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Abstract

:

The concept of bioeconomy is a topic of debate, confusion, skepticism, and criticism. Paradoxically, this is not necessarily a negative thing as it is encouraging a fruitful exchange of information, ideas, knowledge, and values, with concomitant beneficial effects on the definition and evolution of the bioeconomy paradigm. At the core of the debate, three points of view coexist: (i) those who support a broad interpretation of the term bioeconomy, through the incorporation of all economic activities based on the production and conversion of renewable biological resources (and organic wastes) into products, including agriculture, livestock, fishing, forestry and similar economic activities that have accompanied humankind for millennia; (ii) those who embrace a much narrower interpretation, reserving the use of the term bioeconomy for new, innovative, and technologically-advanced economic initiatives that result in the generation of high-added-value products and services from the conversion of biological resources; and (iii) those who stand between these two viewpoints. Here, to shed light on this debate, a contextualization of the bioeconomy concept through its links with related concepts (biotechnology, bio-based economy, circular economy, green economy, ecological economics, environmental economics, etc.) and challenges facing humanity today is presented.
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1. Introduction


1.1. Environmental Degradation


Environmental degradation, a matter of great concern, implies a depletion of natural resources (e.g., air, water, soil, forest, wildlife) and ecosystem services. Environmental degradation can include physicochemical effects (alteration of the land surface, contamination), aesthetic effects (scenic degradation), and biological-ecological effects (deforestation, loss of biodiversity). At the present time, humanity’s ecological footprint is such that some scientists have declared the dawning of a new geological epoch—the Anthropocene. Well-known outcomes of environmental degradation are famines, poverty, wars, human right abuses, political instability, and deterioration of human health. Two of the main causes behind the effects of the present environmental degradation (e.g., climate change, pollution, biodiversity loss, desertification, ocean acidification, deforestation) are overpopulation and over-consumption, both connected to the discovery of fossil fuels. The discovery of fossil fuels allowed the exponential growth of the human population and the spread of consumerism, together with unprecedented economic, social, and technological progress. Regrettably, this unparalleled period of socioeconomic growth has been, to a great extent, achieved at the expense of environmental degradation.



Driven by mounting concern over the “environmental quagmire”, governments, economic institutions, and civil society organizations are proposing new paradigms of economic thinking, aimed at a more sustainable and ethical economy.




1.2. Bioeconomy


In this context, the concept of bioeconomy, a subdivision of the economy based on biology and biosciences [1,2], emerged with great expectations regarding its potential to lead the way towards a sustainable future. Bioeconomy is being supported in research and policy strategies with the goal of developing a sustainable economic paradigm that encourages the creation of innovative value chains, while protecting the environment. Three factors that have contributed to interest in bioeconomy are: advances in biological sciences; policy objectives for climate change mitigation, energy self-sufficiency, rural development, and export promotion; and the fact that biodiversity and genetic resources are viewed as inputs critical to the discovery of pharmaceuticals and other bio-based products [3].



However, some authors claim that bioeconomy is nothing but a “master narrative” that conflates technological advances with societal progress [4] or a political project with spurious interests [5]. Birner (2018) [6] distinguishes between two types of criticism of the bioeconomy field: (i) the fundamental critique, supported by authors, such as Birch and collaborators (2006, 2010) [7,8], who claim that bioeconomy is the “neoliberalization of nature” and consider that its development is dominated by a “neoliberal ideology” in which market values are installed as the over-riding ethic in society. Similarly, Gottwald and Budde (2015) [9] consider that bioeconomy is promoted to pursue the interests of large companies involved in commercializing innovations in the life sciences and are worried that bioeconomy will promote “land grabbing” and threaten food security and nature conservation; and (ii) the greenwashing critique [10], which emphasizes that many initiatives promoted under the bioeconomy label are not environmentally sustainable. Although it is beyond the purpose of this manuscript to enter such political-ethical debates, the reality is that, depending on how it is pursued, the bioeconomy transition may either address fossil fuel dependence sustainably or aggravate human pressure on the environment [11]. As an example, Bastos Lima (2021) [11] has reported how corporate agribusiness dominance limits the bioeconomy agenda, shapes innovation pathways, and ultimately threatens the sustainability of this transition.



In the last years, many definitions of bioeconomy have been proposed. Table 1 includes some of the most commonly used definitions of bioeconomy proposed by the OECD and other relevant institutions.



There are three visions of bioeconomy [12]: (i) bio-technology vision, focusing on the importance of biotechnology for different sectors of the economy; (ii) bio-resource vision, centering on the processing and upgrading of biological raw materials; and (iii) bio-ecology vision, which is directed towards environmental sustainability, the promotion of biodiversity, and the protection of nature.
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Table 1. Definitions of bioeconomy.






Table 1. Definitions of bioeconomy.





	Definition
	Reference





	A world in which biotechnology contributes to a significant share of economic output. The emerging bioeconomy is likely to involve three elements: the use of advanced knowledge of genes and complex cell processes to develop new processes and products, the use of renewable biomass and efficient bioprocesses to support sustainable production, and the integration of biotechnology knowledge and applications across sectors.
	[13]



	The production of renewable biological resources and the conversion of these resources and waste streams into value-added products, such as food, feed, bio-based products and bioenergy.
	[14]



	The production, utilization and conservation of biological resources, including related knowledge, science, technology and innovation, to provide information, products, processes and services across all economic sectors, aiming toward a sustainable economy.
	[15]



	The knowledge-based production and use of biological resources to provide products, processes and services in all economic sectors within the frame of a sustainable economic system.
	[16]








Regarding this last vision, bioeconomy has been proposed as a relevant part of the solution to the Grand Challenges of the 21st century (e.g., climate change, food and water security and safety, energy security, global contamination). One of the early promises of bioeconomy was to reduce our dependence on fossil fuels. The idea was to navigate the required transition from a fossil-fuel-dependent economy towards a bioeconomy supported by bio-based and recirculated products and renewable energy [17]. It must be emphasized that sustainability is not attainable simply by using renewable resources. Among other aspects, the sustainability goal requires the sustainability of the resource base, the sustainability of production and consumption processes, and the circularity of material fluxes [17,18]. In Europe, the sustainability-related expectations associated with bioeconomy were developed in response to a growing concern about enhancing competitiveness in a global market [19] and also due to the conviction that Europe must lead the transition to a climate-neutral society. Sustainability is certainly not achieved merely by using renewable resources, but it is also an incontestable fact that, in a world characterized by finite resources and human population growth, renewability appears to be a good idea.



Despite different definitions, there seems to be a consensus that the term bioeconomy refers to the sustainable use of renewable biological resources and organic wastes to produce food, feed, bio-based products, and bioenergy. Regardless of this consensus, the reality is that the bioeconomy concept is still a topic of debate among politicians, scholars, and entrepreneurs. The confusion, skepticism and criticism associated to the bioeconomy concept are driving this debate and, not surprisingly, stimulating a productive exchange of information, ideas and values, with beneficial effects on the development of the bioeconomy paradigm. At the core of this debate, three points of view coexist: (i) those who support a broad interpretation of the term bioeconomy, through the incorporation of all economic activities based on the production and conversion of renewable biological resources into products, including agriculture, livestock, fishing, forestry and similar economic activities that have accompanied humankind for millennia; (ii) those who embrace a much narrower interpretation, reserving the use of the term only for innovative and technologically-advanced economic initiatives that result in the generation of high-added-value products and services from the conversion of renewable biological resources; and (iii) those who stand between these two viewpoints.



In any case, bioeconomy activities can be classified as natural-resource-based activities that directly exploit bioresources (agriculture, fishery, forestry) and provide biomass for further processing; conventional manufacturing activities that further process biomass (food sector, wood processing sector); and novel activities that further process the biomass and/or biomass residues (bioenergy sector, bio-based chemical sector) [20].




1.3. Circular Bioeconomy


According to the European Commission [21], circular economy aims to (i) maintain the value of products, materials, and resources in the economy for as long as possible (by returning them, at the end of their use, to the product cycle); and (ii) minimize the generation of waste. The idea is to reduce the number of resources we use, the quantity of materials we extract, the number of products we discard, and the amount of waste we generate as much as possible. As an alternative to the “take-make-waste” model characteristic of the linear economy, the Ellen MacArthur Foundation played a key role in the definition of circular economy, based on the following principles: design out waste and pollution, keep products and materials in use, and regenerate natural systems. Circular economy distinguishes between technical and biological cycles: technical cycles are aimed at recovering and restoring products, components and materials through strategies such as reuse, repair, remanufacture or, in the last resort, recycling; and biological cycles, where bio-based materials are recycled back into manufacturing and, finally, fed back into nature through processes such as, for instance, composting for the production of soil amendments.



The circular economy concept has developed the principles of different schools of thought in a narrative that can inspire policy actions, evoked a socio-technical transition in which societal and material needs are fulfilled by novel industrial systems, and contributed to the environmental and economic dimensions of sustainability [22]. Nonetheless, at the market level, the full potential of circular economy is far from being realized and needs to develop further evidence that circular-economy-inspired products are preferable [23].



The transition towards bioeconomy depends not only on the efforts of professionals and policymakers but also on the acceptance and involvement of society [24]—in particular, consumers. In a study among Dutch and Irish consumers [25], price was indicated as a key factor influencing the purchase of bio-based products (around half of consumers were unwilling to pay more for bio-based products). Consumers indicated that environmental sustainability is a significant factor when choosing between products, but biodegradability and compostability are more important aspects for them than bio-based origin, highlighting the need to improve consumer understanding of bio-based products [25]. Transparent legal status and legislation are also critical factors for the development of bioeconomy [24].



Regarding circularity, the degradation of natural resources points out to the need to change our linear economic approach by shifting from the use of non-renewable resources towards a bioeconomy based on renewable resources. The linear economic approach is structured around two pillars: depletable fuels and materials as input, and products and contaminating substances as output [26]. Circular bioeconomy is characterized by biofuels and biomaterials as input and recyclable products as output [27]. Within the bioeconomy field, the archetypal example of circularity is as follows: solar energy is transformed into biomass; biomass is converted into products; and the residual waste is used as organic fertilizer, turned into food or animal feed, or used to supply energy. To guarantee circularity, the process must operate according to a cascading model [28,29]: (i) biomass (generated from solar energy) is converted into products; (ii) the waste stream of this process is used as a supply stream for a lower-level production process; (iii) this latter process is repeated until the waste stream can no longer be transformed into products; and (iv) waste is incinerated to provide energy to different steps within the closed loop [26]. In this way, bioeconomy should be the epitome of the “zero-waste” goal.



In the last years, we have witnessed the merging of circular economy and bioeconomy, resulting in the concept of circular bioeconomy focused on a sustainable valorization of biomass, while making use of wastes and optimizing the value of biomass over time [30]. To ensure that biomass is used sustainably, bioeconomy must include strategies from circular economy (e.g., the re-cycling of bio-based products) [31]. Although it is claimed that bioeconomy is circular by nature (based on the fact that nature is circular by definition and that bioeconomy is inspired by natural regeneration), the veracity of such a statement depends on the specific treatments and uses given to the biomass. For instance, to claim circularity and sustainability, we must guarantee that biomass is used for a higher value purpose than simply energy generation through incineration. A sustainable circular bioeconomy must maintain resources at their highest value for as long as possible through cascading biomass use and recycling, while protecting natural capital and the provision of ecosystem services.



The sustainability of bio-based products must be assessed over their life cycle and must incorporate the sustainability of the resource base and the sustainability of processes and products [17]. The Life Cycle Sustainability Assessment (LCSA) brings together analyses of the three dimensions of sustainability, employing life cycle thinking across intersecting supply chains [32]. The LCSA can be developed for product development, strategic planning, and public policy making, considering whole system cradle-to-cradle supply chains [32,33].



Another possibility to evaluate the sustainability of bioeconomy initiatives is to analyze them not only via Life Cycle Assessment but also through the United Nations Sustainable Development Goals (SDGs) lens [34]. One way to ensure the sustainability of bioeconomy initiatives would be by linking their reporting with the SDGs related to economic development, access to basic services, sustainable consumption, biodiversity conservation, waste re-use, equality, gender equality, inclusiveness and international cooperation [35]. Since information access is a challenge related to all the SDGs, Bicchielli et al. (2021) [36] reported an ontology (BiOnto) for sustainable bioeconomy, taking into account approaches related to sharing knowledge on bioeconomy and collaborative ecosystems.



In the light of the potential of circular bioeconomy to address many of the Grand Challenges of the 21st century, many governments and regions have elaborated strategic plans to drive the transition from a linear fossil fuel-based economy to a sustainable circular bioeconomy, in order to increase competitiveness in a global market that demands sustainable production-consumption systems, while contributing to the SDGs. However, after reviewing many national and regional bioeconomy strategies, Staffas et al. (2013) [37] concluded that sustainability issues were underplayed in many of those strategies. D’Amato et al. (2017) [38] and Ramcilovic-Suominen and Pülzl (2018) [39] concluded that bioeconomy-related policies have been more oriented towards economic growth, without considering the environmental and social aspects of sustainability in the same depth.




1.4. Regional Bioeconomy


There is growing interest with respect to the use of regional strategies as the focus of bioeconomy [19]. Many regional bioeconomy initiatives have emerged in the past years. In many cases, these initiatives are supported by the establishment of private-public partnerships driven by the will to invest in the generation of technologies and products required to advance the expansion of bioeconomy. In Europe, regions are considered as the main driver for a successful implementation of sustainable circular bioeconomy [40]. In consequence, a mapping of the competencies of bioeconomy in EU regions is essential to create innovative bioeconomy value chains. The BERST Tool (https://berst.databank.nl/; accessed on 9 July 2021), designed during the development of the EU Horizon 2020 Project “Building Regional Bioeconomies”, identifies four pillars of bioeconomy readiness in a region: biomass availability and land use, demographics and the quality of the workforce, employment and the structure of firms, and innovation. It has been reported [41] that pursuing a more regional approach to bioeconomy can be a promising way forward due to its bridging function between the international and national level. In addition, there is frequently greater similarity between challenges and opportunities within a region and an easier exchange of lessons learnt [41].



In this regard, bioeconomy is linked with the concept of bioregionalism, which claims that economic, social, cultural, and political systems are more sustainable when organized according to naturally defined areas called bioregions [42]. Bioregionalism proposes natural regions as organizing units for human activity. Bioregions can be delineated by four approaches [43]: (i) an environmental determinist position, according to the view that nature determines culture within the context of specific regions; (ii) a correspondence position, which assumes that there is a correspondence between nature and culture at the bioregional scale; (iii) a possibilist position, which asserts that geography simply sets certain limits and/or provides resources, and that regions are predominantly the product of culture; and (iv) a consciousness position, where boundaries are not set in line with geographical or natural considerations but are emotionally established by human perception and thoughts.



When assessing the potential of a region for bioeconomy, one must pay attention not only to the amount and rate of generation of biological resources in that region but, importantly, to its capacities in terms of innovation and entrepreneurship. Many regional bioeconomy initiatives are supported by the creation of bioeconomy clusters. In any case, region-specific socioeconomic and ecological settings, legal frameworks, social demands, and the history of using natural resources must be reflected in the development of bioeconomy at a regional level [40]. Additionally, we must not forget that biomass is a renewable but limited resource as its production requires land and other resources, such as water and nutrients [44]. It is crucial to take the state of the biological resources, as well as their vulnerability against disturbances and disasters, into consideration.



For bioeconomy to successfully develop in a given region, it is vital to combine strategies that provide visions of knowledge-driven technology innovation, strategies that provide visions of the required transformational changes in governance systems to meet the targeted sustainability goals of bioeconomy, and a public goods-oriented approach [37,45,46].



The objective of this paper is to describe a variety of concepts (e.g., bioeconomics, biotechnology, bio-based economy, biorefineries, green chemistry, etc.) that are linked to the field of bioeconomy, in order to better differentiate those concepts and, additionally, help develop the bioeconomy framework. Subsequently, the potential contribution of bioeconomy to the Grand Challenges of the 21st century is briefly discussed, emphasizing the need for bioeconomy to incorporate six critical sustainability issues (i.e., limits to growth, planetary boundaries, resilience thinking, ecosystem services, ecological footprint, and environmental bioethics) if it is to survive in the long-term as a driver of the economy, providing goods and services in an environmentally friendly way. The final aim is to provide a reflection on how bioeconomy should contribute to a sustainable, ethical and prosperous society.





2. Methodology


In this paper, a contextualization of the bioeconomy concept through its links with related concepts is presented. For this purpose, a literature review was carried out, according to the snowball method [47], to identify such concepts, paying special attention to the theoretical and practical differences among them. The literature review began with documents that included the most commonly used definitions of bioeconomy. Given the scope of this journal, much emphasis was paid on sustainability issues. In this line of thought, some of the most relevant sustainability frameworks developed during the last decades (i.e., limits to growth, planetary boundaries, resilience thinking, ecosystem services, ecological footprint, and environmental bioethics) are presented to emphasize the need to assimilate them if bioeconomy is to survive as a driver of our economy in the long-term (Figure 1).




3. Links between Bioeconomy and Related Concepts


The concept of bioeconomy is historically and theoretically related to a wide variety of concepts belonging to different disciplines, predominantly within economics and biology. First of all, it is important to distinguish bioeconomy from bioeconomics. The field of bioeconomics precedes the appearance of the bioeconomy concept in the literature. The term bioeconomics was probably used for the first time in 1913 by Hermann Reinheimer in his work “Evolution by Co-operation: A Study in Bioeconomics” [48]. During the first half of the 20th century, Alfred James Lotka defined bioeconomics, or biophysical economics, as the profound correlation between biological laws and thermodynamic laws inside the competition for energy and material resources [49]. In the late 1960s, Jiri Zeman used this term to emphasize the biological bases of almost all economic activities [50]. In the next decade (1970s), Nicholas Georgescu-Roegen (1977) [51,52,53] was responsible for the increased attention and momentum given, at the time, to bioeconomics, especially due to his concern that unlimited economic growth would not be compatible with the basic laws of nature [6]. Nicholas Georgescu-Roegen was one of the first, if not the first, economists to exhaustively study the interplay between economic activity and the environment, mainly in light of thermodynamics. He even dared to propose a Fourth Law of Thermodynamics to highlight the role played by matter as a material scaffold in modern production processes, as reflected in his famous aphorism “matter, matters too” [52,53]; for a critique, see [54]. He emphasized the problems associated with the limited stock of resources, which are unevenly found and unequally appropriated [54].



Unlike bioeconomics, the term bioeconomy, in its early days, referred to the use of biological knowledge for industrial applications [6]. Joachim von Braun (Director of the Center for Development Research, Bioeconomy Council, Bonn, Germany) stated that bioeconomy was first defined by two geneticists, Juan Enríquez-Cabot and Rodrigo Martínez, in 1997 [55,56]. In 1998, Juan Enríquez-Cabot [57] championed the idea that the application of biological and biotechnological discoveries would change the world’s economy, transforming a wide variety of industrial processes, as pointed out by Glick in the early 1980s [58]. In this line of thought, in 2002, the European Commission characterized the life sciences and biotechnology as probably the most promising of the frontier technologies able to provide a major contribution to achieving the Lisbon Summit’s objective of becoming a leading knowledge-based economy [5,59]. A few years later, the Report “European BioPerspectives: En Route to the Knowledge-Based Bioeconomy” stated that bioeconomy could transform life sciences knowledge into new, sustainable, eco-efficient and competitive products [60]. Later, this initial meaning of the term bioeconomy was “politically transformed” into its current meaning, i.e., the use of renewable biological resources and organic wastes to produce bio-based products and bioenergy. A pioneer in promoting bioeconomy in Europe was Christian Patermann (at that time, Program Director of Biotechnology, Agriculture and Nutrition in the Directorate General for Research, Science and Education of the European Commission), who realized the concept’s potential to address the challenges of the European economy by making the most of the myriad of opportunities offered by advancements in biology and biotechnology [6]. In the EU, the label “knowledge-based” was often added to the term “bioeconomy” to highlight the importance of research and innovation to boost the development of the bioeconomy market.



Most likely, the concept of bioeconomics evolved towards the bioeconomy paradigm that was first focused on the application of biological and biotechnological knowledge to transform the economy and pay attention to the possibility of replacing fossil-based resources with bio-based resources.



As such, it is not surprising that, at the beginning, there was some confusion regarding the difference between bioeconomy and biotechnology. As is usually the case, many definitions of biotechnology can be found in the literature. Table 2 includes some of the most commonly used definitions of biotechnology proposed by the OECD and other relevant institutions.



Simply speaking, the term biotechnology refers to the use of biological systems and processes to make products and services. In any event, the application of innovative tools from the fields of molecular biology and biotechnology, together with green chemistry methodologies, are key for the generation of competitive bioeconomy products.



On the other hand, the terms bioeconomy and bio-based economy are often used interchangeably. Nonetheless, Staffas et al. (2013) [37] differentiate them, stating that a bio-based economy takes into consideration the production of non-food goods, whilst bioeconomy covers both bio-based economy and the production and use of food and feed. According to Zwier et al. (2015) [26], bioeconomy and bio-based economy frame economic problems in terms of efficient production and exclude the fundamental issues of abundance and wastefulness (ultimately undermining the concepts themselves by pushing the regeneration capacity of bioresources into a cataclysmic and terminal discharge). These authors argue for the introduction of the question of abundance and wastefulness into bioeconomy/bio-based economy discussions.



Another highly related concept is that of biorefineries, which emerged from concerns regarding our dependence on fossil fuel refinery for the production of energy and material products. In light of the environmental consequences of our dependence on fossil fuels, together with their uncertain availability in the long-term, the development of biorefineries was materialized to replace oil with biomass as raw material for fuel and chemical production. Almost all types of biomass feedstocks can be converted to biofuels and biochemicals via a variety of conversion technologies [64]. A biorefinery is a facility with integrated, efficient and flexible conversion of biomass feedstocks, through a combination of physical, chemical, biochemical and thermochemical processes, into multiple products [33]. Biorefineries apply a variety of technologies to separate biomass resources into their building blocks, which can then be converted to chemicals and biofuels. Preferably, feedstocks that have minimum or no conflict with land use should be used, such as agricultural and forestry residues, garden wastes, oily residues, aquatic biomass, organic residues, and unavoidable food waste [33,65]. In this respect, it has been claimed that integrated marine biorefinery systems might be economically more attractive than lignocellulosic terrestrial biorefinery systems, and that integrated macroalgae biorefineries can confront many of the SDGs [66]. Together, bioenergy, biorefinery and bioeconomy can play an important role in strengthening resilience against climate change and natural disasters, adopting sustainable production and consumption, conserving natural resources, and embracing green growth [67]. Green chemistry (i.e., a set of principles for the manufacture and application of products aimed at eliminating the use or generation of environmentally harmful and hazardous chemicals) [64] plays a key role in the development of biorefineries. The combination of green chemistry and biorefinery aims to produce green, non-toxic, and degradable chemical products, with minimum production of waste.



From an an economics perspective, all these approaches are encompassed by the fields of environmental economics and ecological economics, which share the goal of understanding “human-economy-environment” interactions in order to redirect the economy towards sustainability [68]. Environmental economics has followed a narrowly focused neoclassical analytical approach, which has been more effective from a policymaking perspective (in contrast, ecological economics embraced a diversified, pluralistic approach, which has resulted in an overwhelmingly challenging strategy) [68]. Another difference between these two fields of economic knowledge is that the majority of environmental economists are initially trained as economists, while ecological economists are usually trained as ecologists. The former approach envisions environmental economics as a sub-topic of economics dealing with environmental issues, while the latter emphasizes that economy is a subsystem of the ecosystem, with its focus being to preserve natural capital (according to the premise that economics is a subfield of ecology) [69]. The conceptual core of ecological economics (i) combines ecological understanding, social structure, and a redefined economics; (ii) recognizes the dependence of economic and social structures on biophysical reality; (iii) challenges mainstream economists to move beyond their orthodox points of views; (iv) rejects the growth paradigm (for a critique of economic growth, based on physics, see [70]); and (v) has ontological foundations that inform it as a paradigm both biophysically and socially [64]. This paradigm (and related paradigms such as, for instance, social ecological economics [71,72]) emerged from recognition of the systemic problems of the traditional economic system (e.g., increasing inequity, social division, loss of biodiversity, pollution of ecosystems, and resource wars).



Ecological economics [73] is interrelated with the concept of eco-capitalism (or environmental or green capitalism), which supports the belief that capital exists in nature as “natural capital” on which all wealth depends. In this context, the economic value of ecosystems and biological diversity, as well as the importance of reducing human environmental impacts, is highlighted. The proponents of eco-capitalism see loss of biodiversity, contamination and resource overexploitation as a form of market malfunction derived from the failure of capitalist systems to account for the financial value of environmental services [74].



All these eco-economic approaches are required for theoretical and practical advancements in the field of eco-innovation (or environmental innovation) (Table 3).



Eco-innovation deals with the development of new technologies, processes and systems to improve the environmental performance of economic activities. Díaz-García et al. (2015) [80] proposed that the use of this term should imply a full-life cycle analysis of input and output factors. A similar but not identical concept is eco-design [80], the most accepted definition of which is “Integration of environmental aspects into product design and development, with the aim of reducing adverse environmental impacts throughout a product’s life cycle” (ISO 14006:2011 Norm: Environmental Management Systems—Guidelines for Incorporating Ecodesign). Unlike eco-design, which is a well-established concept as reflected by the existence of ISO 14006:2011, Cluzel et al. (2014) [81] reported that the concept of eco-innovation remains poorly understood, with theoretical uncertainties and a lack of a standardized definition.



All these abovementioned concepts (Table 4) are directed towards an economic model that guarantees environmental, social and economic sustainability and that can face the Grand Challenges of the 21st century.




4. Bioeconomy and the Grand Challenges Facing Humanity


4.1. The Grand Challenges


In the 21st century, our planet is under serious stress from a variety of inter-linked factors associated with increasing global population, linear resource consumption, security of resources, unsurmountable waste generation, and social inequality [65]. It is often claimed that bioeconomy can be a part of the solution to the Grand Challenges of the 21st century, e.g., climate change, food and water security and safety, energy security, overpopulation, global contamination and biodiversity loss. Before examining this claim, it is important to remember that, paradoxically, some of the very same Grand Challenges of the 21st century are most likely going to hinder the development of bioeconomy. After all, many bioeconomy aspirations and expectations depend on a constant supply of great amounts of biomass. If we take into consideration that (i) 50–70% more food will be needed by 2025 to feed the growing human population [82]; (ii) climate-change-induced extreme heat waves and droughts will increasingly have an adverse impact on agricultural crop yields; and (iii) the progressive degradation of the soil resource, it is easy to anticipate one of the biggest conundrums for bioeconomy: how to reconcile the competing needs of agriculture and bioeconomy [83,84] without forgetting that food security takes priority. It is true that, historically, many, if not most, similar transitions took a very long time to be completed and also faced technical and political difficulties, but the proposed bioeconomy transition is probably expected to be fraught with more setbacks and obstacles as a consequence of the Grand Challenges [84].



According to the Report “Rethinking Food and Agriculture 2020–2030—The Second Domestication of Plants and Animals, the Disruption of the Cow, and the Collapse of Industrial Livestock Farming” by the Rethink X Think Tank (September 2019), the world is on the cusp of the most profound and rapid disruption in food production, driven, in part, by advances in precision fermentation and, hence, in our capacity to “program” microorganisms to produce organic molecules. Although it is hard to predict the future of the global food production system, it seems likely that sources of cheap protein (e.g., bacterial, fungal and algal protein, insects) will become more and more common in our diet, due to well-known sustainability issues associated with the consumption of animal meat. Indirectly, this could have a positive effect on the forest-based bioeconomy, as many forests have been cut down to make way for agriculture, mainly to grow soy or establish grasslands to feed livestock for meat production. Since bioeconomy depends on the unceasing supply of high amounts of biomass, it appears logical to pay attention to the possibility of using and/or proactively generating sources of biomass characterized by fast growth and high yields (e.g., microbial biomass).



When discussing the capacity of bioeconomy to offer solutions to the Grand Challenges, climate change attracts the most attention, owing to its potentially devastating consequences. Moreover, one of the first promises of bioeconomy was to minimize our dependence on fossil fuels, given the link between the combustion of fossil fuels and climate change. Nonetheless, the issue of the connections between bioeconomy and climate change is complicated, with many elements and dimensions. For instance, the European Commission’s Knowledge Centre for Bioeconomy has published a brief on the role of the forest-based bioeconomy in mitigating climate change, stating that a holistic approach and system-perspective (taking into account rates of wood harvest, carbon storage in wood and timber products, soil carbon sequestration and substitution of fossil fuels) are required to properly evaluate such role [85].



The fact that climate change has overshadowed the other global challenges tends to obscure an unquestionable reality, i.e., that the abovementioned challenges are linked and interdependent, pointing out to the imperative need for a holistic approach and an urgent change in the global level of consumption of energy and goods [86]. Within this context, Aguilar and Patermann (2020) [86] emphasized the need to build a global biodiplomacy. The term biodiplomacy can be found in the literature with many different meanings but, for Aguilar and Patermann (2020) [86], the heart of the biodiplomacy concept lies in the need for a holistic approach for the effective and enduring global management of our natural resources. The illusion of unlimited economic growth has often led to so-called “uneconomic growth”, when “increases in production come at an expense in resources and well-being that is worth more than the items made” [86,87].




4.2. Critical Sustainability Issues


For bioeconomy to offer solutions to the Grand Challenges and collaborate in the achievement of the SDGs, it must be based on sustainability principles; incorporate the circularity, energy-efficiency, renewability and responsible consumption paradigms [88]; and pave the way towards a more sustainable, ethical and prosperous society, building a future in which we live in harmony with nature and ourselves.



If it is to survive in the long-term as a driver of the economy, providing goods and services in an environmentally friendly way, the field of bioeconomy must assimilate the following concepts:



(1) Limits to Growth: The concept of Limits to Growth [89] warns us that we have overshot our limits in many areas by expanding our demands on the Earth’s resources and sinks beyond what can be sustained over time, leading us, unless we react, towards collapse [89]. Sustainability does not mean zero growth, but a sustainable society “would ask what the growth is for, and who would benefit, and what it would cost, and how long it would last, and whether the growth could be accommodated by the sources and sinks of the Earth” [89]. Although the debate on the Limits to Growth remains poised between the pessimism of resource constraints and the optimism of technological progress, Jackson and Webster (2016) [90] pointed out that we have learned critical lessons from the Limits to Growth assessment: (i) the dynamics of overshoot and collapse proceed not from the total exhaustion of resources but from an inevitable decline in resource quality; and (ii) regarding the speed and timing of overshoot and collapse, it must be remembered that, at the point at which peaks in production become obvious and declines are imminent, our options are more limited than they are while growth is in progress (i.e., the “Seneca effect”: “increases are of sluggish growth, but the way to ruin is rapid”). Marks Bank (2018) [91] highlighted that, under conditions of economic stagnation and incipient environmental crisis, growth needs to be made limited, more fully socialized, and re-conceived in terms that afford greater priority to non-economic values and human prosperity indicators.



(2) Planetary Boundaries: The Planetary Boundaries is a framework that aims to integrate the development of our society and the maintenance of the Earth system in a resilient and accommodating state, by providing an analysis of the risk that human-induced perturbations will destabilize the Earth system [92]. The Planetary Boundaries framework defines a “safe operating space for humanity” [93] based on intrinsic biophysical processes that regulate the stability of the Earth system. Planetary boundaries are being developed [94,95] and regularly updated for different Earth system processes (i.e., climate change, biosphere integrity, biogeochemical flows, land-system change, freshwater use, atmospheric aerosol loading, ocean acidification, stratospheric ozone depletion, biological integrity, and novel entities). The anthropogenic perturbation levels of four of such processes currently exceed the proposed planetary boundary: climate change, biosphere integrity, biogeochemical flows, and land-system change [92].



(3) Resilience Thinking: Resilience Thinking is a paradigm based on the resilience concept introduced by Holling (1973) [96] to help understand the capacity of ecosystems with multiple attractors to persist in the original state when subjected to perturbations [97,98]. Holling (1996) [99] also defined engineering resilience, a narrower concept used in many fields to refer to the return rate to equilibrium upon a perturbation. Resilience thinking is focused on the dynamics and development of complex social-ecological systems with three crucial aspects that interrelate across multiple scales: (i) resilience (the capacity of a social-ecological system to continually change and adapt yet remain within critical thresholds); (ii) adaptability (a part of resilience that represents the capacity to adjust responses to changing external drivers and internal processes and then allow for development along the current trajectory); and (iii) transformability (the capacity to cross thresholds into new development trajectories) [100]. Resilience thinking, based on the idea that social-ecological systems have multiple regimes that are separated by thresholds, is about seeing systems, linkages, thresholds, and cycles and understanding and embracing change, as opposed to striving for constancy [101].



(4) Ecosystem services: The Ecosystem Services framework, promoted by the Millennium Ecosystem Assessment [102], balances resource use and conservation according to how societies value the consumptive and non-consumptive services provided by ecosystems [103]. The Ecosystem Services concept is based on the fact that ecosystems provide a wide range of services that are of crucial importance to human well-being [104,105]. This concept reframes our relationship with nature and emphasizes natural assets as critical components of inclusive wealth, well-being, and sustainability [105]. The concept of ecosystem services is a useful approach to bridge the scientific-economic policy-making divide. As such, it is recommended that environmental monitoring programs are based on ecosystem services, thereby providing the best information for decision-making [106]. Building on the Ecosystem Services framework, the concept of Nature´s Contributions to People [107] acknowledges the role that culture plays in defining the links between humans and nature and, interestingly, operationalizes the role of indigenous and local knowledge in understanding nature’s contribution to people. To clarify the distinction between ecosystem services and nature´s contribution to people, Kadykalo et al. (2020) [108] identified eleven conceptual claims about, supposedly, novel elements from the literature on nature´s contribution to people. They concluded that five of those claims (i.e., diverse worldviews, context-specific perspectives, relational values, fuzzy and fluid reporting categories and groups, and inclusive language and framing) were truly novel conceptualizations of people and nature relations.



(5) Ecological Footprint: The Ecological Footprint is the amount of biologically productive land required to sustain a population´s consumption of natural resources and dispose of their waste products [109]. This concept has been praised as an effective heuristic and pedagogic device for presenting total resource use by humans in a way that communicates easily to almost everyone [110]. Wiedmann and Barrett (2010) [111] reported that ecological footprint can be a powerful tool for communicating the over-consumption of humanity and can act as a convincing statement to communicate sources of unsustainability to the public, as well as to political and corporate decision-makers. The ecological footprint is estimated by adding up different forms of consumption (e.g., food, housing, transportation, and goods), along with generated waste, and then converting that information into a common metric. But unlike economics, which uses money as the main indicator of value, the ecological footprint approach uses productive land area as its metric [112].



(6) Environmental Bioethics: The field of environmental bioethics seeks just social arrangements that promote human well-being, while simultaneously preserving the natural environment [113]. Three issues—technology, toxics, and consumption—stay at the core of environmental bioethics. Environmentally, bioethics considers the claims of sustainability as part of the justice equation (for instance, by using “the fair share of biocapacity” as an index of both sustainability and justice) [114]. The field of environmental bioethics poses important questions, such as why we need to protect our environment, what happens if biological species becomes extinct, what respect to nature means, and whether we can use and protect nature at the same time [115]. As an example, the risk of biopiracy must be thoughtfully addressed in bioeconomy forums. The term “biopiracy” refers to unauthorized access to biological material and its use for commercial purposes, sometimes with exclusive monopoly rights (despite the fact that those biological resources might belong to a community, region or another country). Biotheft is a related concept that refers to the illegal or unauthorized exportation of organisms for commercial purposes [116,117]. There is an ongoing debate about the difference between bioprospecting, which is “searching, collecting and deriving genetic materials from biological sources that can be used in commercialized pharmaceutical, agricultural, industrial, or chemical processing end products” [117], and biopiracy (the theft of valuable biological resources for the commercial benefit of developed countries and multinational corporations) [118].





5. Conclusions


Great expectations are currently placed on bioeconomy as an economic paradigm that can lead the way towards a more prosperous and sustainable future. Indeed, bioeconomy offers a valuable opportunity to reconcile economic growth with environmentally responsible action. In particular, circular bioeconomy can provide many opportunities for achieving the SDGs, provided it is managed sustainably, and is expected to play an important role in the low carbon economy. If we adopt the broad interpretation of the term (i.e., all economic activities based on the production and conversion of renewable biological resources into products), then it can truly be claimed that bioeconomy dates back to ancient times. After this long journey, bioeconomy is nowadays at an interesting point in time in which it can make the most of recent advancements in biosciences and technology to move forward faster than ever, provided it embraces critical sustainability issues. Finally, the following definition of bioeconomy is proposed here to emphasize some of the aspects discussed in this paper: “The sustainable production and conversion of renewable biological resources and generated wastes into products and services, which fervently embraces ethics and circularity to simultaneously promote human well-being and nature conservation”.
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Figure 1. Visual representation of the paper. 
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Table 2. Definitions of biotechnology.
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	Definition
	Reference





	The application of scientific and engineering principles to the processing of materials by biological agents to provide goods and services.
	[61]



	The integrated use of natural sciences and engineering sciences by the application of biosystems—cells of microbial, plant and animal origin, parts thereof and molecular analogues—in bioindustries//The integration of natural science and organisms, cells, parts thereof, and molecular analogues for products and services.
	[62]



	The application of biological organisms, systems, or processes in various industries to learning about the science of life and the improvement of the value of materials and organisms such as pharmaceuticals, crops, and livestock.
	[63]
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Table 3. Definitions of eco-innovation.
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	Definition
	Reference





	Innovation that serves to prevent or reduce anthropogenic burdens on the environment, clean up damage already caused, or diagnose and monitor environmental problems.
	[75]



	A process in which sustainability considerations are integrated into company systems from idea generation through to R&D and commercialization.
	[76]



	Any form of innovation aiming at significant and demonstrable progress towards the goal of sustainable development, through reducing impacts on the environment or achieving a more efficient and responsible use of natural resources, including energy.
	[77]



	Innovations that consist of new or modified processes, practices, systems and products that benefit the environment and so contribute to environmental sustainability.
	[78]



	Innovation that improves environmental performance.
	[79]
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Table 4. Concepts related to bioeconomy. Descriptions have been extracted from the text.
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	Concept
	Description





	Highly related
	



	Bioeconomics
	Bioeconomics or biophysical economics refers to the profound correlation between biological laws and thermodynamic laws in the competition for energy and material resources. It emphasizes the biological origin of the economic process and the problems associated with the limited stock of resources.



	Biotechnology
	Biotechnology refers to the use of biological systems and processes to make products and services.



	Bio-based

economy
	The terms bioeconomy and bio-based economy are used interchangeably. However, some authors differentiate them, stating that bio-based economy takes the production of non-food goods into consideration, whilst bioeconomy covers both bio-based economy and the production and use of food and feed.



	Biorefinery
	A facility with integrated, efficient and flexible conversion of biomass feedstocks, through a combination of physical, chemical, biochemical and thermochemical processes, into multiple products.



	Less related
	



	Green

chemistry
	A set of principles for the manufacture and application of products aimed at eliminating the use or generation of environmentally harmful and hazardous chemicals.



	Environmental

and ecological

economics
	Environmental economics and ecological economics share the goal of understanding “human-economy-environment” interactions, in order to redirect the economy towards sustainability. The majority of environmental economists are initially trained as economists, while ecological economists are usually trained as ecologists. Environmental economics is a sub-topic of economics dealing with environmental issues. For ecological economists, the economy is a subsystem of the ecosystem, with a focus on preserving natural capital.



	Eco-capitalism
	Eco-capitalism (or environmental or green capitalism) supports the belief that capital exists in nature as “natural capital” on which all wealth depends.



	Eco-innovation
	It deals with the development of new technologies, processes and systems to improve the environmental performance of economic activities.



	Eco-design
	Integration of environmental aspects into product design and development, with the aim of reducing adverse environmental impacts throughout a product’s life cycle.
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