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Abstract 

Bioeconomy is proposed as a means of transitioning from the ‗take-make-use-waste‘ 

paradigm of the fossil resource economy to a sustainable future. The integration of 

bioeconomy with circular economy principles is needed to decouple environmental 

impact from consumption. A business operating within a sustainable circular 

bioeconomy must function within environmental and social limits, and be 

economically viable, so entrepreneurs need a means of managing innovation in this 

context. A stage-gate approach is proposed that combines technology, innovation, 

and social readiness level frameworks with life cycle thinking to create an evidence-

driven understanding of a new business innovation. At each stage-gate, questions 

are answered, using data obtainable by any business. Integrating stage-gated 

readiness level thinking with conventional innovation supports to guide 

entrepreneurs towards successful innovations for sustainable circular bioeconomy. 

 

Keywords 

Life cycle assessment, societal readiness, technology readiness, innovation 

readiness, biocircularity, problem-solution-business triple. 
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Introduction 

Society is at a tipping point: business as usual, or a move away from reliance on 

fossil resources and excessive exploitation of the natural environment. The 

potentially irreversible environmental impacts and social inequalities of business as 

usual will result in economic instability if left unchecked (Ripple et al, 2017). 

Bioeconomy is proposed as a means of reducing reliance on fossil and mineral 

resources (Kircher, 2019), but it can cause unsustainable pressure on ecosystems 

(Gasophsopwel et al., 2019). Bioeconomy is particularly important because it 

encompasses the agri-food industry, a critical life support system for humans, which 

has historically operated at the expense of the wider environment (Holden et al., 

2018). Bioeconomy can be thought of as many things, from many perspectives 

(Birner (2018); Bugge et al. (2016); Meyer (2016)): a subset of the national or global 

economy; a transition strategy for a sustainable future; the future of the economy; a 

business innovation opportunity; a technological opportunity; the greater harnessing 

of natural resources; an environment focused economy; and even business as usual 

for agri-food, forestry, and fishery industries. As a result, there are many 

perspectives of what bioeconomy is, how it works, and what constitutes a 

‗bioeconomy technology‘ or ‗bioeconomy solution‘ (Bugge et al., 2016).  

 

Circular economy is proposed as a means of decoupling impact from consumption 

(Geissdoerfer et al., 2017), and this idea has been extended to circular bioeconomy 

(Giampietro, 2019). For circular bioeconomy offers a route to be sustainability 

through reduced pressure on natural resources, maximized circulation of materials 

and minimized waste (Tan and Lamers, 2021). The concept of biocircularity was 

proposed by Holden et al (2022) to provide measurable criteria against which 

bioeconomy innovations can be evaluated, to ensure they contribute to the transition 

to a sustainable, circular bioeconomy. For an system to be biocircular it must (i) use 

a feedstock of biological origin, (ii) the feedstock must be renewable and not degrade 

natural capital, (iii) the primary materials must be designed for extended use and 

reuse, (iv) the materials must be used in objects designed for secondary reuse and 

ease of deconstruction for recycling, (v) have a designed cascade for reuse, 

recycling, recovery and end of life, and (vi) the failure of end of life should be avoided 

for as long as possible. It is unlikely that new technologies and innovations will be 
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able to sit within a system that meets all the requirements of biocircularity from the 

outset, because the value chains and commercial ecosystems are not widely 

available for cascade design and to avoid end of life. The biocircularity criteria do 

however provide guidelines to help bioeconomy innovators to contribute to the 

transition to a sustainable, circular bioeconomy. 

 

Regardless of the lens through which it is viewed, bioeconomy has the common 

defining feature of harnesses biological activity to create products, processes, and 

services that have economic value for human societies. Theoretically, to achieve 

environmental policy goals for bioeconomy, provisioning must be sustainable so that 

feedstocks are renewable and in harmony with human needs and environmental 

cycles and do not degrade natural capital (Holden et al., 2022). Tan and Lamers 

(2021) suggested there is, ―…no disagreement that bio-based products are 

considered renewable…‖, but this is not true. The replacement rate of a feedstock is 

dependent on the underpinning stock of enabling natural capital (Holden et al., 

2022), and research has shown that a renewable feedstock is one that does not 

deplete natural capital (Brauman et al., 2020). The bioeconomy focus on feedstocks 

and raw materials (e.g., food, fibers, biochemicals) sometimes ignores the critical 

services of climate regulation, water purification, nutrient cycling, soil maintenance 

and functioning, cultural identity and heritage, education, tourism opportunities, 

recreation and so on that are provided by the same ecosystems (Daly, 1997; Diaz et 

al., 2018). Recognition that depleting natural capital and damage to ecosystem 

services will have severe economic impacts (Dasgupta, 2021) must be part of the 

development of a sustainable circular bioeconomy and should be integrated into the 

innovation pipeline that creates value from fundamental research through to 

commercial exploitation.  

 

The exploitation of research, known as innovation, is the commercialization of a 

combination of new materials or components, new processes, new markets, and 

new organizational forms (Schumpeter, 1934). The innovation environment that 

takes ideas from research to practice and delivers new products, processes, and 

services for the bioeconomy, places innovation activities in a conventional business-

centric context of making money for owners, investors, and shareholders before the 

wider demands of society and the global environment (Dangelico, 2016). While there 
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is regulation of the business, social and local environmental impacts of innovations, 

these do not necessarily consider global impacts and have been regarded as 

undermining competitiveness (Dechezleprêtre and Sato, 2017). The guiding principle 

of the ‗triple bottom line‘ (Elkington, 1997) (Figure 1a) should in theory allow 

businesses to develop sustainable business models and products (Bocken et al., 

2014), but the focus on making money can, and perhaps does, lead to what is known 

as weak sustainability (Gutés, 1996) (Figure 1b), where sustainable development is 

considered at best compatible with no more than a modified version of business-as-

usual (Bebbington, 2001). Bioeconomy innovations in this context might lead to 

unfortunate and unwanted adverse impacts. ‗Strong Sustainability‘ (Oliveira Neto et 

al., 2018) (Figure 1c) advocates that the economy should work within the limits of 

societal requirements, which in turn work within the limits of the planetary boundary 

(Raworth, 2017). The fundamental difference between weak and strong sustainability 

is that weak sustainability assumes forms of natural capital can be substituted by 

other capitals, while strong sustainability assumes natural capital is non-substitutable 

(Neumayer, 2013). 

 

For an innovation to be considered in the context of strong sustainability, it must be 

holistically evaluated in terms of the environmental and social consequences for the 

system in which it will operate. The environmental and social limits will define the 

economic envelope in which the innovation can operate to contribute to a 

sustainable circular bioeconomy. It is critical that innovations aimed at the 

bioeconomy do little harm if bioeconomy is to facilitate a successful transition to a 

sustainable future. As noted above, circular economy offers a means of decoupling 

impact from consumption (Geissdoerfer et al., 2017), so sustainable circular 

bioeconomy should be a way for society to operate within the limits of a fair share of 

the Earth‘s resources, assimilation capacity and rate of natural capital renewal and 

within the limits of acceptable social impacts and equitable access to resources, i.e., 

be compatible with the theory of strong sustainability.  
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Figure 1: Schematic conceptualizations of sustainability. A. The triple bottom line 

concept of sustainability. B. Weak sustainability. C. Strong sustainability.  

 

While the theoretical developments of sustainability and circularity have enhanced 

understanding of sustainable circular bioeconomy, translation of these ideas into 

practice is a different matter. Hinderer et al. (2021) identified investment as a major 

bottleneck for bioeconomy development in Europe. Despite European policies 

promoting the circular economy, just transition, environmental and social directives, 

and bioeconomy, case studies show that success will depend on funding, innovation, 

public acceptance, and negotiation of tradeoffs between stakeholders (Pitkänen et 

al., 2016). Successful implementation of sustainable, circular bioeconomy requires 

actors, particularly innovators, investors, and businesses, to have clearly defined 

targets (Parris and Kates, 2003) and a structure or framework that will enable 

innovators and businesses to aim at the targets. Such targets should help remove 

investment bottlenecks. Furthermore, public funds for research, development, and 

implementation of bioeconomy activities increasingly require evaluation of 

environmental, and sometimes social impacts (e.g., Bio-Based Industries, 2019). 

Many research funding programmes now require that applicants identify the impact 

of their work, including the commercial exploitation of intellectual property, benefits 

for society and in some cases evaluation of environmental consequences of the 

work. Scientists are expected to have this in mind when proposing basic research, 

and for applied research and technology projects a clear route to exploitation is 

regarded as essential to ensure value for money.  
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Allain et al. (2022) argue that research is required on transition initiatives to support 

bioeconomy, Oliveira Neto et al. (2018) identified eight specific actions organizations 

and innovators could take to promote strong sustainability and Holden et al. (2022) 

defined the biocircularity framework so that innovators can understand whether their 

ideas will contribute to sustainable circular bioeconomy. However, a means of 

putting these ideas into practice is missing. The aim of this work was to develop an 

innovation framework, using technology, innovation and societal readiness levels 

and life cycle assessment to help innovators, entrepreneurs, and investors take 

novel ideas and put them into practice for transition to sustainable circular 

bioeconomy. 

 

Conceptual Background 

Technology Readiness level 

The progression of science innovation from original idea to commercial activity is 

typically described using the technology readiness (TRL) scale (Table 1). This was 

first developed by the space industry and has become the de-facto roadmap for 

commercial exploitation (Mankins, 2009). It takes a technology-centric view of 

innovation starting from the development of an idea (TRL 1) through laboratory 

evaluation (TRL3) to pilot-scale verification (TRL5) and finally full commercial 

operation (TRL9) (Table 1). This well-proven scale helps innovators, entrepreneurs 

and investors guide technological development from testing and validation to 

commercial fruition, but falls short of enabling a business to identify whether it can be 

successfully commercialized, particularly if the scale is not adapted to be discipline 

specific (Héder, 2017). TRL does not ensure successful commercialization because 

it focuses on technical implementation and offers little insight into the commercial 

potential. The business and marketing aspects required for successful exploitation 

must operate in parallel.  

Innovation Readiness Level 

Innovation Readiness Level (IRL) scales have been developed to address the 

business dimensions necessary for innovators relying on TRL to manage their route 

to commercialization (Evans and Johnson, 2013). IRL takes a process-centric view 
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of innovation focusing on exploitation in a business context. The IRL concept is not 

universally agreed, with ideas ranging from a multi-dimensional framework 

integrating technology, customer, business, intellectual property, team and funding 

readiness (KTH, 2021), the Balanced Readiness Level assessment (BRLa) 

considering technology, market, regulatory, acceptance, and organizational 

acceptance (Vik et al., 2021), to scales representing the life cycle of commercial 

development (e.g., concept, components, completion, chasm, competition, 

closedown)(Tao et al., 2010). A nine-step IRL scale that parallels the TRL scale 

(Table 1) focuses on classifying the steps that must be climbed to bring an idea from 

the laboratory to commercial success (Smith, 2017). This moves from an 

undeveloped idea (IRL1) to placing that idea in the context of a business plan (IRL5) 

to a story that will give an investor confidence to support the venture (IRL7) to being 

ready for full commercialization (IRL9). The IRL scale is still technology focused but 

also demands thinking about how a business will be built around the technology 

(IRL2) and what systems are needed to support the technology (IRL 6). Innovation 

readiness assumes that potential customers will have a need and interest in the 

idea, and as it advances up the IRL scale this need is validated. For bioeconomy 

innovations this perhaps poses a problem, because moving to a bioeconomy 

solution (e.g., new feedstock, materials of biological origin or bioprocess) inevitably 

competes with business-as-usual on cost. If the customer does not recognize the 

value or need for a biobased solution, then commercial success and transformation 

will be limited.  

Social Readiness Level  

The Societal Readiness Level (SRL) scale (Table 1) (Innovation Fund Denmark, 

2018) is designed to address the readiness of society to adopt and use an 

innovation. The scale takes a society-centric view of innovation and can help the 

innovator understand the social issues faced when implementing new technology or 

services in the marketplace. Unlike TRL and IRL, the initial idea or problem does not 

spring from within but is identified as something that is of importance to external 

stakeholders. This concept overlaps with aspects of the business model canvas 

(Osterwalder and Pigneur, 2010) in building innovation from a foundation of societal 

or user needs. SRL is of fundamental importance because it ensures that the 

problem is one that external stakeholders want to have solved. For successful 
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commercialization of innovations, social issues should be addressed. The failure rate 

of startup companies supports this contention, with around 34% failing because of 

product-market fit and 22% because of marketing problems (Cerdeira and Kotashev, 

2021). The SRL scale helps the innovator to fully and systematically engage with 

stakeholders to find out who is interested in what problems and why, and what 

solutions are acceptable to them. The fate of genetically modified organism 

technology in Europe is a good example of what happens when overlooking this type 

of market evidence (Tagliabue, 2017). Failure rate data for innovations originating 

within established companies are not readily available, but it can be assumed that 

similar issues arise. 

 

Table 1: Scales for Technology (TRL; adapted from Mankins, 2009), Innovation (IRL; 

adapted from Smith, 2017) and Societal (SRL; adapted from Innovation Fund 

Denmark, 2018) readiness levels  

 

 

Life Cycle Assessment 

As an idea progresses from inception to commercial reality, it will be necessary to 

estimate the impacts of the system in which it operates. There are now many 

methods of evaluating the environmental impacts of systems, most of which are built 

around holistic assessment of the whole system (ISO, 2016), and local assessment 
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of specific impacts (Carrol et al., 2009). Life cycle thinking can be used at the 

beginning of the process to put the innovation in a real-world context, but evidence 

suggests companies fail to use such tools early in the product development cycle 

(May et al., 2012). Prospective or anticipatory life cycle assessment can be used to 

identify design requirements (hotspots, inefficiencies, failures) before full scale 

implementation (Wender et al., 2014; Tonemann et al., 2020) and consequential 

LCA can be used to understand the implications of disruption to markets for 

feedstocks, materials, and objects to assess the overall impact of the innovation 

(Brander et al., 2019). While there are technical and practical problems with life cycle 

assessment (Reap et al., 2008a, 2008b), it is a widely accepted method that can be 

readily deployed, so can and should be used more widely during the innovation 

process, rather than at the end, when it is too late to change course. 

An innovation framework for biocircularity  

The methods used to commercialize an idea have evolved over the years, to include 

developing a business plan, variations on the innovation canvas and accelerator 

programmes designed to attract investor interest. Innovation for the bioeconomy is 

perhaps more difficult than for business-as-usual because it is linked to biological 

exploitation, ecological consequences, sustainability, transition, and the need to 

make money. The different priorities of actors and stakeholders in the bioeconomy 

make it difficult to weigh the relative importance of profit, impact, restoration, and 

social consequences. To be ready for the bioeconomy, and specifically, to increase 

the likelihood of success of commercial exploitation of technologies, it is proposed 

that the three readiness level methods (technology, innovation, societal) be 

integrated into an innovation framework, that uses holistic system analysis, 

specifically life cycle assessment, to provide checks on progress. These are 

structured using a stage-gate concept similar to Cooper (2008). The proposed 

framework is simpler than the multi-faceted KTH IRL tool (KTH 2021) and more 

practical than Bruno et al. (2020) who integrated societal, organizational, and legal 

readiness. 

 

A four-stage framework is proposed to help guide the innovation process of a 

bioeconomy concept, which could be a technology, process, material, or system, 
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from initial idea to full implementation (Figure 2). The four stages are (1) ideation 

(Id), (2) prototyping (Pr), (3) validation (Va) and (4) implementation (Im). Between 

each stage, there is a stage-gate at which questions are answered to determine 

whether to (i) continue the innovation process using the principles of biocircularity, 

i.e., move to the next stage or revisit the current stage with a modified idea, (ii) 

continue without meeting the demands of biocircularity, i.e., business as usual or (iii) 

cease innovation. Each stage-gate has criteria that must be addressed before 

advancing to the next stage. To increase the likelihood of successful innovation for 

sustainable circular bioeconomy, the development must move through the three 

stage-gates at more-or-less the same rate for TRL, IRL and SRL (explained below), 

and it is assumed that innovation activities, such as innovation canvas, accelerator 

programmes, thematic hubs, innovation communities and State and mentor supports 

are used as normal.  

 

 

Figure 2: The stage-gate framework to guide the innovation process towards a 

biocircular implementation for sustainable circular bioeconomy.  

Stage 1: Ideation (Id) 

An idea can come from a scientist or technologist (‗I have this really great tech, let‘s 

do something with it‘), from a social need (‗I need this problem fixing‘) or perhaps 

from an enterprising individual (‗couldn‘t people use this tech to do something useful, 
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surely they will pay for it?‘). How the idea emerges does not matter, but it is 

important that the idea is believed at the outset, or quite early on, to be relevant to 

sustainable circular bioeconomy. Such ideas are typically captured in the readiness 

level frameworks as a scientific or technical solution (TRL1, Table 1) or a business 

concept (IRL1, Table 1). If the idea emerged from science, it is likely to advance to 

TRL3 before the owner considers commercialization. If the idea emerged from a 

commercial setting it is likely to advance to IRL2 before finding or developing a 

technical solution. It is critical that ideas reach SRL1, where the innovators reflect on 

‗general societal readiness towards the idea‘ and identify ‗relevant stakeholders and 

how to include them‘ (Innovation Fund for Denmark, 2018). SRL1 does not refer to 

some solution, rather to a specific solution offered by a specific technology. To reach 

SRL1 it is necessary to identify a technical solution to the problem, the acceptance of 

which is considered during the ideation stage. Reaching SRL1, IRL2 and TRL3  

(i) what natural resources are needed to provide feedstocks (even if the 

feedstock is regarded as a ‗waste‘ (Oldfield et al., 2016))?  

(ii) what competition there might be for these resources (Muscat et al., 2020)? 

(iii) how the technology might be made and used? 

(iv) what ancillary services (such as packaging and transport) might be 

needed? 

(v) how the technology will be used and maintained? 

(vi) when and why, it will come to the end of its primary use phase? 

(vii) what is required to minimize the difficulty of entering a secondary and 

subsequent use phase? 

(viii) how the output of the technology might be decomposed and recycled (Merli 

et al., 2018)? and  

(ix) what might encourage or limit the rate at which materials reach the failure 

of end-of-life?   

 

Unless this thinking starts early in the innovation process it is unlikely that materials 

flowing from biological feedstocks will meet many of the requirements of 

biocircularity. 
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Figure 3: Schematic illustration of life cycle thinking for sustainable circular 

bioeconomy (white boarders indicate flows within the circular bioeconomy; black 

boarders indicate resource extraction and disposal). 

 

Stage-gate 1: Progress to prototype (Id  Pr)? 

To pass through stage-gate 1 a positive answer is needed to the question, ‗Is the 

innovation a likely contribution to sustainable, circular bioeconomy?‘ If the answer is 

yes, then the innovation should proceed to stage 2. If the answer is no, the owners 

can either revisit stage 1 or continue without meeting the requirements of 

biocircularity. The evidence required to answer this question will include (i) technical 

data showing the innovation will work (TRL3, Table 1); (ii) a reasonable indication 

that society wants and will accept the PSB triple (SRL1; a problem for which people 

want and can accept a specific solution) and (iii) the means to deliver a viable 

business (IRL2; a business concept). The data required to pass through stage-gate 1 

(Table 2) will answer three questions (Table 3) with respect to the TRL, IRL and 

SRL. In addition, qualitative life cycle thinking (European Union, 2010), or 

anticipatory (Wender et al., 2014) or prospective (Tonemann et al., 2020) life cycle 

assessment can be used to screen for potential environmental problems. The data 

required to demonstrate reaching TRL3 are routine in a research and innovation 

environment. The data required for IRL2 are routine for a start-up in an accelerator 

programme, but the data and information might have to be collected earlier in the 

process than normal. Osterwalder and Pigneur (2010) suggest collecting stakeholder 
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survey data early in the innovation process, but this is not commonly done because 

of the time, resources and expertise required. To warrant investment in prototyping 

an innovation targeting the sustainable circular bioeconomy, the owner or 

entrepreneur should prioritize collecting evidence of acceptance at a very early 

stage. For an innovation to have a high chance of success, the PSB triple must be 

demanded by customers in the market in which it will compete, should be acceptable 

to a wide cohort of stakeholders and be a viable business proposition. Investing time 

and money to advance to prototyping will be risky unless the owners are confident 

they have achieved SRL 1, IRL2 and TRL 3. Reaching any one or two of the criteria, 

but not all three increases the risk of failure. Results of life cycle thinking should also 

support moving to prototyping. A PSB triple that passes the stage-gate 1 TRL, IRL 

and SRL criteria but has a weak impact case determined by the life cycle thinking 

might be destined for great commercial success but is far less likely to meet the 

criteria of biocircularity and to contribute to sustainable circular bioeconomy.  

 

Table 2: Data required to answer the go/no-go questions at each stage-gate (Id: 

Ideation; Pr: Prototyping; Va: Validation; Im: Implementation). 

 

 

 

                  



 

14 

Table 3: Questions for the go/no-go questions to be answered to progress through 

each stage-gate (Id: Ideation; Pr: Prototyping; Va: Validation; Im: Implementation). 

 

Stage 2: Prototyping (Pr) 

Prototyping covers a range of scales from small laboratory implementation (typically 

1/100th to 1/50th) through to commercial pilot (typically 1/25th to 1/10th). At this 

stage ideas should be formed about full-scale technology deployment in an 

industrially relevant environment (TRL6, Table 1). The framework requires that 

during prototyping the technology is placed in the specific context of biocircularity. 

Regardless of what stimulated the innovation, the technical prototyping should keep 

biociruclarity in mind to ensure that commercial success will (i) preserve or enhance 

natural capital, (ii) create materials with longevity, (iii) create easy to reuse objects, 

and (iv) minimize low-recyclable materials. The business innovation should focus on 

a business model compatible with biocircularity, including market validation in the 

context of sustainable, circular bioeconomy (IRL6, Table 1). Normal business 

supports should emphasize an investor-ready, strong sustainability message. From 

the social perspective the owner should consult a wide variety of actors (e.g., 

suppliers, customers, regulators) and geographically relevant stakeholders (SRL5, 

Table 1). During this stage, access to a network of primary stakeholders associated 

with the customer and secondary stakeholders in wider society should be 

established. The quality of the stakeholder network will determine the validity of the 

decisions made during the prototyping stage. A prospective LCA, using attributional 
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methods assuming market scenarios should be conducted, with a business-as-usual 

comparison. The LCA should be focused on understanding the implications of 

hotspots for the most important environmental impacts identified through stakeholder 

engagement (Brander et al., 2019). Social LCA might also be considered 

(Thorstensen and Forsberg, 2016). At this stage there should be a design focus with 

biocircularity at its heart to ensure that the commercial implementation of the 

innovation considers renewable feedstocks (including maintenance and restoration 

of natural capital), design for reuse, recycling, and waste elimination. 

Stage-gate 2: Progress to Validation (Pr  Va)? 

To pass through stage-gate 2 a positive answer is needed to the question, ‗Can you 

show that the innovation will work with biocircular design?‘ To successfully prototype 

the innovation and to move to the third stage, validation, it is necessary to (i) show 

the technology works sustainably and efficiently with a range of feedstock quality 

(TRL6, Table 1), (ii) have an independently assessed business plan (by customer 

and expert feedback) (IRL6, Table 1), and (iii) confirmation the innovation addresses 

a real problem in an acceptable way for stakeholders (SRL5, Table 1). A much 

greater level of social science/business expertise may be required at this stage 

compared to innovation in the conventional economy. Failure to advance to SRL5 

would mean a combination of lack of evidence of problem solving or lack of 

stakeholder acceptance.  

 

The other critical data required for assessment at stage-gate 2 are the outcomes of 

the LCA (Table 2). No specific threshold need be set for these results, but a PSB 

triple that passes the stage-gate 2 TRL, IRL and SRL criteria but has no obvious 

route to meeting the renewability and natural capital requirements of biocircularity is 

unlikely to decouple impact from consumption. In this case, the innovation should be 

reevaluated through further prototyping stage design or by returning to the ideation 

stage. Alternatively, it could progress in the knowledge it is not contributing to a 

sustainable circular bioeconomy.   

Stage 3: Validation (Va) 

The validation stage should be conducted in an operational environment (TRL7, 

Table 1). Innovations in the bioeconomy are likely to require significant financial 
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investment and commitment of human resources if they are to meet the demands of 

biocircularity, so advancing through stage-gate 2 is probably the most important step 

in the innovation framework. Regardless of the technical case, it makes no sense to 

advance unless the business case and the social case are also strong. The 

validation stage should be spatially specific, i.e., the location and value chain must 

be known. Data are collected for the specific implementation situation, whether 

technical (TRL7), business (IRL7) or social (SRL7) (Table 2). The business systems 

required to deliver a fully working technical system must be validated (IRL7, Table 1) 

at the same time as the technology (TRL7, Table 1), and specific consideration given 

to relevant stakeholders (SRL7, Table 1). To meet the requirements of biocircularity, 

the validation will extend beyond the primary innovation, to include the value 

chain/network of activities required for reuse, recycling, and recovery (Figure 3). This 

is perhaps a more demanding requirement than innovation for the conventional 

economy because there is a requirement to demonstrate (i) a real problem, (ii) its 

solution, in a working environment, (iii) satisfaction of actors and stakeholders, (iv) a 

viable business, and (v) a viable circular bioeconomy business ecosystem (i.e., 

validate the PSB triple).  

 

During the validation stage, the environmental assessment should use consequential 

LCA (Brander et al., 2019) to model the impact of the innovation in terms of specific 

objects (i.e., products, not just materials), the primary market being disrupted 

(change in demand for materials or products), and some consideration of secondary 

and subsequent cycles of object or material use. 

Stage-gate 3: Progress to Implementation (Va  Im)? 

To pass through stage-gate 1 a positive answer is needed to the question, ‗Can the 

innovation work in the “real world”?‘ To answer this question, the technical issues of 

feedstock supply and quality, and the scalability of the innovation need to be 

addressed using technical data from a large scale implementation in a defined 

supply chain (as outlined in Figure 3). If feedstock is likely to be an issue the 

innovation should remain in the validation stage until resolved, or even revert to the 

prototyping stage if an insurmountable problem is encountered (e.g., non-renewable 

feedstock, depletion of natural capital). The most important business issues are 

verified customer demand and firm evidence of solving a real problem in an 
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acceptable manner. The social evidence should be spatially and temporally specific 

to the feedstock(s), technology, and value chain considering all actors and 

stakeholders. To pass through stage-gate 3 the consequential LCA (Table 2) should 

demonstrate positive outcomes in terms of eco-efficiency and absolute impacts 

(Bjørn et al., 2020). A PSB triple that passes the stage-gate 3 TRL, IRL and SRL 

criteria but has a weak life cycle impact case is unlikely to meet the criteria of 

biocircularity and contribute to sustainable circular bioeconomy. 

Stage 4: Implementation (Im) 

An innovation that passes through the three stage-gates should be able to make a 

successfully contribution to sustainable circular bioeconomy. It remains possible that 

full commercial implementation will be unsustainable, but the probability should be 

much smaller when using the proposed framework. During this stage, the innovation 

should be bought to TRL9, IRL9 and SRL9 (Table 1). An important consideration at 

the implementation stage is business expansion and scaling, associated with: (i) 

technical upgrades, modified technology, or new design; (ii) change in feedstock 

type or quality; and (iii) deployment to a new geographical location. To continue 

meeting the requirements of biocircularity, each of these changes requires a 

reevaluation of the PSB triple. Technology and feedstock changes will probably 

demand a reevaluation at TRL7 meaning stage-gate 3 will have to be reassessed. 

Deployment to new locations will require additional social inquiry to exceed SRL6 for 

the new location. The LCA and other environmental analysis should be updated for 

new feedstocks, technological upgrades, and locations to support reliable decision 

making. If the business model changes, the assumptions and technical, social and 

life cycle assessment data will need to be reviewed and updated.  

Discussion 

The theoretical framework presented may seem extreme or even impossible to use 

because of the restrictions imposed by the definition of biocircularity. It is reasonable 

to ask, could this be made to work in the real world? There is a strong foundation of 

theory, methods, and practice on which the framework is built that suggests 

successful implementation will be possible:  

(i) Feedstocks are readily classified and identifying those of biological origin 

is straightforward for raw materials and ‗waste‘ streams. This becomes 
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much more difficult when a material is part of a circular system (Figure 3) 

with multiple cycles and cascades. Approaches have been proposed and 

can be developed and standardized (van Stijn et al., 2021). The 

International Standards Organization Technical Committee 323 

(https://www.iso.org/committee/7203984.html) will publish standardization 

in the field of circular bioeconomy soon. 

(ii) Definitions of renewable feedstock exist (Giampietro, 2019), and LCA can 

all be adapted to evaluate the renewability requirement (Sevigné-Itoiz et 

al., 2021). If LCA is insufficient, methods for natural capital accounting 

(Mace, 2019) and impact valuation (Lord, 2020) could also be used. 

(iii) The use and development of eco-design methods can prioritize design for 

extended use and reuse (Rexfelt and Selvefors, 2021). 

(iv) Eco-design also offers methods to maximize secondary reuse and 

deconstruction for recycling (Bakker et al., 2014). 

(v) Innovation communities exist that can and will provide cascades for reuse, 

recycling, recovery (Pigford et al., 2018). 

(vi) Regulatory and market tools exist to make the failure of end of life 

undesirable, even if there is a disconnect between intent and action 

(Calisto Friant et al., 2021).  

Biocircularity sets stringent criteria, but the means to achieve it are already 

established. The necessary data for TRL advance are (or can be) routinely collected 

and the methods are well understood. The necessary data for IRL advance are part 

of many existing innovation supports and are well understood. The requirements of 

SRL are less well understood by the innovation community, but the concept has now 

established itself in research funding programmes (e.g., in Denmark (Innovation 

Fund Denmark, 2018) and Ireland (DAFM, 2021)). LCA tools are increasingly being 

used (Seidel-Sterzik et al., 2018), and their role in policy is increasing all the time 

(Sala et al., 2021). There are plenty of tools available to start using this innovation 

framework for transition to sustainable circular bioeconomy. 

 

The framework offers three important outcomes for innovators: (1) a much greater 

chance of developing a business that makes a positive contribution to transforming 

society away from the take-make-use-waste paradigm of business-as-usual; (2) a 

much greater chance of business success by focusing on key data to guide 
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decisions (whether biociruclarity is the outcome or not); and (3) a much greater 

chance of a  business being sustainable, circular and using genuinely renewable 

feedstocks. A PSB-triple that meets the demands of biocircularity will decouple 

impact from consumption. It is likely that rates of innovation failure will remain high. 

There is no reason why this should change because all ideas are not good ideas, but 

the rate of innovation success transforming to a sustainable society is likely to be 

much higher. The framework unites supply of natural resources, demand for 

products, and design for circularity to reduce pressure on the environment, so it can 

point innovation in the right direction at all stages from ideation through to 

implementation. 

Conclusions and Recommendations 

It can be concluded that the stage-gated framework that combines technology, 

innovation and societal readiness levels and life cycle assessment will help 

innovators, entrepreneurs, and investors take novel ideas and put them into practice 

for transition to sustainable circular bioeconomy. The framework is agnostic about 

the supports and methods used to develop the PSB triple. Its purpose is to guide the 

innovation process considering the environmental and social consequences of the 

innovation as well the conventional considerations of market share, revenue, 

employment, and profit. At each stage of the framework, the fundamental question 

asked is, will the innovation contribute to sustainable circular bioeconomy?  

Successfully passing all three stage-gates to implementation should mean the 

innovation will make a positive contribution.  

 

For the framework to offer maximum impact for innovators, entrepreneurs and 

investors, some changes to normal business innovation supports might be beneficial:  

1. Supports such as accelerator programmes, funding programmes, business 

mentors and investors will have to find a way to value natural capital and a 

sustainable contribution to the economy with greater priority than the 

economic imperatives. Pressures from green finance, corporate social 

responsibility, environmental legislation, and public policy are likely to drive 

businesses in this direction. The proposed framework will help entrepreneurs 

to navigate this new business and regulatory landscape. 
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2. Supports such as accelerator programmes and investor networks should 

provide access to essential social science expertise to validate the problem 

and social acceptance of the PSB triple at a very early ideation stage in the 

innovation process. The formal interfacing of the entrepreneurial and social 

science communities will be essential for just transformation from business-

as-usual to sustainable circular bioeconomy.  

3. Simplified and semi-automated social inquiry methods need to be developed 

to address the SRL progression of an innovation through the prototyping 

stage. Much effort has been invested in making life cycle assessment tools 

available to business, and a similar effort is needed to integrate social inquiry 

methods with the innovation process.  

4. Innovation supports should encourage accessing life cycle thinking expertise, 

starting with simple LCA tools to evaluate the PSB triple before the 

commitment to the idea makes stopping or changing too difficult. Many 

resources have been directed at developing LCA tools for business, but these 

have two shortcomings, (a) a focus on linear rather than circular systems and 

(b) poor uptake. Innovators need to start using LCA tools and factor these into 

startup costs.  

5. A formal design framework and even simple checklists are needed to maintain 

focus on design for biocircularity. This will include agreeing practical and 

working definitions of what constitutes a renewable feedstock (perhaps based 

around ISO standards), how to evaluate change of natural capital and what 

change is acceptable (perhaps based on natural capital accounting and 

impact valuation), the attributes of design for extended use and reuse 

(perhaps built from eco-design principles) and how to create networks for 

cascading biomaterials and maintaining them in objects in order to avoid the 

failure of end-of-life (perhaps built around bioeconomy innovation 

communities and implementation policies).  

6. Training in the tools used as the innovation progresses through the stage-

gates. Of particular importance are the rules for prospective (prototyping 

stage) and consequential (validation stage) LCA to ensure a level playing field 

for all business developments. The same holds true for social science tools 

and methods. The technical and business tools used are well established and 

probably fit for purpose. 
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7. Greater national monitoring of pressure on natural resources and on material 

reuse and recycling during the implementation stage. A sustainable circular 

bioeconomy will not become a reality without a policy and regulation 

framework that demands compliance with the environmental limitations of the 

system. Current regulation focuses on short-term, localized impacts (e.g., 

emissions licensing), but biocircularity demands a holistic approach and new 

thinking about regulation and the right to exploit natural resources. All actors 

should be aware of ‗failure-in-success‘, where excessive demands on natural 

resources due to techno-economic success undermine the purpose of the 

innovation. 

8. Specific supports are needed to encourage innovators to plan for biocircularity 

at the outset and to enable the development of a sustainable circular 

bioeconomy 

 

The concept of biocircularity, and the framework proposed form the theoretical basis 

for a practical tools that can guide business transition from conventional thinking 

about economy (business as usual) to the demands of a sustainable circular 

bioeconomy. The next step in this work is empirical validation using case studies in a 

startup accelerator programme. 
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