Forest 

Certification (PEFC) imposes several operational restrictions. However, according to Soldal et al. 

(2014) the PEFC regime would have only a small effect on the available biomass for harvest. This 

calls into question the capability of the PEFC regime to maintain biodiversity under increased 

harvesting scenarios (ibid.).  

 

Multiple LCA studies have been performed for a range of forest products. Impact factors commonly 

used in this context are global warming potential, ozone layer depletion potential, photochemical 

oxidation potential, acidification potential and eutrophication potential. As mentioned before, carbon 

dynamics, albedo changes and impacts related to biodiversity are commonly excluded despite their 

contribution to the overall climate impacts. Soil carbon emissions could even be 10 times larger than 

the fossil emissions from planting, harvesting and transport to factory gate over a 30 year time period 

(Timmermann & Dibdiakova, 2014).  Timmermann & Dibdiakova (2014) conducted a study on the 

environmental impact of 1 m3 dry wood produced in eastern Norway. Their value chain included all 

processes starting from forest planting to delivery at factory gate. The study concluded that almost 

half the impacts were related to the transportation of wood to the factory gate, a third of the impacts 

was related to the harvesting processes. Soldal et al. (2014) analysed the usage of 1 km2 of forest 

in Fredrikstad for several value chains producing energy, material and bio-chemicals. The production 

phase was found to be the greatest contributor in almost all of the product categories, especially for 

cardboard packaging and bio-chemical products. The high energy demand and the significant use 

of chemicals are key factors for the overall impacts of these processes. Despite their high emissions, 

replacing fossil packaging and chemicals by their bio-based alternative generates a net climate 

benefit. The author also stresses that possible cascading effects from wood products are not 

included in the analysis. The use of wood for energy at the end of life could further increase the 

environmental benefits of wood use (McKechnie, Colombo, Chen, Mabee, & MacLean, 2011).  

 

A recently published study of manmade cellulose fibre Schultz & Suresh (2017) considered forestry 

operations (as well as fibre production processes) for ten scenarios. Forestry operations in Canada, 

Sweden, Indonesia (both rainforest and plantation), South-Africa and Austria were included. The 

study concluded that increased climate impacts associated with black carbon (soot) should be 

included, as well as albedo and SOC effects. Biodiversity was also considered extremely important 

for sustainable sourcing of cellulose raw materials. Government forest inventories and threatened 

species lists, the NatureServe Explorer Database (NatureServe, 2016), IUCN Red list species 

(IUCN, 2000) and literature where used as data sources for assessment of biodiversity impacts. This 

study also included ocean acidification (“considered by some as the “evil twin” of global climate 

change”).  
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The literature review presented in this chapter has not uncovered many studies that include toxicity 

assessment for forest raw materials. Schultz and Suresh (2017) include human toxicity, but not 

ecosystem toxicity. Askham (2011) writes that it is common that LCAs do not include human health, 

or ecotoxicity impacts. Assessing these impacts is an important part of avoiding and understanding 

potential problem shifts.  

 

A state-of-the-art LCSA should include assessment of biodiversity impacts, as well as the more 

commonly assessed environmental impacts: global warming potential, ozone layer depletion 

potential, photochemical oxidation potential, acidification potential and eutrophication potential. The 

model development should also consider the inclusion of global warming potential assessment 

associated with black carbon (soot), changes in SOC, and albedo effects. The model developers will 

also need to consider including ocean acidification potential, in addition to global warming potential. 

Human and eco-system toxicity potential impacts should be included. It is also possible to consider 

the inclusion of site specific assessment of foreground system impacts, when the specific 

geographical source of raw materials and sites for production facilities are known.  

 

2.1.2 Social aspects 

S-LCA is based on the same system boundaries and functional unit as an LCA. However, the data 

available for S-LCA is often provided for economic sectors in a given country, or region. Thus the 

inventory data needed for an S-LCA is often financial. An overview of S-LCA methodology is given 

in Appendix 2. There are two different databases for S-LCA data that are referred to in the text below: 

The social hot-spot database (Norris & Norris, 2013) and Product Social Impact Life Cycle 

Assessment database (PSILCA) (Ciroth & Eisfeld, 2016). 

 

The social aspects related to forest biomass as a raw material have been studied in the New 

Norwegian Biorefinery project (Valente, Modahl, & Askham, 2013, Valente, Brekke, & Modahl, 2017). 

Valente et al. (2017) assessed the environmental and social aspects of lignocellulosic products from 

an industrial continuous process for efficient pre-treatment and enzymatic hydrolysis of biomass to 

sugar hydrolysates. The biorefinery production of bioethanol and bio-chemical products 

(lignosulfonates) based on a local biomass feedstock (Norway spruce) were assessed in two 

alternative locations: Norway and USA. In order to carry out the analysis, the “Chemical, rubber, and 

plastic products” sector was chosen as a proxy for the biorefinery sector in the two countries. The 

stakeholder group “worker” was the only stakeholder group included in the analysis. The S-LCA 

combed a top-down approach (generic assessment) and a bottom-up approach (specific 

assessment). The SHDB was used for generic data for carrying out the generic assessment, while 

the specific assessment (only in the Norwegian case) used a questionnaire and interviews with the 

stakeholders at the biorefinery (health and safety management, administration and research 

department). By combining the opinions of the stakeholders and a literature review, the most 

appropriate social categories and corresponding indicators were selected for the case study: 

1. Health and safety (indicators: occupational injuries and death and occupational toxics and 

hazards) 

2. Labour rights and decent work conditions (indicators: child labour, forced labour, working 

time, freedom of associations and collective bargaining; wage assessment; poverty; social 

benefits and social security; Equal opportunities and discrimination; labour laws). 
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The results showed that the overall social risk for the “Chemical, rubber, and plastic products” sector 

was higher in the USA than in Norway. The S-LCA results indicated that the main social risks were 

in the social impact category “Health and safety” followed by “Labour rights and decent work 

conditions”. The social category Health and safety had several indicators with higher risk scores in 

the Norwegian than the American plant, especially concerning the risk of non-fatal injuries. In the 

Norwegian case, the specific assessment highlighted that it might be necessary to implement gender 

and minority recruitment policies, while other social aspects such as social security and legal issues 

were less important due to well-known labour laws in Norway. The combination of the generic and 

specific assessment demonstrated that it is often necessary to verify the validity of the results from 

the generic assessment and that through a specific assessment more appropriate social indicators 

can be developed (e.g. in this case study, when evaluating the Health and safety category).  

 

In previous (confidential) analyses performed by Østfoldforskning where two social databases 

(PSILCA and SHDB) were used; the Norwegian forestry sector had high risk of violations of laws 

and employment regulations in the PSILCA database and very high risk of fatal injuries in the SHDB. 

 

The LCA of environmental and socio-economic impacts related to wood energy production in alpine 

conditions was studied by Valente, Spinelli, & Hillring (2011). The study illustrated the importance of 

assessing the ecological, economic and social aspects simultaneously for a forest-based energy 

system. The social aspect studied was direct employment potential in the forestry sector, when a 

traditional logging system was compared to a more innovative system. The authors write: “if the 

innovative system may reduce employment needs in the conventional logging component of the 

supply chain, it also generates new business and employment through the collateral biomass 

opportunity. An integrated harvesting system based on mechanical equipment and designed to 

produce both conventional wood products and energy biomass will reduce labour needs, but at the 

same time may stimulate the forest sector and generate further income for both forest owners and 

logging companies”. In the comparative study of Valente et al. (2014) concerning the forest biomass 

supply chains in Norwegian and Italian mountain areas, the authors highlighted that different social 

conditions in the countries can affect the exploitation of forest biomass. However, new opportunities 

of employment can be generated in the forestry sector for the local community by increasing the use 

of forest biomass. 

 

In the PSILCA database, data for the Norwegian forestry sector can be found under the industrial 

group named “forestry, logging and related service activities”.  

 

The authors recommend using the PSILCA database for the S-LCA part of the LCSA. In order to 

perform an S-LCA the project team will need to identify the relevant stakeholders to be included in 

the study, as well as the impact categories of interest. For a project such as FuturePack, there can 

be several relevant stakeholders (e.g. consumers, workers and local communities), and several 

relevant impact categories (e.g. human rights, cultural heritage, health and safety). This is a theme 

which could provide a good basis for a stakeholder workshop with FuturePack’s partners. 

 



Intermediate Report WP5    

Best practice for FuturePack LCSA   
 

© Ostfold Research    12 

2.2 Agricultural Waste 

Agricultural crop residues represent the share of agricultural biomass that is not used for human 

consumption or animal fodder when this represents the main product (Brekke, Soldal, Saxegård, & 

Svanes, 2017). The residues can be used as animal fodder or they can be left on the field to be 

burned or decomposed (Riley, Åssveen, Eltun, & Todnem, 2012). The bioenergy sector has 

expressed increasing interest in this lignocellulosic biomass source. Concerns about the 

sustainability and security of supply for fossil fuels, and technology advances and availability of 

agricultural residues are drivers for second generation biofuels (Cherubini et al., 2009).  

 

2.2.1 Environmental impacts 

As for forests (Chapter 2.1), plants take up CO2 from the atmosphere and nitrogen (N) from the soil 

when they grow, re-distributing it among different carbon pools; including above- and below-ground 

living biomass, dead residues, and soil organic matter (Smith et al., 2014). When changing the land 

utilization, the carbon pools change until a new equilibrium is reached. Its importance is amplified by 

the amount of organic carbon stored in the soil (Cherubini & Strømman, 2011). A minor relative 

change in the size of this pool can have a significant impact on the GHG balance. Land use changes 

(LUC) are commonly split into two groups, direct (dLUC) and indirect (iLUC) land use changes. Direct 

land use changes occur when land area is put into production and changes the prior use of that area 

(Cherubini & Strømman, 2011). Indirect land use changes are mainly driven by the need to fulfil a 

certain demand, changing the land use of an area may result in a change in land use in other areas. 

When agricultural land currently used for feed crops is changed to bioenergy crops, this may lead to 

transformation of forest into agricultural land in other areas due to limited availability of agricultural 

land. This leads to a loss in carbon stock and biodiversity (Cherubini & Strømman, 2011). However, 

indirect land use changes can also have a positive effect on the GHG balance. When fallow land is 

taken into production, it sequesters CO2 from the atmosphere and increases the SOC. The changes 

of carbon in soil are therefore very site specific and depend on land management practices, climate 

and soil characteristics (Cherubini, 2010).  

 

Crop residues have considerable influence on processes like soil organic matter turnover, soil 

erosion, crop yields, N2O emissions from soils and others (Cherubini & Ulgiati, 2010). Removing 

crop residues will lower the N mineralisation in soils and therefore decrease the productivity yields. 

Lower productivity yields can lead to land use changes (both direct and indirect), or lead to increased 

fertiliser use. Increased fertiliser use will generate emissions from fertiliser production and the 

application of fertiliser. The lower amount of N in the soil will lead to lower N2O production capacity 

from the soil, thus possibly decreasing the N2O emissions. Increased fertilized use however, will 

enhance the N2O emissions again but at a lower level. The application of N fertiliser will also lead to 

soil CH4 emissions, volatilization of N in NH3 and natrium leaching to groundwater (Cherubini & 

Ulgiati, 2010). Thereby contributing to impact categories like acidification and eutrophication. Both 

N2O and CH4 are important GHGs. 

 

Utilizing crop residuals will also decrease the SOC compared with the reference land use. In the 

reference scenario, crop residuals gradually degrade and a part of their carbon is emitted as CO2 in 

the air while a part is ploughed back to the field to be stored as SOC carbon. Gabrielle & Gagnaire 
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(2008) simulated the effect of straw removal on the SOC and found it to have an environmental 

impact of 1 tons CO2 eq. per ha. Their model also simulated that 5% to 10% of the C embedded in 

the wheat straw will be converted to SOC. Cherubini & Ulgiati (2010) considered the difference in 

SOC between the harvesting and reference scenario as additional CO2 emissions. As these 

emissions would be stored in the soil for an extended period, the same GWP as fossil CO2 could be 

used to quantify the impacts on climate change. The C from the residuals that would be emitted in 

the reference scenario could be considered neutral due to the short rotation cycle for wheat. 

However, storing this C in the anthroposphere for a certain time will result in a negative GWP (Table 

1). The efficiency of the recycling system will thereby be important in determining the C storage 

period in the anthroposphere.  

 

Effects on soil erosion, SOC and crop yields are not consistent across the literature and are strongly 

influenced by local conditions such as climate, soil type and crop management (Cherubini & 

Strømman, 2011). The amounts of crop residuals that can be removed in a sustainable system are 

thus heavily influenced by fertilization management, crop rotation, tillage, soil properties and climate 

(Cherubini & Ulgiati, 2010). 

 

Allocation is carried out in LCA to attribute shares of the total environmental impact to the various 

products of the system. In general, processes can be split to avoid allocation or the system boundary 

can be expanded to include more products in the system. When this is difficult to accomplish, the 

environmental impact can be divided according to factors such as economic value, energy content 

or mass. Multiple standards have been developed to overcome inconsistent use in allocation 

methods across studies. Despite this, many different approaches are recommended (Cherubini & 

Strømman, 2011). When evaluating the environmental impact of crop residue removal, one must 

decide how to allocate the agricultural inputs required to grow the crops. Cherubini & Ulgiati (2010) 

allocate all the input to the grain, because the grain is the driver of production. This leads to residues 

being a climate neutral raw material. The inputs could however also be divided up between the grain 

and residuals according to mass or economic value. These mass and economic alternatives for 

allocation would result in higher emissions allocated to the system using residues raw materials.  

 

Most LCA studies that focus on crop residual removal are related to bioenergy. They focus mainly 

on the question of whether bioenergy can replace fossil energy and reduce the global warming 

impact. The impact categories used in these LCA studies are therefore mostly related to energy use 

and global warming, other environmental impacts are given less attention. In their literature review, 

Cherubini & Strømman (2011) found that only between 20 - 40% of the studies estimated other 

impact categories such as eutrophication, acidification, etc. Furthermore only 9% included land use 

change in their impact categories, despite the importance for production systems based on dedicated 

crops or residuals. The lack of consensus on how to include land use impacts in LCA explains the 

aversion of LCA practitioners for this impact category (Cherubini & Strømman, 2011). For the same 

reason, biodiversity impacts have often been excluded from the assessment.  

 

Cherubini & Ulgiati (2010) studied the impact of the agricultural residues treated per year in a 

biorefinery system. They included impacts related to land use change and found that these impacts 

together with the collection and processing of the residuals into pellets presented the biggest 

contribution (75-85%) to the overall GHG emissions. Compared with a fossil reference system, the 

biorefinery system had lower impacts for all categories except for eutrophication. The use of 
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additional fertiliser to increase productivity yield was the main reason for this increase. Other impact 

factors such as acidification, human toxicity and terrestrial and fresh water ecotoxicity were also 

affected by using additional fertiliser. This shows that significant GHG savings could be achieved in 

bio-based energy systems, but that other environmental impacts could be worsened when compared 

with a fossil-based energy system.   

 

Leceta et al. (2014) analysed the production of 1 m3 plastic foil made from soy protein isolate (SPI). 

Soy protein is extracted from soy flour, which is a by-product of the soy oil production process. Mass 

allocation was used to divide the environmental impacts between the products. The highest 

environmental impact originated from the land necessary for - and the cultivation process of - the 

soybeans. This shows that including land use (and its changes) is not only important for bioenergy 

systems, but that the impact factor can also be relevant for other production systems that use 

agricultural land or its crops as a raw material.  

 

A state-of-the-art LCSA model for agricultural residues as raw materials for plastics production would 

need to consider the inclusion of LUC impacts (both dLUC and iLUC). The need for fertiliser, due to 

removing residues would need to be included; as well as the more commonly assessed 

environmental impacts: global warming potential, ozone layer depletion potential, photochemical 

oxidation potential, acidification potential and eutrophication potential. As for forestry, the inclusion 

of global warming potential assessment associated with black carbon (soot) should be considered. 

Changes in SOC, biodiversity and human and eco-system toxicity potential impacts should be 

included. It is also possible to consider the inclusion of site specific assessment of foreground system 

impacts, when the specific geographical source of raw materials and sites for production facilities 

are known. For crop residues, allocation will be important. The choice of allocation model (between 

main crop and residues) could have a large impact on the results. This should be assessed and be 

the focus of some sensitivity analysis in order to check the robustness of conclusions arising from 

the model. 

 

2.2.2 Social aspects 

There are very few studies assessing the social performance of agricultural waste. The few S-LCA 

studies of agriculture that exist focus mostly on the social impacts of using agriculture for other 

purposes than food. For example Delcour (2013) compares the potential social changes in the use 

of Wallons cereal between the years 2010 and 2030. The question raised by the author was: “What 

type of agriculture do we want for tomorrow? Is it ethically, environmentally and economically 

sustainable to dedicate cereals resources to other uses than human food?” The stakeholder 

categories included in the analysis were: workers, companies and farmers. The social impact 

categories studied were: 

• working conditions: “working hours” and “health and safety”  

• socio-economic repercussions: “local employment” and “added value creation”.  

Data collection was performed by interviewing the workers and collecting financial data from farms 

and cereal production facilities. 

 

De Luca et al. (2015) focuses on three different agricultural practices for citrus farming in the Calabria 

region in southern Italy. A combined qualitative technique and multicriteria analysis tools were used 
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to identify specific local issues, involving local experts and stakeholders. Based on expert opinion, 

three stakeholder groups were selected: workers, local community and society with the following 

social sub-categories. 

For workers: 

• Health and safety during agricultural operations; 

• Fairness of working conditions, due to statistics on irregular work; 

• Equal opportunities, where foreigners and women are subjected often to discrimination 

For local community: 

• Access to material resources, evaluated by soil and water quality at local level and calculated 

as the percentage of ha situated on nitrate-contaminated soils and on contaminated aquifers; 

• Use of immaterial resources and technologies, e.g. as percentage of farms having Internet 

access; 

• Area reputation, assessed according to the contribution of citrus production to the positive or 

negative reputation of the area they belong to, in terms of quality of products and working 

conditions. 

For society: 

• Environmental quality as impact on natural resources, ecosystems, and human health. 

• Contribution to economic development. 

 

The data were normalized and the impact categories weighted. The results were shown in 

aggregated form, for different regional areas. The overall results indicated that the impact categories 

mostly contributing to the differences between the geographical areas were “Environmental impacts” 

and “Health and safety conditions at work”. 

 

In Hu et al. (2014) Chinese agricultural waste was used for biofuels production, showing positive 

impacts for agricultural production, improving the rural environment and increasing rural residents' 

income. 

 

The literature available indicates that workers are a stakeholder group that should be included in the 

FuturePack LCSA model. There is not common agreement on the other stakeholder groups that are 

included in the literature cited, but local community and society are also shown to be relevant. The 

other stakeholder groups identified in the LCA literature and the PSILCA database are consumers 

and value-chain actors. It is possible to choose a variety of specific indicators in several impact 

categories for each of these stakeholder groups (Appendix 2). The vision and values of the 

FuturePack consortium will affect what the relevant choices are.  

 

Data for the Norwegian agriculture sector can be found under the industrial group “agriculture, 

hunting and related service activities” in the PSILCA database. As for forestry, the authors 

recommend using the PSILCA database. Relevant stakeholders to be included in the study will need 

to be identified, as well as the stakeholder impact categories of interest. Examples from the literature 

given above can be the basis for this, but a stakeholder workshop with FuturePack’s partners would 

be a sensible first step.  
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2.3 Plastic Waste 

There are multiple end-of-life treatment methods for plastic waste. Plastic can be reused, material 

recycled, chemically recycled, its energy can be recovered or it can be landfilled. When material 

recycled, the original material characteristics are used in the same or related products. Chemical 

recycling (or feedstock recycling) recovers chemical compounds but the original material 

characteristics are lost. When plastic is incinerated, the feedstock energy is party recovered and can 

be used for energy purposes. The FuturePack project will develop a co-pyrolysis chemical recycling 

technology. The waste hierarchy (European Commission, 2008) and EU circular economy package 

(European Commission, 2015) gives preference to mechanical recycling, above chemical recycling 

and energy recovery for plastics. This is based upon previous environmental assessments (e.g. 

(Michaud, Farrant, Jan, Kjær, & Bakas, 2010) and is in line with Norwegian studies (e.g. Raadal, 

Modahl, & Lyng, 2009, Lyng & Modahl, 2011, Raadal et al., 2015). FuturePack does not aim to 

compete with mechanical recycling, but to provide a treatment solution that enables use of the 

material available in plastics that cannot currently be recycled using that route. This plastic waste 

fraction is mostly disposed of via energy recovery in Norway. Once the plastic is burned, the material 

resources are no longer available for use in new plastics. Chemical recycling via co-pyrolysis can 

enable a proportion of these material resources to continue in new plastic products. The plastic waste 

suitable for chemical recycling could come from households, or from industry. WP1 addresses the 

availability of plastic waste raw materials for co-pyrolysis. This raw material is slightly different to the 

others in Chapter 2, as it is certain that this raw material will be included in the LCSA model. 

 

2.3.1 Environmental impacts 

When evaluating the environmental impact of the end-of-life treatment methods for plastics, the 

following assumptions are critical to the results of a study. (1) the avoided material production and 

substitution ratio, (2) the type of energy recovery and its efficiency and (3) the efficiency of the sorting 

process and the “default” disposal method (Michaud et al., 2010). A recycled or recovered product 

can replace other (virgin) materials. The environmental benefits from recycling come mainly from the 

avoided emissions of the replaced product (ibid.). It is therefore important to decide on which and 

how much of the product will be replaced, the latter is called the substitution ratio. The same principle 

is applied for energy recovery through incineration. In the case of (material and chemical) recycling, 

the pre-treatment processes and the quality of the input mix for plastic granulates is important. A 

high loss rate will generate less recycled materials and therefore lower environmental benefits. The 

end of life treatment of these impurities will also influence the total avoided emissions and the net 

climate impact.  

 

Michaud et al. (2010) end their literature review with concluding that material recycling is the best 

waste management option for plastic waste in respect to the climate change potential, depletion of 

the natural resources and energy demand impact. However, a low substitution rate could change 

the overall environmental benefits in favour of other methods. Shonfield (2008) found that for a 20% 

virgin plastic substitution, the impacts from the recycling process are no longer offset by the benefits 

from the avoided production. In this case study, pyrolysis became the most preferred treatment 

option before landfilling and material recycling. Similar conclusions were made by Al-Salem, 

Evangelisti, & Lettieri (2014) where pyrolysis was the preferred option compared to hydrogeneration 
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and material recycling for a substitution rate lower than 50%. One of the factors influencing the 

substitution rate is the quality of the plastic granulates. This is influenced by among others the quality 

of the plastic feedstock and the efficiency of the sorting processes. 

 

Plastic waste that negatively changes the quality of the plastic granulates is a potential feedstock for 

chemical recycling. In 2014, approximately 20% of the plastic waste from households and 38% from 

the industry is being material recycled (Miljødirektoratet, 2017b). Implementing more separate 

collection systems for plastic waste should significantly increase the material recycling rate of plastic 

(Miljødirektoratet, 2017a). This indicates that too much recyclable plastic is currently being 

incinerated. Diverting all plastic that is currently being incinerated to chemical recycling competes 

with material recycling for good quality plastics. It is therefore important to have an effective waste 

management system that prioritises material above chemical recycling and energy recovery.  

Effective sorting systems and price incentives are likely be crucial factors is this context.  

 

Michaud et al. (2010) conducted a literature review on the environmental benefits of recycling for 

different waste types. Recycling, incineration, landfill and pyrolysis were the end of life alternatives 

relevant for plastic waste. Five cases comparing pyrolysis with other alternatives were included. The 

authors point out that the data available for pyrolysis is relatively poor, as it is not a mature technology 

yet. Material recycling was found to be the preferred alternative for climate change and depletion of 

natural resources. The cumulative energy demand (CED) of the system was however found to be 

lower for pyrolysis. This because the pyrolysis process was assumed to avoid the production of 

energy intensive products such as naphtha and paraffin. Water consumption for pyrolysis was higher 

when compared with material recycling, but lower compared with incineration and landfilling. No 

clear conclusion could be made based on the other impact factors assessed (acidification, 

photochemical oxidation, eutrophication and human toxicity), except that material recycling and 

pyrolysis provided the most environmental benefits.  

 

Al-Salem et al. (2014) investigated alternative plastic treatment technologies to improve the 

environmental impact of the waste management system in the London area. They included a 

pyrolysis process assumed to replace several valuable chemicals that can substitute propane, 

butane, atmospheric residue, naphtha and heat in the form of steam. The pyrolysis process accepts 

only dry plastics where at least 83% should be polyolefins, less than 2% PVC and less than 15% 

PS. Compared to material recycling, the acidification potential was significantly higher when using 

pyrolysis. The results for the eutrophication and global warming potential (GWP) were only slightly 

higher. Concerning the photochemical ozone creation potential (POCP), the avoided emissions 

appeared to be larger than the generated emissions, resulting in a negative nett impact for the 

pyrolysis alternative.   

 

When considering the environmental impacts included in the cited literature, a state-of-the-art LCSA 

model would include the following environmental impacts: climate change, depletion of natural 

resources, CED, water consumption, acidification, POCP, eutrophication and human toxicity. As 

previously, the authors would recommend also including ecotoxicity. 
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2.3.2 Social aspects 

The Redesign QR project (Østfoldforskning, 2016) includes the assessment of the social aspects of 

redesign in Norway. The study focuses on two stakeholder groups: workers and local community. A 

wide range of social impact categories are included in the assessment: child labour, forced labour, 

fair salary, freedom of association and collective bargaining, discrimination, social benefits and legal 

issues, working time, health and safety, local employment and indigenous rights.  

 

Aparcana & Salhofer (2013) carried out an S-LCA for a recycling system (including the recycling of 

plastic) in low income countries (particular focus on a case study from Peru). In low income countries, 

the typical waste management system is defined as “a pre-modernised system based on a single 

disposal technology (dumping or landfilling), managed by a single major stakeholder: the local 

government sometimes supplemented by private waste collectors. Other actors—like recyclers—

operate at the margins, and have the status of informal sector” (ibid.). The informal recyclers are 

individuals or groups that have no access to formal recycling activities and sell the goods to improve 

their living conditions. 

 

In a more formalized approach aimed to optimize the waste management system (Aparcana & 

Salhofer, 2013), there is a transition towards formalised recyclers in cooperation with recyclers’ 

associations. In this approach, the assessed stakeholder groups were: the municipality, a Non-

Governmental Organisation (NGO) and the recyclers’ association. Three social impact categories 

with the corresponding sub-categories (in parenthesis) were: human rights (child labour and 

discrimination), working conditions (freedom of association and collective bargaining, working hours, 

minimum income, fair income, recognised employment relationships and fulfilment of legal social 

benefits, physical working conditions, phycological working conditions) and socioeconomic 

repercussions (education). Table 2 (pp1123-1124, ibid) shows the 26 specific indicators used to 

assess these social impacts. 

  

For the stakeholder group recycling association, positive impacts were found for freedom of 

association and collective bargaining, psychological working conditions and social acceptance. 

However, for municipalities, working time and minimum and fair income have a more positive score. 

(Aparcana & Salhofer, 2013) conclude that the social aspects that need to be improved for the 

recycling sector are: anti-discrimination policies, employment terms, payment of social benefits, 

preventive policies, occupational and health training and adult education.  

 

Foolmaun & Ramjeeawon (2013) studied environmental and social performance of PET bottle 

recycling in Mauritius. The stakeholder categories and sub-categories (in parenthesis) selected 

were: worker (child labour, fair salary, forced labour, health and safety, social benefit/social security, 

discrimination), society (contribution to economic development) and local community (community 

engagement). Data were collected using a questionnaire. The study indicates that the recycling of 

plastic bottles is beneficial not only for the environment, but also for society. The scenario where 

there was 75% flake production (recycling) and 25% landfilling was the most preferable for the 

society when compared to alternatives with higher landfilling or incineration rates. 

 

S-LCA was used for fertilisers in Martínez-Blanco et al. (2014) produced from compost (organic 

municipal waste). This study did not include “solid plastic waste” specifically, but the stakeholder 
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group “citizens collecting waste” studied in Martínez-Blanco et al. (2014) could be included in the 

FuturePack LCSA if the willingness of citizens to recycle plastics is considered important for recycling 

quality. Three social sub-categories were proposed: education and responsibility (social indicators: 

existence of obligation of waste collection for citizens; existence of education campaigns for citizens’ 

engagement); comfort and collecting effort for the citizens (frequency of bin emptying; % public 

space used and % private space used); acceptance and willingness to collect waste (amount of 

waste collected; % of improper materials in the waste).  

 

Data for Norwegian “recycling” can be found in the PSILCA database. This can be used for plastic 

waste.  
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2.4 Seaweed 

Seaweed is commonly used as a term for several marine plants and algae that grow in the ocean, 

rivers, lakes and other water bodies. Like terrestrial plants, aquatic plants take in CO2 through 

photosynthesis and store the carbon in their biomass. As seaweed is growing in water bodies, it 

does not compete with food production on land area. Seaweed has proven to be efficient in the 

uptake of nutrients causing eutrophication, like phosphorus and nitrogen (Aitken, Bulboa, Godoy-

Faundez, Turrion-Gomez, & Antizar-Ladislao, 2014). Some studies have therefore proposed to 

locate seaweed production fields close to fish farms. Unused nutrients from the fish farm could 

therefore be utilized, which would decrease the environmental impacts from the fish farming industry 

(Aitken et al., 2014). In addition, seaweed production reduces the acidification of oceans by CO2 

uptake and storage in biomass. 

 

Seaweed can be used for multiple purposes such as food, feed, medicine, paper, fertiliser but also 

to substitute fossil fuel products such as plastics, cosmetic and textiles. The majority of seaweed 

production in Europe comes from wild harvesting (van Oirschot et al., 2017). However, due to 

environmental concerns related to wild harvesting methods together with an increasing seaweed 

demand, different production methods have been developed (van Oirschot et al., 2017). In Norway, 

multiple seaweed species are harvested by hand on shore, by divers, mechanically by special boats 

or at a seaweed farm (NetAlgae, 2012).  

 

Aitken et al. (2014) describes three cultivation methods for different seaweed species. Bottom 

planting is a process alike the natural growing process of seaweed. The twig of previously cultivated 

biomass is planted into the seabed and harvested when the required biomass level is reached. As 

harvesting is done by divers  (Aitken et al., 2014), this cultivation method is more labour intensive 

compared with other production practices (Brekke et al., 2017). The potential for bottom planting is 

also restricted due to sea depth requirements (Abreu et al., 2009) which ranges between 0 to 15m. 

A more scalable method is the vertical or horizontal long-line cultivation of seaweed. Seaweed twigs 

are tied to ropes that are planted in the ocean. Harvesting is carried out by a barge vessel (Alvarado-

Morales et al., 2013). To reach higher productivity levels, some species could be treated in a 

hatchery where seeding lines are inoculated with spores (Gutierrez et al., 2006). Seeding lines are 

then unfurled around thicker longlines which are fastened to anchors on the seabed.  

2.4.1 Environmental impacts 

Multiple studies have evaluated the environmental impacts of seaweed production, mostly related to 

the production of biofuels. Alvarado-Morales et al. (2013) studied the production of bioethanol or 

biogas under Danish conditions. The long-line seaweed production method was modelled in detail 

and found to have a significant impact on the energy consumption of the system. Different sub-

processes were analysed and the off-shore growth phase accounted for 50% - 57% of the total 

energy demand. Mainly due to the use of petrol and diesel during off-shore deployment, maintenance 

and harvest. The land-based hatching processes were only responsible for 5% of the energy demand 

(Alvarado-Morales et al., 2013). 

 

Unlike Alvarado-Morales et al. (2013), Aitken et al. (2014) includes the material demand of the 

cultivation methods and their environmental impact. For the long-line cultivation method, the 
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hatchery and cultivation stages presented the biggest contribution (56%) to the cumulative energy 

demand. Mainly due to the production of polyamine (PA) ropes used in both processes. The PA 

production process also dominated other environmental impact factors related to acidification 

eutrophication, ozone depletion and photochemical oxidation. The human toxicity potential was 

dominated by the steel requirement for the cultivation process, as well as other activities. The bottom 

planting cultivation method has a significantly lower material requirement. Therefore, impacts related 

to climate change, acidification and eutrophication are dominated by the diesel consumption during 

the seaweed production process. Optimal cruising speed and travel distances could therefore reduce 

impacts for bottom planting, while alternative materials for long lines are necessary to decrease 

impacts for this cultivation method (Aitken et al., 2014).  

 

van Oirschot et al. (2017) focused on the material need for long lines. The cultivation infrastructure 

in this study exists of thin PP seeding lines attached to thick PP long lines. To avoid tangling of 

multiple long lines, PVC rods are added every 10m. The cultivation strips are held in place by ropes 

and steel chains fastened to concrete anchors on the seabed. Seeding lines are replaced once a 

year whereas long lines last for 5 years. Despite the yearly replacement of the PP seeding lines, 

they make a very small contribution to the overall impact from infrastructure. The steel chains and 

the PP long lines have the largest contribution on the impact categories used in the study. Human 

toxicity is particularly dominated by the chromium steel chains whereas the PP lines dominate abiotic 

depletion due to the use of cruel oil for PP production.  

 

Drying seaweed reduces the biomass for transport and makes it suitable for further processing. van 

Oirschot et al. (2017) analysed the impacts of producing dried seaweed with a protein content of 1 

tonne. They used a thermal air dryer to lower the moisture content to 22%. The drying process was 

found to be the main contributor to ozone depletion, abiotic depletion, acidification, climate change 

and photochemical oxidation for the entire system. It should be noted that many of those impacts 

originate from light fuel oil used to power the drying process. Transport and harvesting emissions 

were found to be negligible in this context.  

 

Many of the biofuel value chains analysed in the previous studies produce organic fertiliser as a by-

product. Avoiding the emissions generated by the production of conventional fertiliser leads to lower 

climate change and acidification impacts for the entire biofuel value chain (Alvarado-Morales et al., 

2013). In addition, aquatic eutrophication is observed to decrease due to the uptake of excess 

nutrients. However, fertiliser use represents a burden to the environment in term of terrestrial 

eutrophication and bad agricultural practices could create nutrient run-offs, leading again to higher 

aquatic eutrophication.  

 

Marine ecosystems are complex and the ecosystem services provided by the cultivation of seaweed 

could be both positive and negative (van Oirschot et al., 2017). Seaweed farms could for example 

provide habitat services for an invasive species, thereby affecting the local environment leading to a 

chain of unintended consequences. Questions could also be raised about the impacts of using plastic 

seeding lines in seaweed farms. To which extend will the degradation or detachment of plastic ropes 

contribute to the “plastic soup” in the ocean and how will this influence biodiversity? As mentioned 

before, LCA approaches face difficulties in quantifying biodiversity impacts. There is a lack of 

established methods to quantify biodiversity impacts in the marine environment. It is possible that, 
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in the future, methods such as Ecosystem Services calculations  (World Wildlife Fund, 2006) could 

be adapted to quantify these impacts.  

2.4.2 Social aspects 

Most of the S-LCA studies concerning aquaculture deal with the social performance of fisheries (e.g. 

case study on salmon by (Kruse, Flysjö, Kasperczyk, & Scholz, 2008). However, there are some 

studies regarding the social aspects of seaweed, or algae farming, which are presented in this 

chapter.  

 

Kronen (2013) studied the social and socio-economic aspects of seaweed farming in the Solomon 

Islands. A survey of 58 households was carried out, where the most relevant social aspects were 

related to livelihood, female and child labour, and community development. Most seaweed farming 

households thought that seaweed aquaculture was a viable livelihood alternative to fishery 

aquaculture because it can increase their incomes, allowing them to meet living costs, school fees 

and other financial costs. Furthermore, it has seen as easy to learn, providing good opportunities for 

the future well-being of households. Female contributions in seaweed farming are quite high, 

especially in the stages of farming such as harvesting, replanting and maintenance. This is different 

from traditional aquaculture, where women work more in the post-harvesting activities. Children often 

start to work in the seaweed farms early, abandoning school. In terms of community development, 

seaweed aquaculture increased cooperation and unity within the community (positive impact). The 

impact of seaweed farming on social structures and institutions varied among the survey participants. 

The majority think that this type of farming will lead to a positive competition among farmers and 

families. However, the increase in the price of seaweed might affect the viability of this sector. Hence, 

in order to encourage continuous production, the government might subsidise local farmers.  

 

The social impacts of biodiesel production from three different feedstocks was assessed by 

Macombe, Leskinen, Feschet, & Antikainen (2013): palm oil, forest chips and algae (cultivated in 

artificial ponds, co-located with a production plant). A hypothetical case study was built up for 

Finland. Palm oil was the reference scenario, but algae biomass was one of the two alternative 

scenarios. Algae were assumed to be produced in a laboratory. Social impacts were assessed at 

state, region and company levels.  

 

The social impacts for the company level were related to the health of the population, occupational 

health of workers (e.g. the fertilisers used for the cultivation of algae may be harmful) and health of 

the foreign population (when multi-national companies are involved in the supply chains). For the 

working conditions, algae cultivation needs regular purchases of glass from China, so Macombe et 

al. (2013) suggest that NGOs could demand accounts of the respect for workers’ rights. At regional 

level, the following social aspects were considered (ibid.): 1) the health changes for workers within 

the region’s boundaries, 2) the health changes in the region’s population, and 3) the changes in the 

well-being of said population. In Macombe et al. (2013), four social aspects were assessed at state 

level: 1) health; 2) welfare of the society (e.g. reduction of poverty); 3) occupational health of a nation 

(algae cultivation on a large scale could create a new chronic occupational health issue inside a 

state, as well as outside); and 4) the welfare of the populations of the countries affected by the 

immediate consequences of their decisions.  
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The main result of this comparative study was that the change in the biomass supply e.g. from palm 

oil to algae can affect the welfare of the national population. In the short term, changes in the biomass 

supply can create a social risk for the income of the population due to price rises (poverty). The 

diesel product price is likely to be higher (than imported palm oil products), but local jobs can be 

created in algae industries. Domestic biomass supply could therefore lead to partial redistribution of 

wealth through the population. Locally produced biomass (whether algae or forestry based) could 

lead to improvements in wellbeing from security of supply and pride (participation in new green 

technologies, localised within the country). Macombe et al. (2013) also conclude that algae biomass 

has mono-functionality (produced for oil only), whereas forest biomass comes from a multifunctional 

forest system. The other functions are not only recreation and foraging, but also the possibility of 

using the forest for pulp/ paper, sawn timber, heating and electricity.  

 

Phalan (2009) assesses the environmental and social aspects of biofuel production from different 

feedstock, including algae. The author’s conclusion includes that “algae appear to offer substantially 

improved outcomes relative to crop-based feedstocks, but many of the risks involved are still 

uncertain, and it will be some time before they can be produced on a large scale”. 

 

Data for the Norwegian seaweed sector can be approximated by using data for “Fishing, operating 

of fish hatcheries and fish farms; service activities incidental to fishing” in the PSILCA database. 
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3 New innovative pyrolysis 

“FuturePack will develop efficient, cost competitive, novel and sustainable methods for the direct 

conversion of biomass, alone and in combination with plastic waste, into polymer building blocks 

(olefins, aromatics) in a catalytic pyrolysis process. No such process exists today, nationally or 

internationally…The strategy in FuturePack is to develop a fast pyrolysis process combined with 

direct catalytic upgrading of pyrolysis vapors (ex situ CFP (Catalytic Fast Pyrolysis)) for the 

production of an optimum mix of olefins, in particular ethylene and propylene, monoaromatics (BTX; 

benzene, toluene, xylenes) and other low molecular weight hydrocarbons. Co-pyrolysis of biomass 

and waste plastics will be addressed as an innovative strategy for increasing yields of preferred 

products.” (FuturePack Proposal, 2016). 

 

Development of the processes described above is a large part of the FuturePack project. This means 

that it has not been possible to include the processes needed in this report, as input from WP1, 2 

and 3 is required to do this. Technology development is underway, but will take time. This chapter 

will therefore describe some general issues, based on current knowledge.  

 

The LCSA will require physical data for the processes involved (LCA), as well as financial estimates 

(S-LCA). Physical data is similar to that required for a mass and energy balance. The catalyst used 

is also likely to be important. Generally, amounts of all raw materials, amounts and forms of energy 

inputs into the process; conversion rates to products and by-products, as well as any waste and 

emissions arising will all be required. Are any emissions abatement equipment likely to be required 

for full scale? This will impact on what the actual flows to the external environment will be, and should 

therefore also be considered. 

 

For physical data (e.g. emissions) LCA requires data that can be linked to the functional unit. This 

means that experimental results for emissions in terms of concentration (e.g. flue gas concentration) 

are not useful, if they cannot be linked to the mass of raw materials and products produced. 

Laboratory testing of new processes and materials often provides concentration data, as it is relevant 

for occupational health. However, LCA is concerned with total emissions (however low, or high), 

independent of whether occupational health limits are met (Askham, 2012).  

 

During a social LCA, an initial assessment is performed to identify social hotspots i.e. “unit processes 

located in a region where a situation occurs that may be considered a problem, a risk or an 

opportunity, in relation to a social theme of interest” (UNEP/SETAC, 2009). This means that it is 

necessary to identify the country specific sectors, stakeholder groups, social sub-categories and 

corresponding indicators involved in the case study chain. An expressed aim of FuturePack is 

“…Norwegian production of sustainable packaging materials from Norwegian biomass and polymer 

waste resources…”. This means that most of the value chain will occur in Norway. However, some 

components (such as catalysts and chemicals) may also be produced in other locations.  

 

S-LCA is based on economic data, together with data for working hours combined with risk. The data 

needed for the S-LCA assessment will need to enable evaluation of risks in the supply chain. The 

following questions can be helpful:  

• What are the social impacts of each of these processes, per unit ($) of its output? 

• What are the worker hours required by each process, per dollar of its output? 
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• What are the risk levels associated with those hours of work, for each social impact indicator? 

 

For both S-LCA and infrastructure (Chapter 4), some pragmatic solutions to data gathering will be 

required for the biomass hydropyrolysis process and conversion of the pyrolysis gas to make 

ethylene. The S-LCA and LCA data required will need to consider existing data for existing sectors 

and process and arrive at reasonable estimates based on these data and the knowledge arising from 

WP2 and WP3. 

 

It should be noted that new technology is likely to become more efficient over time, and it is not 

always easy to provide good data (estimates) of full scale production. However, Scenarios can be 

run using the LCSA model and the estimates and assumptions used can be tested (sensitivity 

analysis). 
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4 Infrastructure 

To include infrastructure in the LCSA model means to include the construction of plants 

(infrastructure, capital goods etc.). The LCSA model should include infrastructure, as it is not 

acceptable to leave out such potentially significant parts of the life cycle when comparing different 

production systems (Frischknecht et al., 2007). Energy systems are a good example illustrating the 

importance of this in comparative systems. For fossil-based energy systems it is widely 

acknowledged that infrastructure impacts can be relatively small (if considering impacts like global 

warming potential). Klöpffer & Grahl (2014) describe impacts for energy demand (CED) for a power 

plant as having an order of magnitude of 1ppm of the energy the plant will provide during its 30-50 

year life time. However, If one compared the impacts of running different energy systems, without 

including the infrastructure impacts, then renewable technologies would have almost zero climate 

impacts, neglecting completely the impacts that are associated with e.g. hydropower or wind 

installations. This would create a very incomplete comparison with fossil-based energy systems.  

 

The FuturePack project is addressing the comparison between fossil-based plastic packaging 

solutions and new alternative raw materials, including renewables. This means that different 

proportions of infrastructure burdens could be significant for the results for some of the different raw 

material and processing routes. This has been shown to be likely during the literature study for raw 

materials LCSA described in Chapter 2. Seaweed is a good illustration of this. In Chapter 2.4 the 

infrastructure requirements for seaweed cultivation are described. The literature survey showed that 

the studies that had included infrastructure, concluded it was important for the impact categories 

studied.  

 

Including infrastructure is common in LCA databases, such as EcoInvent (Frischknecht et al., 2005). 

It is also likely that a pragmatic solution for including infrastructure for processes that do not yet exist 

on a commercial scale (e.g. the processes being developed in FuturePack WP 2 and 3) should be 

used. This would amount to identifying current industrial processes that are likely to have similar 

amounts of infrastructure associated with them. The database data available for current technologies 

can be adapted as estimates for the processes being developed in the lab. This will enable estimation 

and inclusion of likely impacts associated with infrastructure, where it is not possible to collect 

inventory data.  
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5 Life Cycle Costs 

This chapter provides a summary of Life Cycle Cost (LCC) methodology. The data that will be 

required for FuturePack case calculations is also described.  

 

LCC is an assessment of all costs associated with the life cycle of a product. This includes phases 

of supply, production, use / consumption and end-of-life. LCC in general has been fairly widely used 

in industry, especially for projects with a long life-time and/or considerable costs for maintenance, 

disposal, etc. Nonetheless it is often overlooked in terms of narrower cost assessment techniques 

focusing principally on capital costs and considering criteria such as simple payback.   

  

The LCC approach is best considered in light of more traditional project costing / economic appraisal 

processes used in industry. LCC is typically broader and more applicable to sustainability than the 

alternatives. The latter typically focus on costs that are borne directly by a single, given actor, and 

often also concentrate principally on up-front costs. In contrast, costs within LCC may be directly 

borne by different actors in the life-cycle; furthermore the LCC approach also pays strict attention to 

costs relating to, for example, operation, maintenance and disposal. Depending on the context, such 

costs may be 2-20 times greater than the initial procurement costs (Barringer, 2003). 

 

LCC as applied in certain circumstances may include costs relating to so-called externalities, such 

as damage to human health caused by emissions. In such an approach, the externalities are 

“internalised” (brought within the analysis). However, in the FuturePack project, the externalities are 

already represented in the form of the LCA and S-LCA. There will be no attempt to monetarise the 

externalities. The decision-makers will be provided with information about environmental (LCA), 

social (S-LCA) and cost implications (LCC) and will need to apply their own set of values, 

consciously, if the information provided by these three types of assessment should not concur. 

 

There are two broad uses for the LCC approach: 

• Evaluating options in the procurement of new assets (much like traditional costing 

approaches, but in a broader, life-cycle perspective) 

• Informing decision-making in minimising costs across the entire life-cycle of an asset  

 

These can be broken down into the following more specific elements, which fall into the same 

categories as the equivalent for LCA studies: 

  



Intermediate Report WP5    

Best practice for FuturePack LCSA   
 

© Ostfold Research    28 

Category of use Typical applications in this area 

Knowledge Development • Identifying parts of the technical solutions that make the 

major contributions to life cycle costs 

Decision Support • Testing potential modifications / replacements to the 

major cost drivers 

• Comparing different ideas / options on the basis of life 

cycle cost 

• Providing support to budgeting and planning 

Information Exchange and 

Communication 

• Conveying of priorities across the business or to 

customers 

• Documenting the range of solutions being investigated 

• Highlighting and documenting the background for choices 

made (for internal or external stakeholders) 

Table 2 Applications of LCC 

 

Overall, these aim to enable choice of the most cost-effective approach from a series of alternatives 

to achieve the lowest long-term cost of ownership of an asset. 

 

LCC accounts for costs which occur after the acquisition or construction of an asset. These are 

clearly tangible, and of potential importance for decision-making as a whole, but often lie “below the 

waterline” in terms of conventional costing approaches. Poor management of such costs can add 

great instability to the true economic picture. 

 

 

 

Figure 3 «Below the waterline» costs in LCC (Clark, Piperias, & Traill, 1999) 
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As for LCA, clearly stating and documenting assumptions and limitations in LCC studies are vital for 
proper interpretation and use of results. The assumptions and system boundaries affect the 
applicability of the results. The assumptions can be tested to see whether changing these 
assumptions within reasonable intervals can change the conclusions of the study. This is known as 
a sensitivity analysis and enables the practitioner to gain an understanding of the robustness of the 
conclusions from the particular study. Some general aspects to consider for cases: 
 

• Is the study a cradle to grave study of selected parts of the product life cycle? 

• Costs are the indicator used (as the case study is an LCC), no environmental impacts are 

included. 

• The results apply to the given product, with the lifetime and other aspects defined in the 

functional unit.  

• If relevant assumptions about maintenance should be clearly given. What maintenance 

regime is assumed, during what time scale? 

• Assumptions about the use phase for the product should be given. 

• Assumptions about decommissioning / end-of-life treatment. 

• Life cycle costs are computed on a Net Present basis, using a given discount rate. This 

discount rate should be clearly stated.  

 

LCC allows the identification of the major cost ”hot-spots”. Thus, if the goals and scopes of the LCC, 

LCA and S-LCA studies are properly aligned (i.e. functional units and system boundaries are 

essentially identical) it becomes possible to directly relate:  

 

• the effect of cost changes on the environmental and social impacts (could be beneficial or 

harmful) can be assessed; 

• the reverse is also possible; the effect of environmental and social improvements on cost can 

be assessed. 

 

Inventory analysis for LCA is the step where all material and energy flows in and out of the product 

life cycle are quantified. It involves data collection and calculation procedures to quantify the relevant 

inputs and outputs of a product system. Thus inventory analysis aims to quantify all energy and raw 

material requirements, emissions to air, discharges to water, solid waste and other releases for each 

process step of a product system.  

 

Inventory analysis for LCC aims to quantify all “cost flows” within the product system. For some parts 

of the data (for example, raw materials costs) the LCC data might depend directly on the LCA data. 

Hence, large parts of this step are conducted in parallel. 

 

LCI data for LCC purposes may include some or all of the following. Certain data categories might 

be considered in greater or less detail (for example transport costs may be aggregated across a 

number of transport steps or reported separately for each): 

 

• Raw materials costs (inclusive or exclusive of taxes and transport costs) 

• Taxes on raw materials 

• Transport of raw materials 

• Manufacturing costs: energy 
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• Manufacturing costs: infrastructure and equipment 

• Manufacturing costs: personnel 

• Transport of finished products to consumer 

• Use costs: energy, fuel, personnel, support materials 

• Transport to final disposal 

• Disposal  

 

Clearly, the list can be condensed or further expanded. Broadly speaking the list is written from the 

manufacturer’s perspective - the “raw materials costs” is simply the price paid by the manufacturer 

to its suppliers. If adopting a whole life cycle perspective (and if the relevant data can be found) then 

this price could be further broken down (costs of the raw materials the supplier sources, their 

manufacturing costs, their operating profit, etc). However, as stated above, the breakdown of the 

price(s) paid to the supplier is usually hidden from the manufacturer. 

 

Note that in general at this stage there is little interest in identifying the bearers of each cost. This 

only becomes important when a particular perspective on the LCC exercise is selected. See 

Appendix 3 for details of LCC calculations.  
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6 Discussion and Conclusions 

This report describes relevant environmental, social and cost aspects that should be considered in 

an LCSA model developed for FuturePack case studies. Each raw material chapter (chapters 2.1-

2.4) addresses environmental and social LCA issues that a state-of-the-art LCSA model should 

include. The results of WP1 will result in a clear identification of which raw materials should be 

included in the model in 2018. The plastic waste is the only certain raw material, until WP1 is 

complete.  

 

The different raw materials identified as possible raw materials for Norwegian bioplastics imply 

different importance of potential impact categories that should be included in the LCSA model. The 

results of WP1 (mapping of suitable raw materials for co-pyrolysis), to be concluded in the first 

quarter of 2018, will be important for the LCSA model. 

 

Gram-Hanssen et al. (2016) surveyed Norwegian consumers and found that they have a greater 

interest in S-LCA indicators than more traditional environmental LCA indicators. This is likely to be 

due to a more emotive response to the types of indicator described (e.g. child labour vs global 

warming potential).  

 

As described in Chapter 2, in order to perform an S-LCA the project team will need to identify the 

relevant stakeholders to be included in the study, as well as the impact categories of interest. For a 

project such as FuturePack, there can be several relevant stakeholders (e.g. consumers, workers 

and local communities), and several relevant impact categories (e.g. human rights, cultural heritage, 

health and safety). This is a theme which could provide a good basis for a stakeholder workshop 

with FuturePack’s partners. The project partners are stakeholders. Their vision for the project, values 

and opinions about relevant stakeholder groups and impact categories should form the basis for the 

decisions about the inclusions in the model. The S-LCA impact categories are represented by 

specific indicators (e.g. the stakeholder group “workers” can have child labour risk, or risk of wages 

lower than $2/day). FuturePack stakeholder involvement about the most relevant and interesting 

indicators to assess would be a good basis for ensuring relevant and useful model results. 

 

As described in Chapter 4, infrastructure for bio-based / renewable raw materials can have more 

significance than for fossil-based systems. This likely difference between the two types of carbon 

sources for the FuturePack co-pyrolysis system mean that the LCSA model should include 

infrastructure. A pragmatic approach will be adopted, estimating infrastructure for new technologies, 

based on adapting inventory data for current process technologies from currently available LCI 

databases.  

 

Further work in WP5 is split up into two main parts: 

• Task 5.1. Build up LCSA model for case product systems 

• Task 5.2. Impact Assessment and Comparison 

 

In 2018 the focus will be on Task 5.1, defining the goal and scope for the LCSA; including which 

case products /systems will be in focus. Consensus will need to be established between the 

FuturePack stakeholders about which environmental and social impacts, and costs are most relevant 

for assessment (also usually iterative). The next steps will involve gathering LCI data for relevant 
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processes, based on material flow analyses (mass-balance). Specific data for the foreground 

systems will be gathered, and scale-up issues will be addressed. Background system data (e.g. 

energy production, transport, materials) will be gathered from databases (EcoInvent, OpenLCA). 

This model will then provide the basis for Task 5.2. As previously described, the full LCSA requires 

LCA, S-LCA and LCC. The model built up in the project will enable iterative information to be fed 

back to the other WPs at relevant milestones. Important assumptions can also be tested using 

sensitivity analysis. 
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Appendix 1 What is LCA? 

What is a Life Cycle Assessment (LCA)? 

 

‘A process that evaluates the environmental burdens associated with a product system or activity.’  

 

This is done by identifying and describing the energy and material uses and releases into the 

environment. An LCA includes the entire life cycle of the product, from raw material extraction, 

through materials processing, use and disposal at the end of the product's life (from ‘cradle to grave’). 

All transportation steps involved are also considered. LCA assesses the environmental impacts of 

the system in the areas of ecological systems, human health and resource depletion. Historically, it 

has not addressed economic or social effects, however methods to include also social effects are 

being developed. 

 

Why Life Cycle Assessments? 

Life cycle assessments give a more holistic approach to environmental aspects of products. They 

can help the producer understand much more about what environmental problems are associated 

with a product. The producer can also see where in the product life cycle the main environmental 

burdens arise. This is very useful information when deciding where to target resources for 

environmental improvements, so that the resources will be used most effectively.  

There are many more uses for LCA, including analysing the results of future changes in production, 

or raw materials suppliers etc. A short summary of the main applications is given below: 

 

Knowledge development 

• What are the most important environmental problems and where in the life cycle do these arise?  

• What happens to our environmental profile if we make changes in our production process? 

 

Decision support  

• Where are the most effective areas for us to target resources (personnel, technology, education) 

to improve our performance?  

• What sort of product/marketing profile do we want?  

• Which materials and suppliers should we use?  

 

Information exchange/ communication  

• Information for employees (internal stakeholders), education as well as key environmental data 

(EPIs) and environmental product information (EPDs).  

• Communication of the effects of a company's environmental improvement efforts to authorities, 

neighbours, finiancial institutions and external stakeholders (EPIs). 
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The phases of an LCA 

According to the ISO 14040 standard, life cycle assessments shall include: 

1. Goal and scope  

2. Inventory analysis  

3. Impact assessment  

4. Interpretation of results 

 

Goal and Scope 

The goal of an LCA study should state the intended application, the reasons for carrying out the 

study and the intended audience, i.e. to whom the results of the study are intended to be 

communicated. When defining the scope of an LCA study, the following items should be considered, 

clearly described and justified:  

- The functions of the product system, or, in the case of comparative studies, the systems  

- The functional unit  

- The product system to be studied  

- The product system boundaries  

- Allocation procedures  

- The types of impacts and the methodology of impact assessment and subsequent 

interpretation to be used  

- Data requirements  

- Assumptions  

- Limitations  

- The initial data quality requirements  

- The type of critical review, if any  

- The type and format of the report required for the study 

Functional Unit 

The functional unit represents a product's performance according to a specific user's requirements. 

This unit should reflect the product's function and life span. Here is an example of a functional unit 

for cement and concrete:  

  

 

 

1 km road, maintained and used over a 50 year lifetime 

 

 

It is important that 'used' is included, as it is nescessary to include other important aspects in the life 

cycle of the road. These are things like lighting, noise muffling, road markings etc. 

In an LCA, all mass and energy flows are normalised according to the functional unit. Therefore all 

results are usually presented for the functional unit chosen. 
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System Boundaries 

System boundaries must be defined, so that one can collect the right inventory data. When one sets 

system boundaries one defines to what level of detail the product system will be studied and which 

releases to the environment will be evaluated. It is important that decisions to omit life cycle stages, 

processes or data are clearly stated and justified.  

Available inventory data can also set limitations to data gathering (for example when only industry 

average data is available rather than site specific). Again these limitations must be clearly stated and 

taken into consideration when conclusions are drawn from the LCA study.  

In order to help define system boundaries a product tree (or a product network) is drawn. This product 

tree should include all life cycle stages and unit processes involved, including transportation. The 

functional unit is the basis for which the product tree is drawn. 

When defining the system boundaries one must be practical, otherwise the level of detail can be 

enormous. A common approach is to define cut-off criteria, for example that all components that 

contribute less than 1% of the total mass flow for the product system are not included.  

Other important system boundaries that should be clearly stated are geographical boundaries (e.g. 

is the study of a local, national, or international nature) and time (e.g. what is the reference year for 

which the data is collected). The intended application of the study, the assumptions made, cut-off 

criteria, data and cost constraints and the intended audience all affect the system boundaries. This 

makes it important that these aspects are documented clearly. 

 

Allocation procedures 

Allocation is the partitioning of the input or output flows of a unit process to the product system under 

study. Allocation is needed when a unit process in a product’s life cycle has more than one product 

or raw material, which is part of another life cycle. This means that it is not correct to allocate all 

environmental burdens from the unit process to just one of the products.  

There are several possible methods that can be used for allocation. The two methods that are most 

commonly used are mass allocation and economic allocation, but others such as volume and energy-

based allocations can be used where appropriate. 

 

Mass allocation 

 

Mass allocation is based on the mass flows through the unit 

process and is illustrated in the diagram above. The 

percentage (X) of a given flow (M), contributing to a given 

product (P), through a given unit (U) has been calculated. 

This same percentage (X) is then used as the percentage 

of the environmental burdens (B) arising from the unit which 

are allocated to the product (P). Thus, if a product uses 37% 

of the mass flow, it's also assigned 37% of the 

environmental burdens. 
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Economic allocation 

 

Economic allocation is based on the sales price of the 

products produced and is illustrated in the diagram above. 

Products P, Q and R are produced from the unit process 

(U). Their sales prices are p, q and r respectively. Product 

P is therefore allocated the fraction p/(p+q+r) of the 

environmental burdens (B) arising from the process unit. 

Thus, if the sales price of product Q is 40% of the total 

sales price, it's assigned 40% of the environmental 

burdens. 

 

 

Assumptions  

It is important for the interpretation and use of the results from an LCA that all assumptions are 

clearly documented. The assumptions and system boundaries used affect the applicability of the 

results.  

The assumptions used can be tested to see whether changing these assumptions within reasonable 

intervals can change the conclusions of the study. This is known as a sensitivity analysis and enables 

the LCA practitioner to gain an understanding of the robustness of the conclusions from the particular 

study. 

 

Limitations 

There are also only a certain number of environmental burdens examined in an LCA study. This 

means that although LCA is described as a holistic approach it is also limited to the particular 

environmental burdens described in the scope definition for the study.  

LCA assesses the environmental impacts of the system in the areas of ecological systems, human 

health and resource depletion. It does not address economic, or social effects. 

 

Inventory Analysis 

Inventory analysis is the step where all material and energy flows in and out of the product life cycle 

are quantified. It involves data collection and calculation procedures to quantify the relevant inputs 

and outputs of a product system. Thus inventory analysis aims to quantify all energy and raw material 

requirements, emissions to air, discharges to water, solid waste and other releases for each process 

step of a product system.  
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All inputs and outputs to the product system are related to a functional unit, which is the basis for the 

calculations performed. For example we don't make an inventory of what emissions and resource 

use are associated with a tonne of concrete, but for the amount of concrete required for the 

maintenance and use of a 1 km stretch of road over a 50 year lifetime.  

When the inventory analysis is complete you have the life cycle inventory (LCI) data. 

 

 

Impact Assessment 

 

Different environmental problems occur as a result of the fact that we 

extract and process raw materials to produce different products. Different 

emissions contribute to different environmental problems (environmental 

impacts) in different ways.  

 

The impact assessment part of an LCA is where the potential impacts of a 

life cycle are assessed. The results of the inventory analysis (LCI) are used 

as the basis for this. The impact assessment is formally described as 

including the three phases shown in the figure to the left.  

 

 

 

Classification - ‘Which emissions contribute to which impact categories?’  

 

 

 

In the classification step, the different emissions and 

energy demands are assigned to different impact 

categories based on the expected kind of impacts on the 

environment. The main purpose of the activity is to 

describe which potential environmental effects the inputs 

and outputs may cause. 
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Characterisation - ‘How much do they contribute?’ 

 

In the characterisation step, the potential contributions 

from the different inputs and outputs are connected to the 

different impact categories, and the contributions to the 

same impact category are added up. Different emissions 

contribute differently to a given impact category, e.g. 

methane (CH4) contributes 21 times more to global 

warming potential than carbon dioxide (CO2). 

  

Weighting - ‘ Which impacts are most important?’ 

 

 

 

The weighting phase is an optional phase (ISO 14043, 

1999) where the results for each impact category are 

weighted into an overall quantitative statement of the 

potential environmental impact for the product system. 

 

 

 

 

Interpretation 

In this phase of an LCA one analyses results, reaches conclusions, explains limitations and makes 

recommendations. It is important that one considers carefully the goal and scope of the study during 

this phase. Interpretation of the results of an LCA must be done according to the Goal and Scope of 

the study in order to be of value in decision-making. A good example of this is if data gaps in the 

inventory phase are shown to be important for the outcome of the study, one recommendation would 

be to repeat the LCA calculations and fill in the most important data gaps.  
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Appendix 2 Social LCA 

Social LCA (S-LCA) is defined as “a social impact (and potential impact) assessment technique that 

aims to assess the social and socio-economic aspects of products and their potential positive and 

negative impacts along their life cycle encompassing extraction and processing of raw materials; 

manufacturing; distribution; use; re-use; maintenance; recycling; and final disposal”  

 

S-LCA is closely linked to LCA (see Appendix 1). The methodological approach includes much of 

the same steps: goal and scope definition, life cycle inventory analysis, life cycle impact assessment 

and interpretation. Therefore, these issues will not be described further here, but the additional 

aspects associated with S-LCA will be described. 

 

The UNEP/SETAC-guide (2009) can imply that S-LCA is well established. It should, however, be 

noted that there are many methods and different approaches to S-LCA available today, leading to 

subjective assessment and interpretation of the results (Arcese, Lucchetti, Massa, & Valente, 2016). 

The work is further complicated by social data often being qualitative, hard to access, measure and 

organize. There is not such established consensus for social impacts in S-LCA, as there is for 

environmental impacts. However, guidelines (UNEP/SETAC, 2009) and a handbook (Fontes, Tarne, 

Traverso, & Bernstein, 2016)  facilitates a move towards a more standard methodology for carrying 

out S-LCA. 

 

LCA methodology summarised by the framework below. 

 
Framework for LCA ((European Commission, 2010), modified from ISO14040 2006). 

 

Scope definition for S-LCA involves identifying the relevant stakeholder groups and impacts. The 

guidelines (UNEP/SETAC, 2009) categorize social impacts in five different areas of protection 

corresponding to five stakeholder categories: workers, consumers, local community, society, and 

value chain actors. Impacts are divided into six impact categories: human rights, working conditions, 
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health and safety, cultural heritage, governance and socio-economic repercussions. These are 

shown in the figure below.  

 
Assessment reference framework from (UNEP/SETAC, 2009) 

 

S-LCA can be performed combining generic and specific assessment. The generic assessment (top-

down approach) aims at identifying social hotspots, to “highlight potential risks of substantial negative 

social impacts and risks to brand reputation, as well as revealing opportunities for social 

improvements” (Norris & Norris, 2013). Specific assessment (bottom-up approach) aims to find 

relevant specific social aspects for the study. The bottom-up approach often uses questionnaires, or 

interviews.  

 

The top-down approach is more relevant for a system (such as FuturePack) where the study focus 

is a system that does not yet exist. For this purpose, databases, such as the Product Social Impact 

Life Cycle Assessment database (PSILCA, (Ciroth & Eisfeld, 2016) can be used. The database is 

useful for performing a screening analysis of the relevant country and sectors involved in the product 

system. 

 

The database is based on input/output models answering the following questions: 

• What are the social impacts of each of these processes, per unit ($) of its output? 

• What are the worker hours required by each process, per dollar of its output? 

• What are the risk levels associated with those work hours, for each social impact indicator? 

 

The results obtained from an S-LCA analysis using the PSILCA database are in terms of risk (i.e. 

units of hours of risk per USD in 2011, 5 different potential risk levels). These data can be examined 

as they are; identifying, for example, areas where there is potentially high risk of negative social 
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impacts. They can also be converted to hours of medium risk for the relevant year, putting all of the 

levels of risk for a given indicator into one risk score (medium risk level). 

 

The table below provides a summary of S-LCA indicators that can be found in the PSILCA database. 

 

Social 

categories  

Indicator in PSILCA 

Child labour Children in employment, female 

Children in employment, male 

Children in employment, total * 

Forced labour Frequency of forced labour  

Goods produced by forced labour*  

Trafficking in persons  

Fair salary Living wage, per month 

Minimum wage, per month 

Sector average wage, per month* 

Working 

conditions 

The ones available in PSILCA for «Workers» that are not already covered  in 

this list are: 

• Freedom of association and collective bargaining, which has these 

indicators: Right of Association, Right of Collective bargaining, Right to 

Strike, Trade union density [see collective bargaining] 

• Discrimination: Gender wage gap [see discrimination below] 

• Social benefits, legal issues: Evidence of violations of laws and 

employment regulations, Social security expenditures  

• Working time: Weekly hours of work per employee  

Health and 

safety 

DALYs due to indoor and outdoor air and water pollution  

Presence of sufficient safety measures  

Rate of fatal accidents at workplace  

Rate of non-fatal accidents at workplace   

Workers affected by natural disasters 

Human rights  See working conditions comments. 
n.b. Social categories covering human rights in UNEP guidelines are: gender 
equity (already covered by “discrimination”) and indigenous rights (relevant for 
local community, but not for workers, UNEP).  

Employment 
generation 

local employment (social category for local community, not specifically for 
workers): 
unemployment rate in the country;  
work force hired locally;  
percentage of spending on locally based suppliers. 

Discrimination Gender wage gap 
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Collective 
bargaining 

Right of Association  
Right of Collective bargaining  
Right to Strike  
Trade union density 
Which one (or more) of these should we use? 
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Appendix 3 LCC Calculation 

For LCC, the calculation step of inventory analysis generally involves little more than converting 

costs to a functional unit basis. Generally speaking “cost flows” are much more straightforward than 

material or energy flows – factors such as internal recycles complicate material / energy flow 

considerations, but are essentially absent for cost flows.  

 

The calculation step will reflect the allocation decisions made in the goal and scope definition. 

 

Identify perspective and cost categories 
 

The first step is to (re)consider the perspective identified in the goal and scope and hence identify 

the cost categories. This was already considered to some degree in the LCI step for LCC, as it 

governs which data is necessary for the analysis. The following basic principles apply: 

 

• Where the analysis is performed from the perspective of a particular actor, costs upstream 

of that actor in the life cycle are hidden / aggregated. Thus, from the user perspective the 

manufacturer’s costs will be aggregated with its profits, and the price paid by the user is all 

the user “sees”. Similarly, from the manufacturer’s perspective, the costs (and profits) of their 

suppliers are manifest in a single factor – the price paid to the supplier. 

• Cost categories may be presented in more or less detail – this often depends on the quality 

and availability of LCI data 

 

Putting costs on a common basis 
One confounding feature of LCC is that different costs are borne by different actors; this is handled 

by making the perspective clear. A second complicating factor concerns temporal aspects – different 

elements of cost are borne at different times. This is accounted for in this project, as is typical for 

most LCC approaches, by putting costs on a Present Value (strictly, “Present Cost”) basis. Costs 

borne in the future are discounted to reflect the time value of money – that a given quantity of money 

now has a different (normally greater) value than the same quantity of money in the future.  

 

The time value of money is normally represented by a (usually constant) annual discount rate. This 

is (normally) net of inflation but essentially reflects the cost of capital – whether that involves 

borrowing from an external source or diverting capital from other value-creating activities for which 

it could be deployed (e.g., from a manufacturer’s perspective the discount rate might reflect an 

internal rate of return used in investment decisions, set at or above the company’s average cost of 

capital).  

 

Costs borne at different times are placed on a present value basis by: 

 

P = F / (1+r)n   
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where P is the Present value (cost), F the Future value (the actual cost borne at some point in time), 

r is the annual discount rate expressed as a fraction and n is the time period – this is normally but 

not necessarily expressed in years. 

 

Collation and presentation of results, interpretation, sensitivity analysis 
The final step in LCC is to collate the costs (this is normally a simple addition) depending on the 

perspective adopted and the data collected. As for LCA, the interpretation is dependent on the goal 

and scope of the LCC. Important assumptions can be identified and tested during the sensitivity 

analysis (e.g. equipment lifetime assumptions, exchange rates, or interest rates) to see whether the 

conclusions would be affected by varying these assumptions across realistic intervals (e.g. lower an 

upper bounds of such intervals could be equipment failure after a shorter life than expected, or 

equipment lifetime 50% longer than expected). Sensitivity analysis indicates how robust the results 

of the study are and can be used in both LCA and LCC. 

 

 

 

 
 

 

 



 

  

 


