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Abstract: Policymakers worldwide are promoting the use of bio-based products as part of sustainable
development. Nonetheless, there are concerns that the bio-based economy may undermine the
sustainability of the transition, e.g., from the overexploitation of biomass resources and indirect
impacts of land use. Adequate assessment methods with a broad systems perspective are thus
required in order to ensure a transition to a sustainable, bio-based economy. We review the
scientifically published life cycle studies of bio-based products in order to investigate the extent to
which they include important sustainability indicators. To define which indicators are important, we
refer to established frameworks for sustainability assessment, and include an Open Space workshop
with academics and industrial experts. The results suggest that there is a discrepancy between the
indicators that we found to be important, and the indicators that are frequently included in the
studies. This indicates a need for the development and dissemination of improved methods in
order to model several important environmental impacts, such as: water depletion, indirect land use
change, and impacts on ecosystem quality and biological diversity. The small number of published
social life cycle assessments (SLCAs) and life cycle sustainability assessments (LCSAs) indicate that
these are still immature tools; as such, there is a need for improved methods and more case studies.

Keywords: sustainability; life cycle assessment; SLCA; social; economic; LCC; LCSA;
bio-based; bioeconomy

1. Introduction

Policymakers in many countries have developed goals and strategies for the development
of bio-economies as a means to reach sustainability goals, secure energy supplies, and develop
competitive, innovative products [1–4]. Sweden, in particular, with vast resources of biomass,
has created increased optimism on the emergence of a bio-based economy [5]. In recent years, the use
of renewable energy has dramatically increased compared with other European member states, and the
share of renewables in the Swedish transport sector is dominated by biofuels [6]. In addition, the use
of bio-based materials in other sectors has also continually increased to meet demands [5].

Nonetheless, while several policy documents have promoted the bio-based economy in Sweden
on many positive premises [3], there are also concerns that the expectations created for the bio-based
economy may undermine the sustainability of the transition [7]. Examples include the overexploitation
of biomass resources, and indirect impacts of land use [8,9].
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In order to ensure a sustainable transition to a bio-based economy, it is important that appropriate
assessment methods exist and are applied for assessing the advantages and disadvantages of available
options from a sustainability perspective. To reduce the risk of sub-optimization and burden-shifting,
methods should have a broad systems perspective. Addressing such concerns, life cycle-based tools
have been developed, including tools to review environmental impacts through life cycle assessments
(LCA), economic indicators through life cycle costing (LCC), and social indicators throughout the life
cycle using social life cycle assessments (SLCA).

The past decade saw the development of different frameworks for life cycle sustainability
assessments (LCSA) in order to combine the environmental, economic, and social perspectives; e.g.,
Klöpffer [10] and Guinée et al. [11]. While the importance of using the life cycle perspective is not
contested, the way in which such an assessment can and should be conducted is still debated, as LCSA
struggles with applicability challenges [12]. Examples of challenges include identifying the scope of the
economic, social and environmental impacts that need to be assessed, understanding and managing
the complex relationship between these impacts, selecting indicators for the impacts, and finding
input data [13,14]. Therefore, it is important to understand how LCSA is being used, as well as its
development and potential for improvement. In this study, we focus on the choice of indicators in life
cycle studies relevant to a bio-based Swedish economy.

There is a limited number of reviews specific to the indicators, their selection, etc. in the literature
for LCSA. However, Kühnen and Hahn [15] recently presented a systematic review of indicators
in the global scientific SLCA literature across all of the sectors, finding that the social aspects most
commonly accounted for relate to workers’ health and safety. A review of environmental life cycle
assessments on biofuels in Sweden found that these studies typically include a small number of
environmental indicators; see Lazarevic and Martin [16]. Several previous reviews with a broad scope
have criticized such limitations, and recommend including a wider range of indicators [17–19] as
the different environmental impacts do not necessarily correlate and trade-offs can occur [20–22].
This argument grows even stronger when the scope of the study is expanded to also include social and
economic impacts.

2. Aim and Scope

This study expands on the review by Lazarevic and Martin [16] by expanding from biofuels to
bio-based products in general, and from environmental impacts to sustainability indicators. Our aim,
then, is to investigate to what extent important sustainability indicators are already used in the life
cycle studies of bio-based products. We also discuss how LCSA can be expanded or improved in order
to better contribute to the transition to a sustainable bio-based economy.

The scope of our investigation is limited to scientific publications between 2010 and 2015. We focus
on assessments that are relevant to decisions made in Sweden, i.e., assessments of products that are
produced or used in Sweden. The discussion on how LCSA can be improved is relevant also beyond
the Swedish decision-making context.

The target audience of the article is the scientific community, practitioners who seek tools for
evaluating the value chains of bio-based products, and decision-makers in industry and governmental
institutions with a drive to understand what sustainability aspects are most important to consider in
the development, production, and promotion of bio-based products.

3. Methodology

3.1. Identifying Important Sustainability Indicators

To investigate to what extent relevant sustainability indicators are used in life cycle studies, we first
need to establish which indicators are important. There is no objective truth regarding what impacts
should be included in a sustainability assessment. Instead, the perception regarding the importance of
impacts and indicators is subjective. In the context of this paper, we combine stakeholder processes in
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order to identify prominent indicators. We use the following literature to establish what environmental
and social indicators are important in sustainability assessments in general:

• impacts addressed by the planetary boundaries (PB) framework [23],
• the default list of impact categories in the European guide for Product Environmental

Footprints [24], and
• impacts covered by the United Nations Environmental Programme and Society of Environmental

Toxicology and Chemistry UNEP-SETAC Life Cycle Initiative guide for social life cycle
assessment [25].

The planetary boundaries are chosen because of the widespread impact of this framework.
We chose to use the guides for Product Environmental Footprint (PEF) and UNEP-SETAC SLCA
because each of them is a product of a process involving a broad range of researchers involved in life
cycle studies, and in the case of PEF, many stakeholders are involved as well.

We also carried out an ‘Open Space’ workshop (OSW) with experts in Sweden to identify and
validate important indicators in the sustainability assessments of bio-based products. This serves the
purpose of capturing aspects that are specific to bio-based products and/or to the Swedish context.
Information on how the OSW was carried out in will be provided later in this paper.

Life cycle sustainability assessments include the social, environmental, and economic pillars of
sustainability. However, the aforementioned approaches and frameworks do not cover the economic
dimension. Thus, in addition to the indicators from these sources, we claim the life cycle cost to be
an important sustainability indicator. This is the only economic indicator in the LCSA framework
presented by Klöpffer [10]. It can be regarded as relevant because environmentally preferable products
often have a higher acquiring cost, but can be cheaper over the span of a life cycle due to, for example,
lower energy demand; see, e.g., Klöpffer and Ciroth [26]. Another reason is that the competitiveness of
sustainable products on the market depends on their production costs [27]. Bio-based products often
compete with cheaper alternatives, and an assessment of the production cost may be important in
order to estimate what market penetration is possible. However, it has been argued that the life cycle
cost indicator might not be sufficient to assess the economic dimension of sustainability [13], as it does
not reflect the extent to which products affect the economic capital available for future generations [28].
Ekvall et al. [29] also demonstrated that economic sustainability can include aspects such as business
opportunities and business risks.

3.2. Open Space Workshop

Open Space is a self-organizing technique that aims to generate creativity and informal discussion
on a common theme [30]. Open Space workshops begin without a fixed agenda beyond this overall
theme; specifying the agenda is instead one of the tasks assigned to the workshop participants.
Ekvall et al. [29] previously used this method to identify important indicators and research questions
in a LCSA of a 50-km pipeline for residual heat.

Invitations to our Open Space workshop were distributed mainly to researchers and industry
practitioners in Sweden. The 19 participants who attended the workshop were primarily researchers
in academia, institutes, and industry, with a background in environmental life cycle assessment (LCA)
or energy systems analysis.

At the beginning of the workshop, the participants generated ideas for important sustainability
aspects and indicators. After an initial allotted time for individual brainstorming, the participants
formed five small groups, each of which selected three to five sustainability aspects or indicators that
they considered important for assessments of bio-based products. The ideas were presented for the
rest of the workshop participants and posted on a wall, and the overlaps were eliminated. From these
aspects and indicators, the participants selected eight for in-depth group discussions with an aim to
agree on why the indicator is important, and on what aspects or indicators should be considered and
accounted for in a sustainability assessment of bio-based products.
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At the end of the workshop, each participant was given six yes-votes and three no-votes to freely
distribute among all of the ideas for sustainability indicators, in addition to all of the aspects identified
in the previous group discussions. We interpreted the result of the voting as an indication of what
the workshop participants considered important to account for in a sustainability assessment of
bio-based products.

3.3. Inventory of Existing Life Cycle Studies

We performed a systematic literature review (cf. [16,31]) to identify what sustainability indicators
are included in scientifically published life cycle studies. This included LCSAs, but also LCAs, SLCAs,
and LCCs.

We used a Boolean string to find peer-reviewed publications in the Scopus database
(www.scopus.com). This string included the following terms (see Supplementary material for the
exact Boolean search strings):

• “bio”, “biomass”, and “bio-based”, because they are common words in discussions of
bio-based products,

• “forest” and “wood” because forestry is an important industry in Sweden,
• “bioenergy”, “biofuel”, “biogas”, “biodiesel”, “ethanol”, Hydrogenated vegetable oil “HVO”

and Fatty Acid Methyl Esters “FAME”, because they denote the most common biofuels in
Sweden [6], and

• “district heating”, because this is an important sector for the use of solid biofuel.

The abstracts found were reviewed to find papers that applied at least a cradle-to-gate perspective.
These included more than 900 LCAs. In order to facilitate the analysis of the papers, we excluded
LCA papers that did not have any co-author from a Swedish research institution. We gave priority to
research at Swedish institutions because it is often funded by the Swedish government or industry,
which are likely to have an interest in the feedstock, processes and products that are relevant for the
Swedish market, which limited the number of studies to 63.

The number of LCSAs, SLCAs, and LCCs was much smaller, and we included not only papers
with contributions from Swedish institutions, but also from countries that are important for imports
from and/or exports to Sweden of bio-based products, including: Norway, the United Kingdom
(UK), Germany, Finland, Denmark, the Netherlands, Russia, the United States of America (USA),
Poland, Portugal, Latvia, Estonia, Italy, China, Brazil, Australia, Indonesia, Ukraine, and Lithuania;
see information on trade statistics; see e.g., Swedish Energy Agency [6] and SLU [32]. See more
information in Tables A1–A4 Appendix A.

The selected papers were reviewed, and key information about each paper was compiled,
including the goal of the study, indicators, methodological considerations, system boundaries,
stakeholders, etc. This information was collected in a separate matrix for LCAs, SLCAs, LCCs,
and LCSAs (see Supplementary materials for more details). We used it to determine the extent to
which important sustainability indicators are considered in the studies. Furthermore, we merged some
indicators. For example, we included assessments of changes in soil organic carbon in the broader
category “direct land use change”. All of the indicators related to toxicity (e.g., human and freshwater
toxicity) were grouped as “toxicity potential”.

4. Results

4.1. Important Indicators

For the context of this paper, we identified the following sustainability indicators and aspects to
be important, besides the life cycle cost:

www.scopus.com
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• from the PB framework [23]: climate change, stratospheric ozone depletion, chemical pollution,
atmospheric aerosol concentration, nitrogen and phosphorus emissions, acidification of oceans,
freshwater consumption, land-system change, and biodiversity loss;

• from the PEF guide [24]: climate change, ozone depletion, freshwater eco-toxicity, human toxicity
(cancer and non-cancer impacts), emissions of particulate matter, human health impacts of
radiation, photochemical ozone formation, acidification, eutrophication (terrestrial and aquatic),
water depletion, depletion of fossil and mineral resources, and land transformation;

• from the UNEP-SETAC guide for SLCA [25]:

◦ impacts on workers: freedom of association, child labor, fair salary, working hours,
forced labor, discrimination, health and safety, and social benefits and security;

◦ impacts on local community: access to material and immaterial resources, delocalization
and migration, cultural heritage, safe and healthy living conditions, indigenous rights,
community engagement, local employment, and secure living conditions;

◦ impacts on consumers: health and safety, feedback mechanisms, consumer privacy,
transparency, and end-of-life responsibility;

◦ impacts on other value-chain actors: fair competition, social responsibility,
supplier relationships, and intellectual property rights; and

◦ impacts on society overall: public commitments to sustainability issues, contribution to
economic development, the prevention and mitigation of armed conflicts,
technology development, and corruption.

• from the Open Space workshop [33] (see Table 1): climate change, biodiversity, working conditions,
water use, ecosystem functions, and the use of various resources.

There is a large overlap between the PB framework and the impact categories in the PEF guide,
because both focus on environmental sustainability and its impacts. The overlap is clear in the
impact categories of climate change and ozone depletion. Ocean acidification is closely linked to
climate change, since carbon dioxide emissions drive both. Chemical pollution and aerosols in
the PB framework can affect the climate, but also dominate the toxicity impacts in the PEF guide.
Eutrophication is dominated by emissions of nitrogen and phosphorus.

The PB framework and the PEF guide also differ on some points. The PB indicator for water
use relates to the global consumptive use of freshwater, while the PEF indicator takes regional water
scarcity into account. The PB indicator for particles includes solid and liquid particles that reside in
the atmosphere, while the PEF indicator focuses on solid particles that are emitted to the atmosphere.
The PEF indicator for land transformation focuses on changes in organic soil content, while the
corresponding indicator in the PB framework has a broader scope related to the function, quality,
and spatial distribution of the land cover. This has implications for biodiversity, which also is an
explicit indicator in the PB framework, but is not included in the PEF impact categories. The PEF
guide, on the other hand, includes more detailed indicators that are related to toxicity impacts and also
several impacts that are not in the PB framework, such as: ionizing radiation, photochemical ozone
creation, and the depletion of resources other than water.

The results from the Open Space workshop, with its focus on impacts related to bio-based products
and the Swedish context, also strongly overlaps the PB framework and PEF guide, because the
indicators identified as important are dominated by environmental aspects. However, note that
the workshop participants identified biodiversity as one of the top environmental indicators for
sustainability assessments of bio-based products, indicating that the impact categories listed in the
PEF guide might not be enough for this purpose.

The indicator “working conditions” was the non-environmental aspect that was given top
priority in the workshop. This indicator really includes a broad range of aspects and impacts.
The UNEP-SETAC guide for SLCA, for example, divides work-related social aspects into the
sub-categories Freedom of Association and Collective Bargaining, Child Labor, Fair Salary,
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Working Hours, Forced Labor, Equal opportunities/Discrimination, Health and Safety, and Social
Benefits/Social Security.

Notably, the only clearly economic indicator that was identified as even potentially important is
not life cycle cost, but regional value creation. This indicator also received a few votes in the end.

Table 1. Sustainability aspects identified by the participants in the Open Space workshop as potentially
important to include in a sustainability assessment of bio-based products, and the result of the voting
indicating which indicators were considered important [33].

Indicator Selected for Group Discussion Yes-Votes No-Votes

Climate impact yes 12 0
Biodiversity yes 10 0

Working conditions yes 10 0
Water use yes 9 0

Ecosystem functions no 9 1
Resource use yes 7 0

Emissions of particulates yes 2 0
Odor no 4 1

Human health no 3 0
Corruption/Human rights yes, as a joint topic 3 0

Regional value creation no 2 0
Resource availability no 0 0

Eutrophication no 0 0
Intragenerational and

intergenerational human
well-being

yes 2 3

4.2. Life Cycle Studies Identified

Our literature search resulted in more than 100 scientifically published life cycle studies of
bio-based products: 63 LCAs, 30 LCCs, seven SLCAs, and six LCSAs. Most of these were assessments
of products produced from wood or food crops (such as cereals and vegetable oils), but the literature
also covered the assessment of products made from several other biological feedstock materials
(Table 2). In many cases, the biological material was part of an assessment that also included other
materials. In some cases, the exact feedstock material was not clear in the published paper. In several
cases, the articles identified in the literature review applied more than one of the life cycle methods,
i.e., two or three of the LCA, LCC, and SLCA methods (see e.g., [34–36]). In this case, the feedstock
type and product type in Tables 2 and 3 were applied to only one column. For those reviewing all three
tools, these were applied in the LCSA column, and for those reviewing environmental and economic
tools, these were applied in the LCA column.

Table 2. Type of feedstocks in the life cycle studies found in the literature review. Figures shown in
parenthesis, e.g., (+10), refer to studies that include the biological feedstock as one of two or more
feedstock types. LCA: life cycle assessment; LCC: life cycle costing; LCSA: life cycle sustainability
assessments; SLCA: social life cycle assessments.

Feedstock Types LCA LCC SLCA LCSA Total

Wood 21 (+ 10) 7 (+ 3) 2 2 32 (+ 13)
Food crop 15 (+ 9) 6 (+ 2) 4 1 26 (+ 11)

Non-food crop 5 (+ 8) 3 (+ 2) 0 1 9 (+ 10)
Algae 1 1 0 0 2

Animal-based 1 0 0 0 1
Waste 3 (+ 4) 2 (+ 2) 0 1 6 (+ 6)

Manure 0 (+ 3) 1 (+ 2) 0 0 1 (+ 5)
Wool 0 1 0 0 1

Not specified 1 5 0 1 7
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A majority of the studies were LCAs or LCCs of energy products, but a broad range of other
products were also assessed (Table 3). Energy products included various biofuels (e.g., ethanol,
biogas, and Fischer–Tropsch diesel) and heating systems (e.g., district heating, pellets, and briquettes).
Construction products included individual products, such as coatings, as well as whole building
systems. Commodities included products such as bioplastics, cups, and fertilizers.

Table 3. Type of products assessed in the different methods from the literature review.

Product Type LCA LCC1 SLCA LCSA Total

Energy 37 21 7 2 67
Construction 5 3 0 0 8
Commodity 19 5 0 3 27

Mixed 2 2 0 1 5

The total number of products for the LCC studies included 31, while only 30 studies were found. This is because
one study (Zhang et al., 2013) assessed several products.

The products assessed are produced in various regions of the world. Approximately a quarter
of the LCA studies and the majority of the LCC studies were assessments of products produced
outside Europe. The SLCAs, for example, include products produced in Brazil [37,38], Indonesia [39],
Australia [40,41], China [34,41], and the UK [42], as well as France, the USA, and Lithuania [37].
The LCSAs were primarily of European origin, but examples from China [34] and Mexico [35]
were also present. More details about the distribution of the literature can be found in the
Supplementary Materials.

4.3. Indicators Present in Life Cycle Assessments

Climate change is accounted for in all 63 LCA papers in our review (see Table 4). Energy use is
also included in most LCAs. Acidification and eutrophication are both included in about half of the
studies. Many studies also include direct land use and/or land use change. The former is primarily
calculated as land occupation in square meters, while the latter usually focus on changes in the organic
carbon content of the soil, as proposed in the PEF guide (and ultimately related to greenhouse gas
emissions). Overall, though, the LCAs of bio-based products typically include few impact categories.

Compared to the environmental impacts and indicators that we identified as important, nearly
all of the important indicators are covered in at least one case study. However, there is a divergence
between what impacts are important, and how often they are used. Climate change and water use or
depletion was explicitly listed as a significant impact in all three sources: the PB framework, the PEF
guide, and the Open Space workshop. Climate change was included in all of the LCAs, but only two
case studies accounted for water depletion. Acidification, which neither the PB framework or the Open
Space workshop listed as very important, was included in more than half of the LCAs. Ecosystem
quality, resource use, and indirect land use change are important according to two or all three sources,
but were only included in very few scientifically published LCAs. Impacts on biodiversity were
explicitly mentioned as important in the PB framework and were one of the top-priority indicators
according to the Open Space workshop; still, it was not accounted for in any of the LCAs in our
literature review.

Only eight of the 63 LCA articles included in our literature review provide reasons for the choice
of impact categories. Five studies specified the product type (e.g., biofuel or fertilizer) as the cause of
the selection, while one study also specified the biomass type (i.e., Jatropha) as the cause of selection.

None of the studies justified their choices through referring to the geographical context of the
assessment. Which indicators are important can otherwise depend on where in the world the biomass
is extracted and converted into products. For example, Lazarevic and Martin [16] indicated that
environmental challenges in regions outside of Sweden can be different to those in regions that are
more commonly assessed with LCA (Europe and USA), and that the choice of impact categories
normally coincides with European environmental problems. The geographical context can significantly
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affect the technique and technology used, and how the bio-based product is treated at the end-of-life.
It can also affect the impacts of a specific environmental intervention (emission or resource extraction).

Table 4. Environmental impact categories included in the 63 LCA publications and their explicit (exp.)
or implicit (imp.) importance according to the planetary boundaries (PB) framework [23], the European
Union (EU) guide to Product Environmental Footprints (PEF) [24], and our Open Space workshop (Table 1).

Impact Category No. of Studies % of Studies PB Framework PEF Guide Open Space

Climate change 63 100% exp. exp. exp.
Energy use 44 70% imp. imp.

Acidification 35 56% imp. exp.
Eutrophication 34 54% imp. exp.

Photochemical oxidant
formation 21 33% exp.

Direct land use change 18 29% exp. exp. imp.
Direct land use 13 21% imp. imp.

Toxicity impacts 8 13% imp. exp.
Abiotic depletion 7 11% exp. imp.
Ozone depletion 6 10% exp.

Particles 4 6% imp. exp.
Human health 3 5% imp. imp.

Ecosystem quality 3 5% imp. imp. exp.
Resources 3 5% exp. exp.

Indirect land use change 2 3% exp. exp.
Water depletion 2 3% exp. exp. exp.

Resource use 1 2% exp. exp.
Biodegradability 1 2%

Gross calorific values 1 2%
Human health damage
by particles and ozone 1 2% imp. imp.

Biodiversity 0 0% exp. exp.

4.4. Indicators Present in LCCs

It is clear from the number of LCCs found that life cycle costs are included in many LCA studies.
Of the 30 identified LCCs, 17 were included in studies that combined it with LCA; only 13 solely
reviewed the LCC. Economic indicators included the life cycle cost, which were shown as different
monetary values per functional unit, and other economic indicators to show the economic viability
and sustainability of the different systems. While most studies reviewed the life cycle cost from a
producer’s (company) perspective, several studies also outlined the societal costs and benefits when
comparing different technologies. Similar to the indicator “regional value creation” identified in
the OSW, these studies took a larger perspective in order to understand the implications of regional
production and consumption.

4.5. Indicators Present in Social LCAs

Several of the seven identified SLCAs (c.f. [34,37–42]) used the UNEP-SETAC guide [25] as the
basis for their choice of impact categories. Furthermore, Ekener-Petersen et al. [37] used the Social
Hotspots Database, where the categories are also based on the UNEP-SETAC guidelines, although they
were somewhat adjusted. The other studies defined their own impacts categories. While the number
of aspects or impact categories accounted for differences between the studies, working conditions
and socio-economic repercussions, such as local employment, food security, and energy security,
are reoccurring. Other aspects such as human rights (e.g., indigenous rights, child labor, etc.),
governance (e.g., corruption, public commitments to sustainability, etc.) and cultural heritage (e.g.,
land acquisition, community engagement, etc.) are also addressed in several studies. The social aspects
assessed in the articles reviewed cover both positive and negative impacts. Positive impacts relate,
for example, to the increase in numbers of jobs (e.g., [38,42]) or public commitment to the sustainability
of businesses [39].
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All of the articles covered impacts on the stakeholder groups, or “workers”, which was indicated
as important both in the UNEP-SETAC guidelines and in the results from our Open Space workshop
(Table 1). All of the papers also included impacts on the “local community”. Impacts on the society
at large and value chain actors are covered in only a selected few of the studies; c.f. [34,37,39].
The stakeholder categories were not explicitly selected and justified in most of the case studies
reviewed. It is also important to note that the reviewed case studies primarily covered stakeholders
who were involved in the production phase of the life cycle.

4.6. Indicators Present in Life Cycle Sustainability Assessments

The six LCSA articles found in the literature review [34,35,43–46] each applied in total between
eight and 29 indicators in the assessment of environmental, economic, and social sustainability. A total
of eight environmental impact categories were included in the studies reviewed: climate change,
energy use, acidification, eutrophication, abiotic depletion, photochemical oxidant creation, toxicity,
and particulate emissions. All of these were also included in multiple LCA studies (see Table 4).
All of the articles covered climate change. Other commonly used environmental impact categories
included acidification and energy use. Eutrophication, abiotic depletion, photochemical oxidant
creation, toxicity, and particle emissions were less frequently used. All of the environmental impact
categories found in the LCSA studies were recommended in the PEF guide. Most of them are also part
of the PB framework, although the latter does not address abiotic depletion. Similar to the results from
the review of LCA studies, none of the LCSA studies accounted for biodiversity, although both the
OSW and PB frameworks identified these as important.

The LCSAs included, in total, four economic indicators. Life cycle cost was the most prevalent
of these. Other economic indicators included investment cost and net present value. The social
sustainability was assessed using a range of quantitative and qualitative indicators. The most
common indicators in the LCSA studies reflected different aspects of accidents/safety risks,
economic development, and education. Keller et al. [44] also accounted for impacts on a higher
systems level through the indicator “socio-economic repercussions”. Furthermore, Santoyo-Castelazo
and Azapagic [35] used qualitative indicators such as public acceptability and diversity of supply.
They modeled health impacts through the use of the indicator “human health potential”, and suggested
that global warming potential and abiotic resource depletion be used to account for social impacts on
future generations. This creates a link between LCA and SLCA in the LCSA.

Many of the studies justified their choice of impact categories and indicators. The majority of
the studies used stakeholder input in order to identify relevant indicators and aspects for the LCSA.
Several of the studies discussed the challenges of combining all three pillars. These challenges were
primarily related to developing a methodology for several of the impacts and indicators, combining
quantitative and qualitative indicators, and adapting the assessments to the objects under review.

5. Discussion

5.1. Why Important Indicators are Missing

Our literature review suggests that the current practices of impact category selection for LCAs of
bio-based products, and for the environmental dimension of LCSAs, focus on a limited, reoccurring
set of indicators with limited justifications provided. These results are coherent with the recently
published review of LCAs on biofuels in Sweden [16].

There is a discrepancy between how often an impact category is used in the LCAs, and how
important it is according to the sources we have used. In particular, water depletion, ecosystem quality,
indirect land use change, and biodiversity are important according to two or all three of our sources,
and also implied by, for example, Lewandowski [8] and O’Brien et al. [9]. Still, they are excluded from
most or all of the published LCAs. Impact categories that are less clearly important for bio-based
products, e.g., acidification impacts, are included in a much larger number of studies. This suggests
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that the choice of impact categories in LCAs of bio-based products is not primarily decided by the
importance of the environmental impact.

A simple explanation for the discrepancy between the importance and frequency of the indicators
would be that the indicators we identified as important in our project are, in fact, not really that
important. This explanation is contradicted by, for example, the United Nations (UN) Sustainable
Development Goals, which state that water-use efficiency should substantially increase, and water
scarcity should be addressed in order to substantially reduce the number of people suffering from water
scarcity [47]. They also call for urgent and significant actions in order to reduce the degradation of
natural habitats and halt the loss of biodiversity, including the integration of ecosystem and biodiversity
values into national and local planning [48]. From the Swedish perspective, water scarcity is not yet an
urgent matter in most parts of the country; however, the national environmental objective related to
groundwater mentions the increased demand for, and hence pressure, on groundwater reservoirs [49].
One of the 16 national environmental objectives focuses entirely on biodiversity [50], and another four
focus on land use and its impacts on ecosystems [51–54].

Another explanation for why important impact categories and indicators were excluded would be
that no methods (or data) exist that allow for including all of them in an LCA. This is contradicted by
all of the important indicators, except biodiversity, being included in at least one study. Methods also
exist for taking impacts on biodiversity into account [55,56]. Hence, rudimentary methods, at least,
exist to account for all of the important environmental impacts in LCAs. However, data availability
in order to allow for the review of certain systems will need to be improved; see e.g., discussions by
Martin and Brandão [57].

A more plausible explanation for why several important environmental indicators are often
missing in the LCAs is that the methods that exist generate results that are regarded as poor indications
of the actual impacts. For example, several of the studies recognized the importance of biodiversity,
but referred to methodological immaturity for the exclusion of the indicator; see also [55,56].

The existing methods can also be difficult to apply. Indirect land use change can, for example be
quantified through the use of the general equilibrium model from the Global Trade Analysis Project
(GTAP); see Kløverpris et al. [58]. However, learning to run such a model might require more time and
resources than are available for a specific LCA.

All of the SLCAs include impacts on workers, which is the stakeholder group that was given
the highest priority in the Open Space workshop. This is consistent with the finding of Kühnen and
Hahn [15] that indicators related to workers, in particular their health and safety, are the most common
type of indicators in the global SLCA literature. The small total number of published SLCAs and
LCSAs means that no social indicator is included in a large number of life cycle studies of bio-based
products. This might be because the expertise needed to carry through SLCAs is still scarce, and/or
because of a lack of mature methods. The latter reason is supported by three of the seven SLCAs
having the explicit aim of developing the SLCA methodology.

5.2. The Need for Improved Indicator Modeling Methods

The discussion above indicates a need for the continued development and dissemination of
operational methods in order to model specific, important impacts. This need concerns several
environmental impacts and indicators, in particular water depletion, ecosystem quality, indirect land
use change, and biodiversity.

As stated in Section 4.3, the impacts of a specific emission or resource extraction can significantly
vary, depending on where it occurs. This may be accounted for through spatially explicit impact
assessment methods. Lazarevic and Martin recommended taking regional differences into account
when reviewing impacts in a Swedish context [16] through using, e.g., the Swedish Environmental
Objectives [51]; however, the use of such methods is still not common practice in LCA databases [16,22].

The need for improved life cycle impact assessment methods includes social impacts in general,
and impacts on workers in particular. Social impacts also depend on the geographical context. Our
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study takes a Swedish perspective, which includes a well-developed social welfare system; as a result,
negative social impacts might not be as important to address as in other regions. However, the biomass
that is employed to produce products consumed in Sweden is often sourced from other parts of the
world, thus, it has implications that extend outside of Sweden [59,60]. An accurate assessment of the
social sustainability needs to take this into account.

There is also a need for development of methods in order to assess the economic impacts,
and associated indicators. The relevance of the life cycle cost as an indicator was that the
competitiveness of a product depends on its production costs [27], and that environmentally preferable
products often have a higher acquiring cost, but can be cheaper to use because of lower energy
demand [26]. This indicates the need for two different economic cost indicators: a cradle-to-consumer
calculation of the costs of production and distribution, and a life cycle calculation of the costs for the
consumer. In addition, as indicated in Section 3.1, operational methods should perhaps be developed
and disseminated for estimating the business risks and opportunities [29], and the impact of the
product on the economic capital of future generations [28].

Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/10/2/547/s1.
Excel File: The excel file includes details from the matrices produced to document the articles reviewed in
the literature review for the LCA, LCC, SLCA and LCSA articles.
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Appendix A. Literature Search Details

The following subsections provide details on the literature search, terms used for the searches
used to identify the articles in Scopus and details about input into the matrices.

Appendix A.1. Life Cycle Assessment (LCA)

Table A1. LCA literature search specifications.

Document Search Settings Specification

Boolean string (article title,
abstract, keywords)

“LCA” OR ”life cycle assessment” OR ”life cycle analysis”
AND
“bio” OR “biomass” OR “biobased” OR “forest” OR “wood” OR
“biofuel” OR “biodiesel” OR “biogas” OR “ethanol” OR “HVO”
OR “FAME” OR “bioenergy” OR “district heating”

Date range (inclusive) published 2000 to 2015
Country/territory limited to Sweden

www.mdpi.com/2071-1050/10/2/547/s1
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Appendix A.2. Life Cycle Sustainability Assessment (LCSA)

Table A2. LCSA literature search specifications.

Document Search Settings Specification

Boolean string (article title,
abstract, keywords)

“Life Cycle Sustainability Assessment”
OR ”life cycle sustainability analysis” OR ”life cycle” OR
“sustainability assessment” OR LCSA OR “sustainability analysis”
OR “Economic” OR “social” OR “environmental”
AND
“bio” OR “biomass” OR “biobased” OR “forest” OR “wood” OR
“biofuel” OR “biodiesel” OR “biogas” OR “ethanol” OR “HVO”
OR “FAME” OR “bioenergy” OR “district heating”

Date range (inclusive) published 2000 to 2015

Country/territory limited to

Sweden, Norway, UK, Germany, Finland, Denmark,
The Netherlands, Russia, USA, Poland, Portugal, Latvia,
Estonia, Italy, China, Brazil, Australia, Indonesia,
Ukraine, Lithuania.

Appendix A.3. Life Cycle Costing (LCC)

Table A3. LCC literature search specifications.

Document Search Settings Specification

Boolean string (article title,
abstract, keywords)

“Life Cycle” OR “LCC” OR ”life cycle cost” OR ”life cycle costing”
OR “Life Cycle Cost Analysis” OR LCCA OR “Life cycle cost
assessment” OR “Life Cycle Economic Analysis”
AND
“bio” OR “biomass” OR “biobased” OR “forest” OR “wood” OR
“biofuel” OR “biodiesel” OR “biogas” OR “ethanol” OR “HVO”
OR “FAME” OR “bioenergy” OR “district heating”

Date range (inclusive) published 2000 to 2015

Country/territory limited to

Sweden, Norway, UK, Germany, Finland, Denmark,
The Netherlands, Russia, USA, Poland, Portugal, Latvia,
Estonia, Italy, China, Brazil, Australia, Indonesia,
Ukraine, Lithuania.

Appendix A.4. Social Life Cycle Assessment (SLCA)

Table A4. SLCA literature search specifications.

Document Search Settings Specification

Boolean string (article title,
abstract, keywords)

“Life Cycle” OR “SLCA” OR ”social life cycle” OR ”life cycle
assessment” OR “Socio-economic” OR S-LCA OR “life cycle
analysis” OR “LCA” OR “social impacts” OR “social sustainability”
AND
“bio” OR “biomass” OR “biobased” OR “forest” OR “wood” OR
“biofuel” OR “biodiesel” OR “biogas” OR “ethanol” OR “HVO”
OR “FAME” OR “bioenergy” OR “district heating”

Date range (inclusive) published 2000 to 2015

Country/territory limited to

Sweden, Norway, UK, Germany, Finland, Denmark,
The Netherlands, Russia, USA, Poland, Portugal, Latvia,
Estonia, Italy, China, Brazil, Australia, Indonesia,
Ukraine, Lithuania.
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Appendix A.5. Limitations for the Literature Search

The search was also limited to a set of specified feedstock materials and biomass value chains.
In addition to the general keywords “bio”, “biomass” and “biobased”, the specification is based on
three Swedish bio-based markets:

Appendix A.5.1. The Forest Product Market (Forest Products are Here Defined as Products Derived
from Forest Biomass)

Sweden is covered by almost 70% forest [61], and forestry is an important industry in Sweden.
Sweden has both export and import of forest products (round wood, chips, pellets, wooden products
(e.g., particle boards, paper, and pulp)) with several countries (more than 5000 M SEK per year: Norway,
Germany, Finland, Poland, Denmark, Latvia, Estonia, The Netherlands, China, Russia, UK, Portugal,
USA, and Italy) [62]. The keywords “forest” and “wood” were therefore added to the Boolean string.

Appendix A.5.2. The Biofuel Market

The biofuel market in Sweden mainly consists of three markets: a local (Swedish); biogas,
a regional (European); biodiesel, and a global; ethanol [63]. The keywords “biofuel*”, “biogas”,
“biodiesel” and “ethanol” were therefore added to the Boolean string. Figure A1 shows the biofuels
with the highest consumption volumes in Sweden. Based on the figure, the keywords “HVO” and
“FAME” were also added to the Boolean string.
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Appendix A.5.3. The Bioenergy Market

Main energy sources for district heating are residues from the forest industry, forest residues,
recovered waste wood, refined wood fuels, municipal and industrial biogenic waste, bio-oils, and peat.
Bioenergy also plays an important role in industry and electricity production [64]. Sweden also imports
waste, mainly from Norway and the UK, of which 85% goes to energy recovery [65]. The keywords
“bioenergy” and “district heating” were therefore added to the Boolean string.

Appendix A.5.4. Date Range, Document Type, and Subject Areas

The project focuses on documents published 2000–2015.

Appendix A.5.5. The Swedish Context

The project focuses on research which is relevant for Swedish conditions. We therefore limited
the literature review to articles written by one or more authors from a Swedish institution. Our
rationale is that Sweden based authors (often) are financed by the Swedish state or industry. These
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have an interest in feedstock, processes and products relevant for the Swedish market. For LCC
and SLCA, a limitation to Sweden resulted in too few studies. If this is the case, the scope can be
broadened to include the countries that are most important in a Swedish import/export context of
forestry products [62], biofuels [60,66,67] and waste [65]. These included Norway, UK, Germany,
Finland, Denmark, The Netherlands, Russia, USA, Poland, Portugal, Latvia, Estonia, Italy, China,
Brazil, Australia, Indonesia, Ukraine and Lithuania.

Appendix A.5.6. Criteria for Selection

From the studies identified from the literature searches above, only those studies meeting the
following guidelines were chosen for the review. These included:

(1) Following the LCA methodology (excluding LCI studies),
(2) focusing on biomass value chains (for example, the waste for district heating should be (mainly)

bio-derived),
(3) involving case studies (e.g., no review studies, discussions) and
(4) following a peer-review process.

Thereafter, each article abstract was reviewed to ensure that it was relevant for the study.
As identified in the text, the articles were then reviewed and relevant information and details on
the articles, and key information such as the goal of the study, methodological considerations,
system boundaries, stakeholders, impact categories and specific aspects covered were compiled.
The information was used to determine the extent and details of important sustainability aspects
considered in LCA, LCC, SLCA and LCSAs applied to biomass value chains of relevance for Swedish
conditions, see the Supplementary materials for a copy of the matrices for the respective life cycle
based methods.
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