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Abstract: Bio-products and bio-based value chains have been identified as one of the most promising
pathways to attaining a resource-efficient circular economy. Such a “valorization and value-addition”
approach incorporates an intricate network of processes and actors, contributing to socio-economic
growth, environmental benefits and technological advances. In the present age of limited time and
funding models to achieve ambitious sustainable development targets, whilst mitigating climate
change, a systematic approach employing two-tier multi-criteria decision analysis (MCDA) can be
useful in supporting the identification of promising bio-based value chains, that are significant to the
EU plans for the bio-economy. Their identification is followed by an elaborate mapping of their value
chains to visualize/foresee the strengths, weaknesses, opportunities and challenges attributable to
those bio-based value chains. To demonstrate this methodology, a systematic review of 12 bio-based
value chains, prevalent in the EU, sourcing their starting material from biomass and bio-waste, has
been undertaken. The selected value chains are mapped to visualize the linkages and interactions
between the different stages, chain actors, employed conversion routes, product application and
existing /potential end-of-life options. This approach will help chain-actors, particularly investors and
policy-makers, understand the complexities of such multi-actor systems and make informed decisions.

Keywords:  value chain; multi-criteria decision analysis; circular economy; value
chain-mapping; bioeconomy

1. Introduction

Escalating environmental and economic pressure to use our resources responsibly and add value
to the used material/products in the commercial sphere has helped the development of technology
routes and material circularity in nearly every global sector. According to the EU Circular Economy
Strategy, the aim of such systems thinking is to “close the loop by becoming resource efficient through
development and establishment of industrial symbiosis, to reduce the pressure on EU’s natural
capital” [1].

The approach to attaining/creating a circular economy is cascading of material, which may
be virgin raw materials, by-products or wastes resulting from any given sector. The concept of
cascading and its significance to the establishment and growth of a resource/energy efficient, green and
low-carbon economy has been a recurring theme in EU policies since 2012, particularly in the EU Forest
Strategy, EU Bioeconomy Strategy and EU Circular Economy package [2]. To understand the state of
our transition, transparency on the EU-level biomass potential is essential. Bioeconomy, according
to the European Commission, is a part of the economy that utilises bio-based renewable resources
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sourced both from land and sea, processed to produce materials and energy for consumption [3].
A fully-functional bioeconomy is one of the many pathways that have been identified to attaining
a circular economy, both at micro-level (local rural development) and macro-level (nation-wide) [4].
The principles of both circular economy and bioeconomy are in synergy, in terms of the ultimate goal
of attaining a sustainable technological and socio-economic development by decoupling economic
growth from resource exhaustion and subsequent environmental degradation [5]. The two economies
share a growing overlap, however, there is currently a need to push circularity down to the consumer
level, which is where the largest share of waste is found with no end-of-life valorisation. This has
been stated as one of the biggest challenges of the bioeconomy. However it is acknowledged that
some sectors of the bioeconomy cannot satisfy the principles of circular economy (e.g., bioenergy and
biofuel) because they are considered a dead end route for biomass [6]. In terms of current targets for
sustainable growth, bioeconomy, in combination with circular economy, has the potential to directly
contribute to 11 out of the 17 UN’s Sustainability Development Goals (SDGs) (Figure 1). The direct
contribution of circular and bio-based economy to sustainable consumption and production (SDG 12),
reducing our pressure on the environment, air, water and land (SDG 13, 14, 15) is the ultimate aim of
the concept. By working in partnership with rural communities and local bio-based infrastructure [7,8]
(SDG17), utilising the rural knowledge pool, alleviation of poverty (SDG 1 and 2), forging skills among
communities (SDG 4) to take an interest in guarding the local ecosystem services encourages the
development of sustainable communities (SDG11), in addition to creating jobs and socio-economic
opportunities (SDG 8). Use of bioenergy, devising smart strategies and value-chain pathways to lock
the chain’s GHG emissions, either via carbon capture or soil incorporation of high quality biochar,
have been identified as potential means of achieving the ambitious Paris climate target [9].
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Figure 1. Potential for circular bio-based value chain to contribute to achieving UN’s SDGs and the
potential of value chain mapping and analysis in quantifying these goals.

Having comprehended the synergies between a circular economy and a bioeconomy and its
potential for contributing to the global sustainability targets from a number of earlier studies [5,10], it is
crucial to understand where we stand to take appropriate and smarter “next steps”. Prior to exploring
the opportunities that bioeconomy could offer, the probability of it being successfully established must
also be systematically investigated.
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A methodical approach for the selection and mapping of the most promising circular bio-based
value chain is presented in this paper. The purpose of the methodology expressed in this paper is
to encourage innovative thought processes, within the chain-actors and other external stakeholders,
on how to identify and focus precious resources and efforts in the development of multi-functional
value chains and business models using a set of selection criteria, and to be able to foresee the
complexities and performance needs of the value chain, thereby minimising risks and shocks to the
conceptual process system. This approach is clearly missing, not only within the bio-based sector but
also within industrial sectors that are gearing-up towards a transition to circularising their supply
chains. The suggested methodology can, therefore, be adopted for application within non-bio-based
value/supply chains as well. To demonstrate this methodology, some exemplary bio-based value
chains have been selected from a pool of bio-based value chains that are prevalent in the EU. This study
employs a two-tier multi-criteria decision analysis to identify these most promising value chains.

1.1. Background

A value-chain is defined as a set of interlinked activities that deliver products/services by adding
value to bulk material (feedstock). In a bio-based value chain, the feedstocks tend to be biomass drawn
from an existing primary production route (e.g., agriculture, forestry and livestock), or of a novel (e.g.,
microalgae) or secondary origin (e.g., sludge, industrial wastewater and household organic waste).
A generalised schematic for an ideally circular bio-based value chain has been presented in Figure 2.
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Figure 2. Figure 2. A generalised map of a bio-based value chain.

Value chains, in particular those that valorise secondary resources are designed to turn available
organic material into different valuable product, ranging from high-value chemicals to secondary-use
by-products and renewable energy [11]. Pathways that are capable of transforming waste/secondary
feedstock into an array of high value products are called integrated biorefineries [12]. Integrated
biorefineries contain a “pre-treatment plant” that prepares the feedstock for upcoming transformation
and refining technologies within the supply chains, before packaging and distribution.

The first stage of a complex bio-based value chain is biomass availability. Brosowski et al. (2016)
define the quantity of biomass, generated by a confined area of land (country) that is currently used
or has the potential to be used as the “biomass potential” [13]. Biomass potential may be measured
from a number of relevant sustainability-based angles: theoretical, environmental, economic and
sustainable. Theoretical potential provides an estimation of potential biomass productivity based on
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the physical characteristics of all available arable land. Environmental and economic biomass potential,
based on the fraction of the theoretical biomass potential, gradually adds land exclusions such as
legally protected area, slopes, biodiversity richness and take into account the technical capability
of the pre-existing biomass processing framework. Sustainability potential is the final filter that
takes the technical, economic and environmental restrictions (and associated biomass capacities)
into account providing the net estimated biomass production capacity for a given geographical
location [14]. Focusing on EU biomass supply, the agricultural and forestry feedstock within the EU
constitutes 1.13 billion tonnes of dry biomass [15]. From a stakeholder perspective, which draws
data via engagement (interviews and survey questionnaire) with EU-based value chain actors, more
than 40% of renewable material is invested in non-conventional industrial applications in EU-28.
In such successful bio-based industries there are in-house developed frameworks for value-chain
actors to communicate and synchronise their operations [15]. From the perspectives of bio-based
industries, according to a 2016 study undertaken by the Joint Research Centre (JRC), European
Commission, EU-28 has been determined to be home to 133 bio-based industries, excluding the relevant
industrial research and development (R&D) institutions [16]. Nevertheless, a survey undertaken by
the Bio-based Industries Consortium (BIC) and Nova Institute [17], revealed 224 bio-based industries
with biorefineries processing different types of feedstock, mapped across EU demonstrating a sharp
growth, as presented in Figure 3.
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Figure 3. Biorefinery map in Europe (Source: [17]).

Long-term, innovative systems thinking which encourages the exploitation of organic
waste/residues from agriculture, animal husbandry, domestic, industrial and commercial industries
are exploited, is essential. Such solutions not only help gain access to and expand the innovation
boundaries but also enable a systematic and feasible transition to a bioeconomy. Such a transition
has been identified to benefit the economy through the creation of SMEs and skilled employment
opportunities, in addition to reaching EU’s climate change mitigation targets and to reduce dependence



Sustainability 2018, 10, 1695 50f 24

on fossil-derived resources [18]. With mounting pressure from a number of factors including limited
time, finance, resources and impending environmental targets, the suggested method helps envisage
the potential performance of any bio-based value chains. This is crucial to not only policy-makers,
but also to any decision-making stakeholder in the value chain, in terms of material, financial,
human resource allocation and operation [19,20]. From the socio-economic perspective, creation
of a multi-regional/local value chain, networks, growth of SME’s and other employment opportunities,
development of waste-management infrastructure (where lacking), local skill-forging and knowledge
dissemination are some of the practical benefits of a fully-functional bio-based value chain [21].

From a sectoral perspective, the EU biorefinery map (Figure 3) represents the prevalence
of high numbers of oil and fat based biorefineries dedicated to the production of biofuel and
oleochemical products.

1.2. Bioeconomy Strategies Initiatives

The primary policy framework of the European bioeconomy is represented by the European
Bioeconomy Strategy and Action plan adopted by the EU in 2012 [22]. It provides policy framework
conditions for developing new technologies and processes for the production and commercialization
of renewable biological resources and their conversion into bio-based products. An ongoing
revision of the bioeconomy strategy aims at establishing a more coherent and holistic policy and
financial framework for the European bio-based economy, supporting access to sustainably produced
biomass, fostering investments and further developing the commercialization of bio-based products.
One important recommendation is to further develop the synergies and complementarities between EU
policies and funding instruments with interconnected objectives with the bioeconomy. Among these
policies, an important role is played by the circular economy strategy and by other sectorial policies
that govern traditional sectors of the bioeconomy (e.g., the Common Agricultural Policy [CAP]).

However, from a value chain and bio-product perspective, a majority of current bioeconomy
strategies are dedicated to bioenergy and biofuel-based value chains, followed by food and beverage
chains. Prevalence of many such value chains may be attributed to the EU’s race towards renewable
energy consumption targets set in the Energy Strategy for 2030 [23]. However, a surge in integrated
biorefineries that synthesise bio-based products other than biofuels is evident from the most recent
report compiled and analysed from a stakeholder engagement approach undertaken by the Bio-based
Industrial Consortium (BIC) and Nova Institute [17]. The growth of biomass-cascading biorefineries is
also supplemented by the keenness of European bio-based industries to valorise organic-rich bio-waste
(mainly agricultural residue and sludge). Besides, seizing an opportunity to synthesise value-added
products from low-cost feedstock, an unhindered supply of starting material (one of the key barriers
to bio-product synthesis), is a promising start for a bio-based business model. According to a study
undertaken by Meyer-Kohlstock et al., (2015), the supply of biomass and waste for consumption
within other value chains was predominantly sourced from the agri-food and livestock sector [24].
Though bio-based value chains create opportunities to circularise, some chain-level dynamics
influence the environmental, commercial and social practicability of the same by varying degrees.
These dynamic factors include biomass supply logistics, feedstock costs (influenced by whether
the feedstock is primary or secondary), feedstock treatment requirements and ethical compliance
requirements. Firstly, it is essential to identify a bio-based value chain with techno-economic potential,
and that is environmentally and socio-economically sensible. Secondly, when developing a bio-based
business model around the identified value chain, it is imperative to anticipate the various interactions
among processes, stakeholders and related process-dynamics on the overall performance of the chain.
The aim of this paper is to provide a two-fold methodology that helps identification of promising
bio-based value chains and to demonstrate how value chain mapping can help stakeholders visualise
the various interactions embedded in a value chain. Escalating environmental and economic pressure
to use our resources responsibly and add value to the used material / products in the commercial sphere
has helped the development of technology routes and material circularity, in nearly every global sector.
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According to the EU Circular Economy Strategy, the aim of such systems thinking is to “close the loop
by becoming resource efficient through development and establishment of industrial symbiosis, to
reduce the pressure on EU’s natural capital” [1].

2. Methodology

2.1. Value Chain Selection Criteria

Multi-criteria decision analysis (MCDA) is a valuable tool for decision making in complex process
systems using multiple parameters that influence the embedded processes within a value chain.
These parameters can be differently weighed as “significant factors” by the various chain-actors. Also,
incorporating this flexibility into the scope of this assessment, MCDA in decision making enables
a systematic investigation and transparency in analysis [20]. The goal of MCDA, in general, is to
provide an opportunity to explore the knowledge and concerns put forward by the chain-actors,
weigh them from an unbiased viewpoint, systematically analyse, identify the most important criteria,
and subsequently, make decisions within a complex multi-actor process systems. This study employs
two-tier MCDA to rank bio-based value chains based on a set of selection criteria, highlighting
the significance of their adherence to the principles of circular economy. The outcomes of this
analysis highlight the importance of these selection criteria dedicated to highlighting the circularity
characteristics of any bio-based value-chain/business model. An elaborated mapping methodology to
understand the strengths, weaknesses, opportunities and challenges embedded in a bio-based value
chain, attributable to the synthesis of a variety of bio-products, also demonstrating the significance
of upstream processes and material use on the downstream activities (mainly post-consumption and
end-of-life management) has been presented as a part of this paper. Please see Figure 4 for a flow
diagram that elaborates the MCDA methodology employed in this study for value chain selection
and mapping.

A variety of bio-based value chains have been identified to be prevalent in the EU and are
presented in Table 1. This list of preliminary value chains was drawn from the literature review
earlier, focusing on bio-based value chains/products covered by EU certification schemes and
market demand [25]. The list comprises bio-based value chains with (but not limited to) diverse
characteristics covering:

e  From virgin food-based feedstock to bio-waste cascading;

e  100% bio-based to partially bio-based, value chains;

e  Those with a fully-functional waste management infrastructure to those that lack one;
e  Diverse product functionality.

Table 1. List of EU-based value chains considered for selection, analysis and mapping exercise.

Sector Value Chain
Chemicals Cellulose to bio solvents
Disposable food packaging Starch to bioplastic food packaging
Agriculture Starch to bio-based mulch films
Fabrication Starch to bioplastics for fabrication
Automotive Vegetable fats to bio lubricants
Agriculture/waste management Solid biomass to fine chemicals
Textiles Cellulose to fabric
Food packaging Cellulose to plastic paper cups
Construction Waste biomass to insulation material
Construction Waste biomass to wood-plastic composites
Agriculture Polysaccharides to crop health inducers

Animal husbandry Plant-based chemicals to fine chemicals
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Figure 4. Flow diagram of the methodology involved in the two-tier multi-criteria decision analysis and mapping exercise adopted for the selection of the most

promising bio-based value chains, in the context of a circular economy.
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For systematic identification of promising value chains, a multi-criteria selection approach
was used. A set of selection criteria were chosen based on the gaps that were identified from
review of published literature and policy. There are a number of different bio-based value chains
prevalent in the EU. To identify those multi-functional value chains (perhaps under-represented), for
example, those that integrate material circularity, utilising agricultural by-products/waste, capability
to create better and wider socio-economic growth/employment opportunities and needing less or no
further investment in the form of a dedicated infrastructure, it is essential to use a few key criteria.
The performance of candidate value chains from the viewpoint of these selected criteria must be
assessed in detail. This approach will help this study weigh the potential and resilience of these
candidates in the commercial market, against the backdrop of the EU’s bioeconomy policies and in
our journey towards “closing the loop”. The selection criteria chosen for the first-round assessment of
bio-based value chains are presented in Figure 5. The rationale for choosing these selection criteria
may be found under the respective descriptions in the upcoming segments.
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Figure 5. Selection criteria for the identification of the most promising bio-based value chains.

Feedstock variability: The flexibility of bio-based value chains to produce products and
by-products from a variety of feedstocks is crucial. Biomass, the starting material of any bio-based
value chain, is cost-susceptible to both market volatility and also seasonal in nature. Dependence on
a seasonal feedstock will lead to a seasonal value chain, thereby resulting in seasonal products (and
byproducts) which gives bio-based products a less attractive perspective among consumers [26].

Multi-regional supply chain: A multi-regional value chain, besides adding value to a low-value
feedstock, also contributes to the economic growth of dependent communities via creation of jobs,
development of skills and the knowledge pool of the local communities, leading to improved
community wellbeing and social equity. Such approaches require a harmonised approach to reporting
and communication of information among the embedded chain actors for transparency on practices
and traceability of materials. However, such an approach could facilitate EU states with transition
economies to establish bioeconomy models, with the needed investment from national funding
initiatives [27].

Variety of end-of-life: End-of-life characteristics play a prominent role at any given stage of
a value chain. From a top-down approach, a process that is capable of utilising waste biomass for
raw feedstock, also called “cascading use” is a valuable, sustainable business model as there will a
regular influx of low-cost feedstock, promising a continuous product supply to the market. From a
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“bottom-up” approach, strategic management and utilisation of waste (post-product consumption) is
capable of delivering three-fold benefits: environmentally through reduction of waste for treatment
and disposal; economically by enabling resource efficiency and through transformation of waste (as
low-cost raw material for a secondary industry); and socially through creation of jobs, new value
chains and social equity [28]. To be able to “catch up” with the 2014 EU Land(fill Directive (which
aims to phase out landfilling recyclable waste, e.g., bioplastics, paper, glass and bio-waste), we need to
identify candidate value chains that generate products that can potentially circularise the value chain.
Selection of value chains based on the capabilities of the products to demonstrate a variety of end-of
life characteristics would be valuable to report via this study.

Gaps in sustainability schemes: From assessing the outcomes of the literature review, it is
evident that sustainability schemes for bio-based products (e.g., bioplastics, bio-solvents, bio-based
adhesives and binders, enzymes and cosmetics, etc. but not bioenergy) are either still in their infancy or
have variable levels of maturity with major sustainability related gaps to cover. Some major gaps and
limitations include a lack of clear criteria for sustainability / circularity assessment of bio-based products
on one hand and on the other hand, an overlap in the existing certification schemes. For example,
for the CEN standards for bioplastics (CEN/TC/249), some of the sustainability criteria such as the
determination, declaration and reporting of the bio-based carbon content [29-32] are required via the
following standards:

e CEN/TS 16137:2011: Plastics—Determination of bio-based carbon content

e CEN/TS 16295:2012: Plastics—Declaration of the bio-based carbon content

e CEN/TS 16398:2012: Plastics—Template for reporting and communication of bio-based carbon
content and recovery options of biopolymers and bioplastics—Data sheet

However, these standards do not explicitly direct the economic operator to take further
responsibility to address/quantify the sustainability criteria associated with bioplastics including
production derived emissions to air, water and soil or economic and social impacts. A discrete set of
standards is under development by the technical committee (CEN/TC/411) for bio-based products
to report the sustainability aspects of bio-based products [33]. These standards are responsible for
the determination, declaration and reporting of environmental impact assessment (e.g., EN16751:
Bio-based products: sustainability criteria). The scope of EN16751 in particular, despite providing
guidance on undertaking impact assessment and reporting on bio-based products, covers the stages
from feedstock acquisition up to the feedstock “pre-processing” phase. Lack of guidance on assessment
and reporting of environmental burden resulting from “manufacturing” to “end-of-life” phases, and
lack of assessment methodologies and thresholds are some of the major gaps and limitations in
these standards.

Country-based feedstock preference: Consistency in raw material supply and chain-productivity
is essential for the successful uptake of bio-based products and their associated value chains.
The guarantee of a promising flow of feedstock to the facilities can only be ensured through the choice
of “locally sourced” feedstock. “Locally-sourced” feedstocks generally have established logistics and
reporting procedures, which can communicate their point of origin to the economic operator. Moreover,
utilisation of such “locally generated feedstock” can be associated with positive social impacts from
employing decades of skilled cultivation related knowledge from the local rural community and its
established infrastructure, catalysing its development with an innovative biorefinery, subsequently
reducing the overall cost of value-chain establishment [34,35].

Multi-sector application: The ability of a bio-based product and its value chain to cover a range
of applications (in different industrial sectors) was identified as an important criterion for value
chain selection. Undertaking this task for value chains with products that serve a rather smaller
demand/specialised demand could make this study highly specific, deviating from the aim of creating
a harmonised sustainability framework for horizontal sector application. Therefore, focus is placed
on value chains and bio-based products that have the potential to be applied in a variety of sectors
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(e.g., bio-based mulch film catering to agricultural /horticulture industries and other industries like the
landscaping industry; versatile fine chemicals that find application as solvents in paints and coating,
adhesives and binders, fuel additives and agrochemicals).

Application of These Value Chain Selection Factors with Multi-Criteria Decision Analysis

First round assessment and selection: A dedicated matrix composed of a combination of the
preliminary value chains which are to be assessed from the viewpoints of each of these selection criteria
was developed as a part of this first-tier analysis. Since this study is a part of a project with a wider
vision, the expertise of the consortium members in bioeconomy was invited. Their recommendations
in terms of the performance of the set of preliminary value chains, in combination with the set of
selection criteria, presented in Figure 5, was obtained and reviewed. Scores, in the form of rating (scale
of 1-10), were allocated to the recommendations (yes/maybe/no) with justification provided by the
consortium members.

Secondly, each of the selection criteria were allotted weighting factors based on their relevance
and significance to the principles of material circularity and bioeconomy transition. The weighting
factors are presented in Table 2. The criteria that have been allocated a weighting of 0.2 are those
that directly contribute to innovative or under-represented but resource efficient value chains which
subsequently have the potential to encourage the establishment of a circular economy. Criteria with
a weighting of 0.1 (preference within EU member states) has been covered further with an elaborate
evaluation under second round assessment. Relevant characteristics of each of the bio-based value
chains were assessed and reviewed against the weighted selection criteria to finally assign ranks from
the first round. The outcomes of the first round of assessment and further discussion on this approach
to the identification of promising bio-based value chains have been presented in Section 3.1.

Table 2. Distribution of weighting to the “value-chain selection” criteria.

Selection Criteria Weighting
Feedstock variability 0.2
Gaps in certification/sustainability schemes 0.2
Multi-sector application 0.15
Variety in End-of-life options 0.2
Multi-regional supply chain 0.15
Preference within EU member states 0.1

Second round assessment and selection: The second round of assessment was initiated with the
collation of information and analysis of national policies, bioeconomy initiatives and growth plans
established by individual EU member states. This review provides an insight into the bioeconomy
strategy adopted by individual states based on their strengths such as natural bio-resources, preference
for bioeconomy development, access and development of technological innovations and maturity
level. A summarised list of initiatives and action plans associated with each of the EU member states
is presented as a part of the supplementary information.

Upon collation, analysis and categorisation of these initiatives, the preference of these member
states over the choice of feedstock, bio-refining technology, current and desired products/sector
development and techno-economic or social optimisation route were identified and ranked.
This information was used to calculate weighted scores called “preference scores” to specific
(feedstock-conversion route-bio-product combinations, based on the preference demonstrated by
the EU-collective bioeconomy strategies. These scores, (as a % of total number of strategies), have been
presented in Table 3. Information on most of the EU-relevant bioeconomy strategies and initiatives
collated and analysed as a part of the second round of assessment, is presented in the supplementary
section in Table S1. The outcomes of this second round of assessment have also been discussed further
under Section 3.1.
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Table 3. EU value chain preference scores as a function of strategy type and nature (as a % of total
number of EU bioeconomy strategies).

Value Chains Targeted by the Strategies Strategy Type EU Chain Preference Scores
Bio energy and fuel production Renewable energy 0.74
Food and beverage production Primary food production 0.6
Crop based primary production Using waste and residue 0.37
Animal based primary products Using waste and residue 0.32
Forest based primary production Using waste and residue 0.26
Bio-based material and plastics Products/Technology and research 0.26
Marine based primary production Primary food production 0.2
Bio-based chemicals Products/Technology and research 0.21
Bio-based construction and furniture Common conversion 0.2
Biorefinery Products/Technology and research 0.2
Cosmetics and health Biomass conversion 0.17

2.2. Value Chain Mapping

Within the H2020 programme, an industrial value chain is defined as stages of value creation
by enterprises and other organisations as part of the process of designing and delivering goods
and services for their users [22]. Nevertheless, new and innovative value chains are not required
to be novel value chains but can be seen as new combinations across value chains, an innovative
technology/product brought from one sector or context into another resulting in a disruptive effect.

Value chain maps are a valuable, flexible and convenient tool to develop and analyse the scope and
performance potential of a bio-based business model by breaking down the various process dynamics
into logistics, sectors of application and embedded stakeholders. The strengths, weaknesses, costs and
competition from other value chains in the production of specific commodities can be visualised via
value chain maps. The next step in identifying such promising value chains is to understand the chain
complexities via such a “mapping exercise”.

In this study, the initial “cradle-to-grave” value chain mapping provides a generalised yet
visual schematic of the dynamics including the resource flow and actors integrated within bio-based
value-chains that have been chosen via the assessments above. For the selected and finalised list of
bio-based value chains, the following chain characteristics are crucial and relevant to visualising their
significance to a circular economy. The characteristics are as follows:

e  Material/energy inputs and outputs, including potential products, co-products, waste
and emissions;

e  Sector-level contributions;

e  Technology/conversion routes;

e  Chain-actors or stakeholders linkages

e  End-of life (variable) characteristics emphasising the fate of the outputs from each of the life
cycle stages.

3. Results and Discussions

3.1. Value Chain Selection

A two-tier multi-criteria decision analysis was undertaken to identify and select the most
promising value chains and the outcomes of this assessment have been presented in Table 4.

Bio-plastics, bio-based solvents, bio-lubricants, fabrics and fine chemicals followed by bio-based
insulation material were chosen to progress to a second round of assessment. Within the second
round of assessment, they were subjected to a similar weighted scoring, set against a background
of EU-wide bioeconomy initiative. This “bioeconomy preference score” is primarily based on
the target-feedstock and technology preferences of the bioeconomy initiatives and other relevant
sustainability schemes established /planned with an active interest to transform from a linear economy
to circular bio-based economy.
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Table 4. Selection of bio-based value chains from first-round “multi-criteria” assessment.

Sector Value Chain Score Rank Status
Chemical Cellulose to bio-based solvents 7.44 1 Selected
Food Packaging Starch to bio-plastics 7.25 2 Selected
Agriculture Starch to bio-based mulch films 6.62 3 Selected
Fabrication Starch to bioplastic framing material 6.09 4 Selected
Multiple sectors  Vegetable fats/plant lipids to bio-based lubricants 5.50 5 Selected
Textile Cellulose to fabric 5.50 6 Selected
Chemical Solid biomass to fine chemicals 5.20 7 Selected
Construction Waste agri. biomass to insulation material 4.78 8 Selected
Food packaging Wood/ cellulose to plastic paper cups 4.37 9 -
Food packaging Straw to food packaging 4.31 10 -
Construction Solid biomass to wood-plastic composite 4.00 11 -
Agriculture Algal polysaccharides to phytoprotectives 391 12 -

In terms of feedstock preference, EU member states seemed to possess a clear strategy on utilising
feedstock generated locally or nationally with minimal logistics and not demanding an additional
stream (land-conversion)/infrastructure for feedstock generation (in other words, use excess and
residual biomass). As a result, a majority of the initiatives highlight a feedstock preference in the
following order: agricultural (63%), forestry (35%), waste stream (organic waste from domestic
and commercial waste) (25%). In terms of initiatives, there are those that either focus on pursuing
innovative technology routes or prefer a combined approach to utilising biomass with innovative
biomass transformation technologies. Preference for bio-based value chains based on the nature and
goal of the initiatives assessed as a part of this study was identified and ranked in Table 5.

Table 5. Selection of value chains from a second round of “initiatives-based preference” assessment.

EU Chain Final
Sector Value Chain Preference Rank Status
Score
Scores
Food Packaging Starch to bio-plastics 0.63 4.57 1 Selected
Agriculture Starch to bio mulch films 0.63 417 2 Selected
Fabrication Starch to frame material 0.63 3.84 3 Selected
Chemicals Cellulose to bio-based solvents 0.47 3.50 4 Selected
Multiple sectors Vegetable fats/plant lipids to bio-based lubricants 0.58 3.19 5 Selected
Chemical Solid biomass to fine chemicals 0.58 3.02 6 -
Construction Waste agri. biomass to insulation material 0.57 2.72 7 -
Textile Cellulose to fabric 0.31 1.71 8 -

It is evident that there is a greater emphasis on development and exploitation of bio-based
chemicals and bio-plastics in the conceived bioeconomy agenda and the existing bio-based
infrastructure. There is a huge array of bioplastics, classified under roughly 10 categories, that
are prevalent worldwide [36]. Currently, there is a focus on bioplastics that can be synthesised from
one important feedstock, starch. This is due to the current availability of a mature and commercial
conversion route that provides a feasible solution to existing “plastic waste management issues”.
In addition to this, the multi-functionality of bioplastic under study (PLA synthesised from starch),
which (in combination with other polymers) may be utilised to create mulch films, disposable
cutleries, framing materials and fibres defines its suitability to address the current challenges facing
our transition to a fully-functional bioeconomy. Similarly, bio-based chemicals such as solvents,
lubricants, dyes and pigments offer a greener and relatively low-environmental impact alternatives
to their conventional counterparts facing restrictions of use from regulatory bodies such as REACH
(Registration, Evaluation, Authorisation and Restriction of Chemicals) and ECHA (European Chemicals
Agency) [37]. In addition to their lessened impact in terms of eco and human toxicity, their promising
potential to create opportunities for socio-economic growth and reduce dependence on non-renewable
resources creates a sustainable pathway for development. The construction sector is one of the biggest
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contributors of landfill waste in the EU owing to the design flaws in the product. Construction materials
(particularly contemporary insulation material) are seldom created for any kind of responsible
end-of-life management [38].

In view of the commercial, environmental and socio-economic potential identified from the value
chains selected from the second round of assessment, they were adopted for an elaborate value-chain
mapping in the Section 3.2.

3.2. Value Chain Mapping—Case Studies

The five bio-based value chains chosen from the second round of assessment have been adopted to
be mapped for full (general) coverage of the resource flows, technology/conversion routes employed,
the various stakeholders and the fate of the products or the other waste streams that may result from
the value chain. These schematics have been presented in Figures 6-9.
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3.2.1. Bio-Based Chemicals

The market for bio-based chemicals in general is worth $6 billion and at a projected annual
growth rate of 16.16%, the market is expected to reach $27 billion by 2025 [39]. Bio-based chemicals
include a broad spectrum of products, which may be classified as commodity chemicals, intermediate
chemicals and specialty chemicals, based on their application. Commodity chemicals refer to the “high
volume-low value” products, sourced from biomass (but not restricted to), such as fatty acids, methyl
esters and alcohols. Intermediate products refer to the refined sugar complexes, basic polymers,
pigments/dyes, plant oils and other types of starches. Specialty chemicals, synthesised either
independently from plant or prepared from intermediate chemicals includes bio-based chemicals such
as advanced polymer solvents and other preparations for final formulation in personal care products,
pharmaceuticals, paint coatings, additives, domestic/industrial detergents and other applications.

In particular, bio-based solvents are broadly classified into plant-based alcohols, diols, organic
acids, glycols and many more. From an economic perspective, according to the above mentioned
report [39] the global bio-based solvent market was worth roughly 6 billion USD in December 2016
and it is currently projected to grow at a CAGR of 7.8%, reaching 9 billion by 2024. The versatility
of bio-based chemicals, particularly bio-based solvents (for example, in pharmaceutical, cosmetics,
agriculture, cleaning, printing inks and adhesive applications), and demand/room for innovation and
product development, coupled with stringent regulations on hazardous pollutants released from the
use of conventional chemicals have fostered increased research interest and financial investment via
national programmes and government support. Moreover, the feedstock variety that can be used to
generate a myriad of bio-based chemicals makes these value chains innovative and techno-economically
viable, in addition to their improved environmental performance.

3.2.2. Bioplastics

The EU preference to develop a manageable and multifunctional bioplastic category for the
commercial market stems from the rapid and unsustainable consumption of conventional plastics
for a variety of purposes, at a global level [40]. In addition, the discovery of alarming levels of micro
plastics in our food sourced from soil, water and sea, has led to the awareness of the interactions
between plastic degradation and the environment (bioaccumulation) [41]. This is evident in a number
of initiatives, listed in the supplementary information, that all target withdrawal from fossil-based
resources over the next decade with particular focus on energy and plastic consumption. Unlike a
decade ago, modern bioplastics are catching up with bio-based solvents in terms of multi-sectoral
application (including packaging, agriculture, cosmetics, electronics, construction and automotive) [36].
Evidence of encouragement of bio-based product development and growth can be seen from a plenary
meeting of the European parliament that voted in favour of “biodegradable mulch films” during the
revision of EU Fertiliser Regulation [42] and a recent increase in “big brands” adopting bio-plastics
to appeal to their prominent (high spending power coupled with relatively high environmental
awareness) consumer base [43].

3.2.3. Other Bio-Based Products

Bio-lubricants, predominantly synthesised from oil crops, find application in the domestic,
industrial, automotive and aviation industry. Among the 220 EU-28 biorefineries assessed as a part
of the study undertaken by the Bio-based Industries Consortium and Nova Institute (Figure 3), 20%
are dedicated to the manufacture of oleochemical from plant-derived fats. Environmental concerns
and strict standards for management of leakage, maintenance and disposal of unused fossil-derived
lubricants provide evidence for the growth and development of this sector. A EU-H2020 funded project
entitled FIRST2RUN [44] is dedicated to the identification and development of integrated bio refineries
that utilise low-input, under-utilised oil crops, grown in marginal lands to synthesise bio-lubricants
and bioplastics from vegetable oil. Besides valorisation of marginal lands and low-input biomass,
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this project envisages the capability of such a value chain to create a skilled labour pool, generate
other bio-based products and energy (composting unused parts of the plants), thereby revitalising the
local economy.

Agricultural waste transformed into green, low-environmental impact insulation material was
the conventional technology until the discovery of fossil resources, which gave rise to relatively
inexpensive polymers and materials (e.g., polyurethane, mineral wool). However, some environmental
and human health concerns are associated with these insulation materials (from long-term release
of aerosols and vapour) such as respiratory issues and eye and skin irritation, particularly in the
case of foam insulations. Natural fibre insulation such as cotton wool and wood fibre boards
have been identified to perform similarly to their petro-derived counterparts and are particularly
advantageous with regards to complying with any environmental building certification schemes [45].
Bio-based binders and other additives, such as polylactic acids (PLA) and polyhydroxyalkanoates
(PHA) generated from other starch-based value chains, may be utilised in the preparation of these
insulation materials. Dry lignocellulosic biomass can also be processed into compressed fibres for
dashboard panels, geotextiles and animal bedding [46].

Limitations: MCDA can be a valuable tool, however, there are a few concerns when it is applied
to immensely complex systems. When a process system involves social interactions such as producers,
regulatory authorities and consumers, it becomes challenging to call one perspective as more important
than the other. MCDA is also capable of overlooking or under-representing some key factors within a
complex value chain. An essential and independently functional element within a bio-based value
chain, eco-system services, is one such example. It is essential to be able to apply MCDA for smaller
scale analysis to be able to predict all possible determinants of a particular chain-stage prior to its
broader application. However, this can be time-consuming. Input/output (IO) analyses, which is a
methodology that involves monitoring the sectoral trade data to quantify the complex interactions
between the different nodes of a given value chain may also be utilised to study the dynamics of
a value chains in real-time. However, its data needs depend on statistical information drawn from
datasets published by government and international authorities (UN-FAOSTAT, EUROSTAT) [47] and
the data may not always be available. Besides being data intensive, it may not always be possible to
derive data for bio-based value chains based in rural communities, with IO methodology.

Value chain maps can be laborious and time-consuming to develop, depending on the complexity
of the value chain under analysis. The map is only an informative tool for the visualisation of bio-based
business models, identification of market opportunities and the scope of the value chain. It may not be
able to highlight any changes in the dynamics associated with the factors (chain actors, inputs/outputs
and technology routes) presented in the chain.

For this study, the mapping has been carried out to highlight, in general, probable material,
wastes/emissions, conversion/refining routes associated with a given feedstock and end bio-product
synthesised from it. These maps do not provide explicit information on coverage of these value
chains by specific sustainability schemes/ certification programmes as there are diverse products and
co-products that could be produced as a part of the value chain. To establish this level of detail,
the goal, scope and the product of analysis would have to be established beforehand.

3.3. Gaps and Challenges That Can Be Addressed

From having undertaken the multi-criteria decision analysis, a number of key aspects associated
with the bio-based business models were brought into consideration, out of which, only a few general
criteria were chosen as the selection criteria. Some of the key gaps and challenges that are addressed
in this section were drawn based on our analysis and the mapping exercise on the overall. These are
some key hurdles faced by existing and new bio-based business models in the current context of our
transition to a bio-based economy. These points have been highlighted to encourage holistic systems
thinking, starting from the feedstock procurement stage, through product design, which influences
the final product cost up to the need for a dedicated end-of life management infrastructure which
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has an influence on public perception of bio-based products. Such systems thinking will encourage
streamlining the innovation, processes and delivery of an incredibly complex bio-based value chains.
Application of systems thinking can be customised to the practices in other non-bio-based sectors
thereby facilitating our transition to a fully-functional circular economy.

“Food vs. non-food bio products” conflict: We live in an era of a global lack of food security,
the supply chain of which alone is highly complex and fraught with unforeseeable risks such as crop
failure from climate change or geo-political instability. To add to this, use of agro-food based biomass
as the starting feedstock not only puts the bio-based business model at risk but also invites “food vs.
bio-based products” conflict, undermining the sustainability characteristics of a bio-based value chain.
However, substituting primarily food-based feedstock with waste-based feedstock or by-products
would incorporate material circularity e.g., starch rich feedstock can be drawn from food retailers and
food processing industries by using vegetable peels instead of starch rich crops. This strategy not
only encourages waste valorisation but also reduces both the risks involved and the dependence of
bio-based industries on the primary food supply chains.

Feedstock costs: Biomass may seem economically unfeasible compared to cheap petroleum
feedstocks and their intermediates. The cost of feedstock which in turn is influenced by its
supply/demand ratio in the commercial market makes it even more difficult for bio-based business
models to increase profit margins and sometimes to breakeven. However, encouragement and
development of innovative multi-functional bio refineries that are capable of utilising low-value,
low-cost and waste biomass can prove to be an ideal alternative; such biorefineries must also be able to
transform such waste feedstock into product designs that can be disassembled during their end-of-life
with the product components being re-circularised back into the manufacturing loop. Re-incorporation
of material can have long-term economic benefits to such business models, in addition maintaining the
value of all the first-chain process inputs.

Supply risks: The seasonal nature of the biomass supply stemming from the cultivation
time-span of biomass is an issue. However, further challenges posed to cross-border biomass supply
from climate change, diminishing ecosystem services due to human intervention (e.g., intensive
farming), variable food /biomass demand, geopolitical instabilities and social ethical concerns also
undermine the “sustainable” characteristics of a bio-based value chains. It is therefore essential to
encourage biorefinery and business models that are built on pre-established climate change resilient
but low-demand biomass (e.g., millet and sorghum in Africa). From a cost perspective, their low
demand reduces biomass costs, from a socio-economic perspective, accessing the knowledge pool of
the local rural communities can be mutually beneficial via opportunities for rural development and
encourages their interest in maintaining the local ecosystem services.

Interconnectedness of value chains: Uneven distribution or complete lack of technological
readiness for a multi-regional/local value chain to be established is a key hurdle in transformation
to a bio-based economy. This requires creation of awareness and a strong social connection between
inter-chain stakeholders to encourage technological and operational coherence. The thought-process
among the different chain actors (particularly among those involved between the feedstock
procurement to packaging stage) has to be parallel with each other. Family businesses embed such
wider thoughtful thinking and are mostly successful in staying established on a long-term, despite
various external shocks, particularly from low-demand, inflation, etc. The key aspect to note is
the trust developed with fellow stakeholders and customers with the consistency and quality of
product. Occasional lack of co-operation due to process-level disparities between the embedded
stakeholders of the value chains could be overcome via the establishment of national standards,
covering stakeholders embedded in a value chain, with standardised templates for recording, reporting
and communicating information.

Penetration of non-bio-based value chains: A recent shift in consumer behaviour, challenges
to penetrating non-bio-based value chains (existing fossil-based supply chains) owing to consumer
perception of “brand-value” and relatively cheaper products need to be considered. However, the trend
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is changing as there is a growing demand among consumers in small businesses owing to the “trust”
factor that they are mainly passion driven rather than profit-driven [48].

Public perception of bio-based products: According to a review of various reports by Spatial
Foresight, (2017), the general public’s perception of bio-based products are highly variable [3].
As much as there is keenness to switch to bio-based products owing to their overall environmental
benefits, the sporadic market supply, the expensive nature of such products and sometimes, limited
functionality and durability of the bio-based products seem to hinder their acceptance. For members of
the public who choose to opt for a more sustainable life, the existing product end-of-life management
infrastructure is partially to fully unsuitable to pursue a circular waste management practice, leading
to an overall skepticism. Therefore, a holistic approach is needed in our transformation to not only a
bio-based economy but also to a circular economy:.

“Top-down” and “bottom-up” initiatives: Stronger policy-level improvisation via “top-down”
approaches drive chain-actors to encourage good practice such as producer responsibility (e.g.,
packaging industry) and deploy “re-direct used material” strategies. Similarly, “bottom-up”
approaches, such as altering consumer behaviour via responsible and innovative retail design and
practices, must also be devised. This may also include incentives/loyalty schemes for consumers
who opt for bio-based products that upon consumption can be recovered and re-introduced into
another product.

4. Conclusions

The purpose of this paper is to provide a methodology to assess existing or novel bio-based
value chains from key angles that are of significance to our journey to attaining a fully functional
bio-based circular economy. Due to the limited time and resources, it is essential to distinguish the
most promising bio-based business model from the rest, and that is precisely what this paper, with
its methodology suggests. EU-based bioeconomy and bio-based value chains are diverse in nature
and are not restricted to those value chains that have been considered in this study. The preliminary
list of 12 value chains was selected based on their relevance and significance to the bioeconomy, their
current activity level/contribution and coverage by various sustainability and certification schemes.
These bio-based value chains have been selected to ensure the representation of EU’s diverse bio-based
value chains in addition to their potential to address the key environmental, techno-economic and
socio-economic threats and challenges faced globally. The value chains were selected in two-steps
via multi-criteria decision analysis (MCDA), wherein the first step, the preliminary value chains
were ranked by placing them against a back drop of five key selection criteria in the current context:
feedstock variability; EU feedstock preference; variety of end-of-life options; multisector application
and multi-regional supply chains. This step led to the identification of eight bio-based value chains
which were subjected to a second round of assessment where five out of the eight value chains showed
a promising interest/inclination for bioeconomic development. For the selected five bio-based value
chains which included starch to bio-plastics, starch to bio mulch films, starch to frame material,
cellulose to bio-based solvents, vegetable fats/plant lipids to bio-based lubricants, elaborate value
chain maps were developed to demonstrate the highly informative nature of this tool and its crucial
role in understanding the complex interactions among the various process stages, associated processes
and stakeholders within a more complex value chain.

Value chain maps provide valuable insight into the integrated activities, actors and technology, in
addition to the material flow, and have provided a foresight of the scope and qualitative performance
potential (in socio-economic and environmental terms) within each of the life cycle stages. Inability to
acquire real-time information from any changes to the process dynamics may be a limitation. However,
for a preliminary assessment, value-chain mapping provides an overall breakdown of the various
elements presented above. The methodology prescribed in this paper not only helps understand
the embedded complexities and overcome them within bio-based value chains but are also equally
applicable to complex non-bio-based supply chains that foresee a transformation by closing their loop
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to encourage product and process circularity. Overall, the suggested method could be used by policy
makers, investors, business groups and economists to understand the interdependencies among the
various embedded chain-actors, dependence of the chain on material consumption and the various
technology routes available for innovative and sustainable production of bio-based products that can
potentially replace high-impact fossil-derived products.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/2071-1050/10/6/1695/
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and selection.
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