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Abstract

:

In view of the increasing depletion of fossil fuel resources, the concept “bioeconomy” aims at the gradual replacement of fossil fuels by renewable feedstock. Seen as a comprehensive societal transition, the bioeconomy is a complex field that includes a variety of sectors, actors, and interests and is related to far-reaching changes in today’s production systems. While the objectives pursued—such as reducing dependence on fossil fuels, mitigating climate change, ensuring global food security, and increasing the industrial use of biogenic resources—are not generally contentious, there is fierce controversy over the possible pathways for achieving these objectives. Based on a thorough literature review, the article identifies major lines of conflict in the current discourse. Criticism of the prevalent concept refers mainly to the strong focus on technology, the lack of consideration given to alternative implementation pathways, the insufficient differentiation of underlying sustainability requirements, and the inadequate participation of societal stakeholders. Since today it cannot be predicted which pathway will be the most expedient—the one already being taken or one of the others proposed—this paper suggests pursuing a strategy of diversity concerning the approaches to shape the bioeconomy, the funding of research topics, and the involvement of stakeholders.
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1. Introduction


The core idea of the bioeconomy, also referred to as the bio-based economy or the knowledge-based bioeconomy, is the replacement of non-renewable fossil fuel resources used in industrial production and for energy supply by renewable biogenic feedstock. This replacement should pave the way for a more sustainable, eco-efficient economy and help tackle global challenges such as food security, climate change, resource scarcity, and environmental pressure [1]. The Baltic Sea Region, the European Union (EU), the Organization for Economic Co-operation and Development (OECD), the West Nordic Countries (Iceland, Greenland and Faroe Islands), Australia, Finland, France, Germany, Japan, Malaysia, South Africa, Spain, Sweden, and the United States already have dedicated bioeconomy strategies (see selection in Table 1). There are also regional strategies for the Canadian provinces of British Columbia, Alberta, and Ontario, Flanders, the German states of North Rhine-Westphalia and Baden-Württemberg, Scotland, and South Australia. For Turkey, Austria, Ireland, and Norway, bioeconomy strategies are currently under development. A study of the German Bioeconomy Council (BÖR) identified 37 further countries that have strategies devoted to certain facets of the bioeconomy, such as bioenergy, biotechnology, or a green or blue economy [2].



All the bioeconomy strategies use their own definitions. A narrow interpretation is the definition of the OECD, which treats the bioeconomy as equivalent to biotechnology: “bioeconomy can be understood as a world in which biotechnology contributes to a considerable extent to the economic output” [3] (p. 8). In contrast, more holistic approaches such as the German policy strategy [4] understand the bioeconomy to be a comprehensive societal transition that involves a variety of industries such as agriculture, forestry, horticulture, fisheries, plant and animal breeding, food processing, the wood, paper, leather, textile, chemical, and pharmaceutical industries, as well as parts of the energy sector. With the help of new technologies (e.g., biorefineries) and advanced biotechnological conversion processes, plants, animals, microorganisms, and biogenic residues should be used to produce food, feed, materials, chemicals, and energy. The economic use of the human body in terms of organs, blood, stem cells, oocytes, and fetal tissues represents another understanding of bioeconomy, which is mainly the subject of philosophical discourse [5,6,7,8,9] and is of no significance for the political bioeconomy strategies. Biomass from agriculture and forestry is seen as the most essential resource for the bioeconomy. The use of animals, in contrast, is given only marginal mention, mostly with regard to the negative ecological effects of meat-dominated nutrition or the exploration of possible alternatives to animal protein.



There are several motivations stimulating countries to promote the development of the bioeconomy. The main drivers are the finiteness of fossil fuels and the expectation that crude oil will become more expensive in the future [10]. While there are different renewable alternatives for meeting the future energy demand, such as wind, solar energy, or water power, biomass is the unique carbon source for serving as a substitute for fossil fuels in chemical or material applications [11]. The replacement of fossil fuels by biogenic alternatives would mitigate global warming and help countries to meet their CO2 reduction targets. The use of clean, resource-efficient biotechnological conversion procedures would avoid the damage caused by classic petrochemistry and relieve the environment. A shift towards a bio-based economy is also expected to enhance the international competitiveness of domestic industries, create new jobs, and contribute to a revitalization of rural areas (e.g., [12,13]). In order to gain technological leadership, it is considered crucial to build networks between science, industry, and politics as well as interdisciplinary collaboration within science [14,15]. Although the bioeconomy implies a major transition that will revise today’s production patterns and product lines, a fundamental change to the prevailing economic system, or even a turn away from the growth paradigm, as is intended by concepts such as “degrowth” or the solidarity-based economy, is not a subject of bioeconomy strategies.



Besides the abovementioned motivations promoting the bioeconomy, which are more or less relevant in all political strategies, different countries have set varying priorities due to country-specific characteristics or strengths. The position paper for a bioeconomy in North Rhine-Westphalia, for example, emphasizes the importance of the health sector as a key field of action in view of the long tradition and spatial concentration of pharmaceutical companies in this region [16]. The Canadian regions focus on the forestry sector due to the high potential of their forest resources [17,18], and the West Nordic Countries push the use of oceans and marine ecosystems [19].



While there is a broad consensus about the objectives pursued by the bioeconomy, such as reducing the dependence on fossil fuels, increasing the industrial use of biogenic resources, mitigating climate change, and ensuring food security, there is fierce controversy over the different pathways for achieving these objectives. The aim of the present article is a survey of the available literature according to three research questions: Which are the key issues of the current debate on shaping the bioeconomy? Are there different views regarding these issues? If yes, which are consensus points and where are the major points of conflict? The paper mainly represents the European debate. Due to the fact that Europe is highly dependent on imported fossil fuels but can make use of a wide range of technological approaches and know-how on biomass utilization, the concept of the bioeconomy seems very promising in order to reach autonomy in raw material supply. However, domestic biomass potentials are quite limited, which raises various questions about how to shape the bioeconomy.




2. Methodological Approach


To analyze the current bioeconomy discourse, a thorough literature review was carried out, which was primarily based on a survey of scientific articles but supplemented by the inclusion of political strategies and opinion papers of civil society organizations. Relevant articles to be incorporated in the analysis of the scientific discourse were identified by scanning the databases Scopus and Web of Science for peer-reviewed literature. The search was based on different uses of the term bioeconomy (e.g., bio-based economy, knowledge-based bioeconomy), and different spellings created by hyphens and disjunction (e.g., bio-economy, bioeconomy) in English and German, and was related to the occurrence of the terms in the title, abstract, and keywords of articles. If the number of results was too large to permit screening of the abstracts, catchword combinations were used in order to narrow down the results. The selection of catchwords was based on a collection of terms that were identified during an initial review of relevant literature. Examples are: biomass, bioenergy, biotechnolog*, life science, agricultur*, agro, innovation, technolog*, governance, policy, and sustainab*. In order to not prematurely rule out articles, no limitations were set on the timespan or research domain. Papers of a purely technical nature were subsequently excluded by hand. Based on the abstracts, 220 articles were identified that appeared to be potentially of interest, including editorials and conference proceedings. Starting from this basic stock, 65 contributions were selected for further analysis in the course of the study. The majority of these papers were published between 2011 and 2015.



In addition to the scientific literature, political strategies at an international level and reports from civil society organizations were gathered in order to gain insight into the societal discourse. For this purpose, a web search was carried out and the references to the literature contained in overview articles and relevant reports were used. During the inquiry, it soon became clear that alongside the immediate debate on the bioeconomy there are numerous other related discourses that are likewise relevant in the context of the bio-based economy, such as sustainable land use, technological development in agriculture, dietary trends, sustainable consumption, and a circular economy. Therefore, literature on these topics was included. This did not follow a bibliometric approach, but was mainly based upon the authors’ previous research. According to the major lines of discussion, thematic clusters were built (e.g., pathways of biomass supply, perspectives on nature, sustainable consumption, participation). The relevant literature was analyzed pursuant to these categories by identifying diverging positions and assigning statements of the articles to certain lines of argumentation. Points of consensus and opposing views were clustered for each topic. Figure 1 illustrates the single steps of the research framework, which also defines the structure of the paper.




3. Main Controversies Concerning the Design of the Bioeconomy


There has been considerable criticism of the conceptualization of the bioeconomy, at least of the dominant political agenda, which can be attributed to different topics. In the following sections, the key issues of the current discourse are presented.



3.1. Understanding of the Sustainability Postulate


It is uncontested that the bioeconomy should contribute to a more sustainable future, but the term sustainability is understood differently and the sustainability requirements are often not clearly specified. The positions taken can be roughly divided into three groups: (1) those that consider sustainability an implicit result of a bioeconomy; (2) those that argue that the bioeconomy will only contribute to sustainability if certain preconditions are met; and (3) those that reason that beneficial impacts might be possible, but adverse impacts are likely to prevail (based on Pfau et al., who defined four groups [20]).



Those who consider sustainability to be a quasi-automatic result of a transition to the bioeconomy base their conviction on the intended replacement of non-renewable resources by renewable ones. So, the bioeconomy follows one of the central principles that Daly had already established in 1990 as one of the five management rules for environmental sustainability [21]. The use of biogenic feedstock will mitigate climate change since only that amount of CO2 is emitted that plants have previously absorbed from the atmosphere during their growth; the bioeconomy is thus seen as being climate-neutral. It uses environmentally friendly biotechnological conversion procedures, offers greater energy security by reducing the dependence on fossil fuels, and contributes to job creation and economic development [22,23,24,25,26].



The second group of authors welcomes a structural remodeling of the production base in principle, but argues that this change will only lead to a more sustainable future if certain preconditions are met [27,28,29,30]. A multitude of criteria and indicators for a sustainable bioeconomy have been developed in recent years (inter alia, [28,31,32]). Most of these criteria relate to the stage of biomass production and supply and are based on the already long-standing discourse on criteria for a sustainable agriculture. Different sets of principles, criteria, and indicators for specific types of feedstock have been developed in multi-stakeholder initiatives, such as the Roundtable on Sustainable Palm Oil, the Roundtable Responsible Soy, Bonsucre (for sugar cane) and the Roundtable Biomaterials, in order to provide the basis for certification schemes [11]. However, an internationally agreed set of criteria for a sustainable bioeconomy still does not exist.



The third group of authors has a rather negative attitude towards a bioeconomy. Although they do not deny that the intended transformation could also have positive effects for a sustainable development, they believe that the negative impacts on environment and society will prevail. One of the most serious objections results from the conviction that the available biomass will be insufficient to meet the demand if food security and the maintenance of environmental capital and ecosystem services are given priority. Therefore, they expect that land use competition between food production and energy cropping will become exacerbated, that the scarcity of resources such as water and phosphorus will be intensified, that the conversion of primary forests, species-rich grassland, or wetlands into agricultural land will continue, that monocultures and the loss of biodiversity will increase, and that this development will be detrimental to indigenous people and small farmers in the developing world [33,34,35,36,37].



Since 2009, both the EU Renewable Energy Directive (2009/28/EC) [38] and the EU Fuel Quality Directive (2009/30/EC) [39] include mandatory ecological sustainability criteria for biomass feedstock to be used for conversion into biofuels and other bioliquids. These provisions require that the greenhouse gas reduction resulting from the use of biofuels and bioliquids must be at least 35% compared to the fossil fuel reference; from 2017 onwards, this saving must be at least 50% and from 2018 onwards at least 60%. Furthermore, land with high carbon stock (e.g., wetlands, peatlands) or areas of high biodiversity (e.g., primary forests, nature reserves, and species-rich grasslands) may not be utilized for the cultivation of biomass feedstocks, regardless of whether it takes place inside or outside the European Community. With regard to solid and gaseous biomass feedstocks, there are only recommendations formulated by the European Commission, which are adopted by the EU member states on a voluntary basis [40].



It has to be emphasized that the selection of criteria and the determination of the limits to be observed have a significant impact on the biomass potential that can be produced sustainably. The EU criteria are related to the potential of biofuels to contribute to greenhouse gas reduction and the avoidance of direct land use changes (LUC). The further inclusion of even stricter criteria would significantly reduce the available biomass potential. Elbersen et al. illustrate this interrelationship with reference to two scenarios [29]. The reference scenario was based on the EU’s current legal framework (50% reduction of greenhouse gas emissions compared to the fossil fuel reference, no biomass cropping on soils with high biodiversity or high carbon stock). The sustainability scenario applied a significantly higher greenhouse gas mitigation rate of 70% and broadened this requirement to include emissions from indirect land use change (iLUC). Furthermore, stricter conditions for the use of land with high biodiversity or high carbon stock were applied, such as a ban of the cultivation of energy crops on fallow land and extensively managed farmland. In addition, sustainability criteria—up to now only applied to biofuels and bioliquids—were extended to solid and gaseous bioenergy, used for the generation of heat and electricity. On this basis, the study estimated the available biomass potential in Europe for each scenario. The results showed that the available biomass potential in the sustainability scenario is 32% lower than in the reference scenario.




3.2. The Role of Future Food Security


There is a broad—though not always explicitly expressed—consensus that global food security, specifically the supply of sufficient, nutritious, healthy, and safe food for a growing world population, must be given priority over all other pathways for utilizing biomass. Food security, measured by the criteria of availability, accessibility, and usability, must be guaranteed not only for all people of the present generation, but also for those in future generations. This means that the social, economic, and environmental preconditions for generating future food security should not be compromised by today’s economy [41]. According to the Sustainable Development Commission (SDC) of the United Kingdom, a sustainable food system should respect the limits of the planet’s resources and address the various types of environmental impact, like greenhouse gas emissions, climate change, biodiversity loss, water scarcity, land use competition, and waste, as well as other productive assets on which food depends. It should contribute to human health by preventing food-related diseases, and embody social values such as fairness and animal welfare [42]. The acceptance of the ‘food first’ principle limits the operating space of the bioeconomy and has far-reaching implications.



In the coming decades, the food supply will be exposed to increasing pressure, both on the demand side because of global population growth, rising prosperity, progressing urbanization, and changing dietary patterns (increased consumption of dairy and meat products) and on the supply side due to climate change and growing competition for scarce inputs [43,44,45]. Against this background, some authors conclude that the best and most productive soils must be reserved for food production. However, since energy plants, especially those for the production of first-generation biofuels (maize, canola, soybean, sugarcane, sunflower), develop only on good soil, land use conflicts, the risk of indirect land use change, and competition regarding freshwater resources cannot be excluded [46,47]. Second-generation feedstocks do not place such strict requirements on soil quality, but can significantly limit the availability of water for the production of food crops. Miscanthus giganteus, for example, has double the water footprint of maize or sugarcane, but a smaller one than soybeans [36,48]. There are also voices that doubt that the cultivation of non-food crops is an appropriate way to avoid land use conflicts. Carus and Dammer instead advocate the cultivation of additional food crops that are grown according to the criteria of sustainable agriculture, provide high yields per hectare, whose ingredients can be efficiently converted into biogenic products using the existing technologies, and that may—in case of food shortages—also be used for nutrition [49].



There have been proposals that land that is unsuitable for growing food, i.e., that is idle, fallow, marginal, degraded, or abandoned, should mainly be used for the production of energy crops [37,50]. Marginal soils are often characterized by a combination of geophysical constraints (insufficient soil quality, high risk of erosion, unreliable water supply) and socioeconomic deficits (scarcity of labor, uncertain land tenure, limited infrastructure, poor market accessibility). Despite its low value for food cropping, marginal land often exhibits high biodiversity and provides vital ecosystem services, particularly in intensively farmed areas. This includes soil formation, carbon sequestration, nutrient recycling, genetic diversity, pest and weed suppression, chemical detoxification, water storage, groundwater filtration and purification, flood control, regulation of microclimates, and refuges for wildlife [36,44,51,52]. A conversion of these habitats into monocultures to produce biomass would diminish their capacity to provide the services outlined above. If this capacity should be maintained, alternative environmentally sound methods of cultivation for biomass cropping, such as low-input, high-diversity polycultures, are needed for the production of biomass [36,47].



A further option for avoiding land use conflicts is the use of residual and waste materials such as the non-edible parts of food crops, timber and forest residues, agricultural byproducts, and biogenic municipal or industrial waste [20,53]. However, it should be noted that most of the current biogenic residues and waste streams are already being used and that the volume of those not yet used is likely to be far more limited than commonly believed [27,54]. This means that the “food first” principle will not be easy to realize without provoking other conflicts. This fact is not being sufficiently taken into account in the current debate. Instead, the prevailing agenda of the bioeconomy suggests that all targets can be met simultaneously.




3.3. Availability of Sustainably Produced Biomass


Another important and contested issue is the question of if or to what extent the attainable potential of sustainably produced biomass will be sufficient to substitute the global demand for fossil fuels. Reliable information about the quantities of biogenic feedstock currently available, their spatial distribution, and their availability over time is still lacking. In recent years numerous studies that estimate the possible global supply of biomass for energetic and material use have been carried out (e.g., [55,56,57]). However, due to the use of different methods of calculation and a broad variety of underlying assumptions, they come to quite divergent results, ranging from less than 50 to several hundred exajoules (EJ) per year on a global level [58].



Various authors have reviewed the analytical steps and assumptions made in the available studies on biomass potentials (e.g., [54,59,60,61]). They identified several key factors that have a significant impact on the results, such as future productivity in agricultural production, water limitations, amount of degraded and marginal land incorporated in the calculations, nature conservation and biodiversity requirements, population growth and food demand, expectations about dietary trends, and the development of alternative sources of protein that shift consumption away from animal products. The key factors also include agricultural commodity prices and the cost of biomass production, political instabilities in producer countries, the availability of biogenic residues and wastes, and competing uses [54,59,61]. The effects of different assumptions about these factors are well illustrated by Dornburg et al. [54].



According to some studies, the available biomass potential would be sufficient to satisfy the total global energy demand or at least a significant share of it, even if only land not required for food production is used to grow biomass (see [54]). Other, more recent, studies arrive at much lower figures (e.g., [62]). Based on this fact, Lewandowski supposes that the available biomass potential has often been overestimated because social, technical, and economic constraints, such as post-harvest losses, deficits in the supply chain, lacking infrastructure or poor market access, were ignored [11]. Many authors would apply a top-down-approach, starting from the largest—the theoretical biomass potential—and assuming ideal production conditions, like intensive crop management and high biomass yields. To get a more realistic picture of the available resources, Lewandowski advocates a bottom-up-approach that takes all the limiting factors into account. There is broad consensus that sound information on the attainable biomass potential is an essential prerequisite to shape the bioeconomy. Thus, different authors call for a binding international agreement on methodological standardization covering at least some minimum requirements, such as transparency of the assumptions, specifications on data collection, and regular updating of the existing data [54,56,58,60,63].



Total global energy demand currently amounts to approximately 550 EJ/yr [58] and is expected to rise by nearly one-third between 2013 and 2040 due to economic growth in non-OECD countries [64]. The global energy supply is still based on fossil fuels, which account for approximately 500 EJ per year, while biomass contributes approximately 50 EJ [65]. Against this background, it seems doubtful that a complete substitution of fossil fuels by biogenic alternatives will be possible, especially if food security is given priority and strict sustainability criteria have to be met. Even if there are some untapped potentials, mainly in Africa, Asia, and South America [61,62], biomass remains a scarce resource and different options for utilization should be balanced carefully. It should be in the public interest to direct biogenic raw materials to the uses most preferable for society in order to avoid misallocations [28].



Both exponents of a technology-based approach for shaping the bioeconomy and supporters of alternative routes call for the reuse and recycling of materials and the use of waste-streams. However, the views differ significantly. Proponents of a technology-based approach believe that technological progress and increased efficiency in the use of biomass will solve the problem of resource scarcity in the long run, without any need to change the prevailing production patterns. In contrast, supporters of alternative routes argue in favor of a circular economy that embodies the cascading approach. This approach would significantly reduce the demand for new resources but require fundamental changes in product design, including the entire life cycle of a product from cradle to cradle. Cascading means to feed biomass first into the production with the highest societal value, which likely coincides with the highest economic value, then in descending order into the second-best option and so on, until it is “lost by burning” at the very end of its life cycle [23,28,58,66,67]. In addition to the positive climate effects, the implementation of this principle would increase the total availability of biogenic resources as each unit of raw material might be used several times. This concept is linked to the demand for durable material goods, which in turn requires a product design that allows for the possibility of the repair, replacement of components, and the reuse of raw materials. The higher the number of cycles of repair, upgrading, reuse, and remanufacturing, the lower the ecological footprint of a product. At the same time, the longer the period of each cycle, the fewer resources are needed to create new products [28].



Given the scarcity of biogenic feedstock, the current practice in the EU of using a significant share of biomass for energy, which is mainly driven by the Renewable Energy Directive’s targets for bioenergy 2020 and the national targets based on them, is viewed rather critically today. Many experts agree that decision makers should give priority to the material use of biomass, rather than creating framework conditions that increase the overall demand for biomass and encourage competition for feedstock between material and energetic use [14,27,58,67]. The German Bioeconomy Council also advocates a revision of the funding schemes for bioenergy at the EU and national levels, especially because other renewable energy sources (wind, solar, water power) are available that have a higher long-term potential and lower risk. In the Council’s view, financial incentives for bioenergy hinder the most efficient use of biomass and undermine the competitiveness of food and biogenic industrial commodities [68].



Some experts argue that the EU’s waste hierarchy, with prevention of waste at the top and incineration as the last option, already guarantees the implementation of the cascade principle. However, this reading ignores the fact that the waste hierarchy only enters into play when a product has become waste, not before. This creates the paradoxical situation that, instead of making bio-based products, current incentives direct biomass to energetic use. Only when biomass is turned into a biogenic product that reaches the end of its life cycle does combustion become the least preferred option [28,66]. Besides the current European framework conditions, there are a number of other barriers that hinder the implementation of the cascading approach. This includes logistic and financial restrictions, the lower technical quality of recycled products, the lack of economic incentives for the use of secondary materials, an inadequate infrastructure for repairing products and for their second-hand use, and a lack of information and awareness about resource scarcity among consumers [28,66,67].




3.4. Routes to Increase Agricultural Yields


Given a projected global population growth to 9.3 billion in 2050, changing consumption patterns towards calorie-rich diets, and an increased demand for biogenic raw materials, agricultural productivity needs to increase. Since the early 1960s, advances in agricultural science, success in breeding, the use of synthetic fertilizers and pesticides, irrigation, and the use of new technologies have made possible a significant gain in productivity all over the world. However, this boom has been accompanied by a high consumption of resources and serious environmental impacts in terms of greenhouse gas emissions, soil and groundwater pollution, scarcity of freshwater, and a loss of biodiversity. Considering its adverse impacts, it becomes more and more doubtful whether the continuation of the prevailing model of industrial intensive agriculture is still acceptable and useful [69]. However, the question of how much and what kind of growth is needed to cover the rising demand and to ensure food security remains controversial.



An increase in agricultural production by expanding the cultivated area is generally seen as impossible without jeopardizing the last remaining natural habitats and the ecosystem services they provide [43,70,71]. It is, on the contrary, expected that the existing amount of fertile soil will shrink in the course of coming decades due to global environmental changes, including climate change, progressive desertification, land degradation, water scarcity, declining biodiversity, and the extended use of land for settlement and transportation [43,72]. In order to achieve the indispensable increase in agricultural yield, many experts advocate a new and different management of agricultural ecosystems. This includes reducing harmful external inputs, promoting nutrient recycling, optimizing energy flows, using natural mechanisms of pest control, and thus creating structures that improve the resilience of the system and maintain its long-term productivity [44,51,69,73].



One important instrument of this new management is the concept of sustainable intensification, which means gaining more yield per hectare while minimizing environmental damage and maintaining soil fertility [71,74]. According to the relevant literature, sustainable intensification does not mean that production will be increased unrestrictedly in all agricultural regions. In certain regions, it may be desirable to dispense with yield increases and remove valuable habitats or unproductive agricultural land completely from cultivation in order to maintain their ability to provide ecosystem services [43]. If yields are already well above their sustainability thresholds, which is the case in many European growing areas, some experts even suggest a strategy of sustainable extensification, which may imply a reduction of yield until the balance with the agro-ecosystem carrying capacity is restored [28,70,75].



In the view of the Royal Society, the concept of sustainable intensification includes all farming and agricultural techniques that serve the twin aims of increasing yields and improving environmental performance; no techniques or technologies should be ruled out for ideological reasons [71]. Meanwhile, two opposing pathways of sustainable intensification have emerged: a high-tech strategy and an agro-ecological strategy [76]. The high-tech strategy focuses on improving the efficiency of external inputs, scientific progress in the field of plant breeding and genetic engineering, faster adoption of new agricultural techniques by farmers, and removal of trade barriers. One prominent approach to increase the efficiency of external inputs is precision farming. This is a new management system in crop production, striving for a site- and fruit-specific application of irrigation, seed, fertilizers, herbicides, and pesticides. The aim is to apply the right treatment in the right place at the right time, taking into account the local variations of soil and crop [77]. Precision farming is partly supported by digital techniques, such as satellite-based application systems, geographic information systems, yield mapping, sensor technologies, GPS navigation, remote sensing, and computer-assisted decision-support systems for farmers.



Also, genetic engineering plays a significant role in the high-tech strategy for sustainable intensification. The genetic code of plants should be modified in order to enhance their productivity in adverse conditions, e.g., those caused by diseases, pests, drought, and saline or infertile soils, or to meet new requirements such as for optimized nutritional contents. The protagonists of this strategy argue that the cultivation of GM crops protects the environment by reducing the need for mechanical tillage and pesticide use, increases yield, and permits an eco-efficient agriculture, which is able to ensure global food security [46,73]. Critics of genetic engineering fear environmental risks due to certain features of genetically optimized plants (novel crops) like reduced habitat preferences and pest resistance [37,78,79,80,81]. The main risks are seen in the possible invasion and introgression of GM-plants into natural ecosystems, the ingestion of toxic substances by humans and animals, allergic reactions to ingredients, or the introduction of new pests.



In contrast, the agro-ecological road to sustainable intensification strives to overcome industrial intensive agriculture, which makes farmers dependent on external inputs, ignores their tacit knowledge, and dissociates consumers from production. In focus are closed cycles, the use of farmers’ knowledge about plant species and their management, shorter supply chains, a relocation of production and consumption, and the creation of product identities by certification. External inputs like energy, inorganic fertilizers, pesticides, and irrigation should be replaced by including supportive ecosystem services in agricultural practices. This encompasses regulating processes such as nutrient cycling, water retention, nitrogen fixation (for example, via the cultivation of legumes), soil regeneration, crop pollination, ecological pests, weeds, and disease regulation [51,76]. These natural processes are supported by agricultural techniques like reduced tillage, use of green manure, cover-cropping, diversified crop rotation including perennial grasses and legumes, intercropping, polyculture cropping, and agro-forest systems [44,51,82,83,84]. Hedgerows and riparian buffer strips should prevent rapid rainwater runoff and soil erosion. Biological pest control avoids the application of synthetic pesticides by using the landscape-specific variety of natural enemies, whose presence is favored by certain agricultural techniques such as diversified crop rotation and intercropping [51]. Biological weed control will replace the application of chemical herbicides by natural plant ingredients (allelochemicals), which suppress the germination and growth of weeds [84]. Genetic engineering is rejected completely.



A common objection to agro-ecological farming is that yields per hectare are often lower than in conventional farming. More arable land would be needed in order to ensure food security, which in turn would lead to a loss of natural habitats. Various comparative studies show that yield differences do exist, but that they are highly contextual and hard to generalize. As a rule of thumb, one can assume that the yields of agro-ecological cultivation may be 15% to 20% lower than yields of high-performance agriculture in industrial countries, while they can be 10% to 80% higher compared to the yields of locally prevalent low-input systems in developing countries [44,69,77,85]. There is abundant evidence that food security and living conditions of smallholders in resource-poor rural environments in developing countries can be significantly improved by applying agro-ecological approaches in participatory processes of co-development and learning to build natural, human, and social capital simultaneously [69]. However, regarding the three major global staple foods (rice, wheat, and maize) a drop in yields cannot be completely excluded. That is why most proponents of an agro-ecological strategy advocate accompanying political measures, such as a reduction in food waste and a change in nutrition patterns towards the consumption of fewer animal products [43,51,69].



It should be noted that the degree of intervention in each of the two roads to sustainable intensification is rather different. While the high-tech strategy can be seen more or less as a correction and completion of conventional intensive farming, the agro-ecological strategy implies a radical shift away from the prevailing model and a transition to a knowledge-based, site-sensitive agriculture, in which insights from scientific research and the tacit knowledge of local farmers play an equally important role. Given the great diversity of existing European farming systems, the Strategic Implementation Plan of the European Partnership for Agricultural Productivity and Sustainability (EIP) pleads for a combination of both pathways, depending on the conditions of the respective site [86].




3.5. Perspectives on Nature


Compared to its original meaning, the currently prevailing understanding of bioeconomy has undergone major changes. Nicholas Georgescu-Roegen, considered a pioneer of bioeconomy, called in his 1971 book The Entropy Law and the Economic Process [87] for a new economic model that will be compatible with the biophysical limits of the planet. In his concept nature is seen as the limiting factor for economic activities on the one hand, and on the other hand as a paragon for improving the functionality of economic systems [87]. This early understanding of an “ecologization of the economy” has been reversed by present bioeconomists [88]. Instead of adapting industrial material flows to natural metabolic cycles, nature should be manipulated and optimized to fit economic purposes. Critics regard today’s bioeconomy as “economization of ecology”, “neo-liberalisation of nature”, or “biocapitalism” (see [5,35,76,89,90,91]).



The technical view of nature implies the presumption that natural ecosystems can be partially or even entirely replaced by human artifacts. Proponents of this position argue in favor of methods to produce biomass under controlled technological conditions. This includes approaches like indoor crop production in high-rise buildings (vertical farming) or site-independent breeding of algae in bio-reactors. Other important technologies are synthetic biology, which pursues the development of biological systems with new properties in the laboratory [92], and metabolic engineering, which refers to the production of desired chemical compounds by intervention in the metabolism of organisms (e.g., [93,94]). For these approaches the metaphor of a cell factory or micro-biological factory has become established (among others, [95]). Some of these technologies are still dependent on naturally grown raw materials, such as lignocellulose and sugary plants, while others are aligned to a complete replacement of the natural precursors. In this philosophy resource scarcity is seen as a result of deficiencies in resource productivity, rather than as a result of the inherent limits of the biosphere. Correspondingly, the productivity of ecosystems should be improved by biotechnological manipulations. Supporters of this approach stress that the technological options will increase the availability of biogenic feedstock, reduce the need for external inputs, and lower environmental burdens. Possible fields of application are genetically modified cows, which produce milk with increased protein content, plants with higher tolerance to water stress and soil contamination, or fish with resistance to diseases in fish farms [95].



In contrast, supporters of an ecologization of economy favor a cyclical use of resources that follows the metabolic cycles of nature (the cradle-to-cradle principle). Human economy should be integrated in the systemic interrelationships of nature. A sparing and responsible use of scarce biogenic feedstock, the prevention of waste, and the reuse of raw materials in succeeding cascades (see Section 3.3) are the guiding principles in this concept. According to Gottwald, the preservation of the natural living conditions of as many animal and plant species as possible will meet basic human needs as well as economic interests [37]. The variety of living forms concerning both biodiversity as well as cultural diversity is considered a key element for the viability of modern societies and the guarantee of livelihood for future generations. Defenders of traditional cultivation methods of biomass further emphasize the social value and the multiple environmental and sociocultural services provided by agriculture, which cannot be furnished by new biotechnological approaches that are carried out in isolatation from nature [37].




3.6. Priority Setting in Research Funding and Involvement of Stakeholders


There is a broad consensus that research funding is an important tool for stimulating the bioeconomy, but the discussion of which research areas and what type of knowledge should be promoted is highly controversial. The dominant political agenda builds on progress in the life sciences to ensure an efficient use of biomass and to produce high value added bio-based products [96]. The main objectives are a close alignment of policy, science, and industry, global value chains, improved competitiveness, and the granting of international patents (see e.g., [97]). Public–private partnerships and the creation of technological clusters are given high priority. Critics complain that the original variety of possible implementation pathways for the bioeconomy has been limited to technical solutions from the very beginning, including socially strongly contested technologies such as genetic engineering and synthetic biology (e.g., [98]). According to the critics, the prevailing vision represents only certain interests and not society as a whole, and excludes alternative pathways right from the start [76,99,100]. While funding is strongly focused on the life sciences, little attention is paid to other areas of research, such as agro-ecological farming, breeding of alternative crops for marginal sites, or social innovations [14,35]. Referring to various examples of smallholder agriculture in developing countries, Grefe calls for a broad understanding of innovation. In her view, even in a peasant rural environment, innovations are taking place (e.g., mutual learning, joint marketing activities) that focus on the conservation of native plant species and traditional cultivation methods [88] (p. 237). This includes a wide variety of locally adapted solutions, whose development and dissemination depend strongly on social interactions. Social innovations are also attributed a key role with regard to the promotion of sustainable consumption patterns [101,102]. The social sciences are generally perceived as under-represented in bioeconomy research, and more interdisciplinary research is claimed [103,104,105].



The setting of priorities in research funding is closely linked to the question of what kind of stakeholders should be involved in shaping the bioeconomy. The dominant political agenda highlights the importance of enhanced cooperation between policy, science, and industry. Critics assume that these three players have negotiated much behind closed doors, while the participation of societal groups and the general public has been insufficient and unsystematic [1,34]. Although the German research strategy states that a “dialog with the public” is important [97], the issue of how and for what purpose this should take place is still unresolved. It is supposed that this dialogue will serve to create acceptance for priorities that have already been set rather than to reach real democratic participation and active involvement in shaping the bioeconomy [106,107]. Since the German strategy, like many others, is purely a governmental initiative, the possibility of control and intervention by Parliament is deemed to be insufficient as well [108].



The equal distribution of powers and the establishment of a “bioeconomy democracy” are seen as crucial success factors for a comprehensive societal transition to the bioeconomy [88]. It is important to clarify which implementation pathway society wants to promote, whether the effort should be focused on a particular research area or whether different research subjects should be encouraged, and which stakeholders should be involved in the decision-making process and with regard to which issues. According to McCormick, a combination of consumer information that informs on the advantages of bio-based products and possibilities for participation by citizens and civil society organizations in the implementation process should be provided [109]. There are different proposals for achieving successful participation, such as the creation of transparency and equal levels of knowledge, building trust between stakeholders, a willingness to critically reflect opposing positions, and early conflict management (e.g., [34,110]). However, these approaches have not been implemented in the context of the bioeconomy up to now.




3.7. Globality versus Regionality


Another controversy concerns the question of whether the spatial perspective of the bioeconomy should be regional or global. In a global perspective, which is currently the main orientation within most political bioeconomy strategies, industrialized countries claim the technology leadership and see other countries as feedstock suppliers on the one hand and markets for the produced bio-based products and the developed technologies on the other hand [3,22,97]. Due to the fact that the domestic biomass potential that can be mobilized in Germany and Europe will not be sufficient to meet demand, industrial players have built on the import of cheap biomass from abroad (e.g., [111,112]). Sixty-five percent of the cropland satisfying EU consumption is located in other world regions, primarily in Asia, including China, Indonesia, and Thailand [113]. One can anticipate that the increased demand for biomass in industrialized countries will continue the process of land acquisition by foreign companies in developing countries (so-called land grabbing). Experiences from the past have shown that this practice can have negative environmental and social consequences, mainly on subsistence farmers with uncertain rights to land access. Studies have further revealed that the development of human capital and democratic institutions in the countries concerned is delayed compared to countries with established smallholder structures [114]. There is broad agreement that land investments, whether by private or public organizations, can also have positive effects on the economic and social situation of the local population if certain preconditions are met. Therefore, many authors call for a mandatory, globally valid sustainability certification procedure for biomass production that takes ecological, economic, and social aspects into account. Existing schemes should be continuously updated [14,32]. In addition, measures to improve the situation of smallholders, such as capacity building, the opening of markets for their products, and the establishment of formal land tenure systems, are considered necessary.



In contrast, the regional perspective relies on site-specific solutions, based on flexible, regional networks with largely closed cycles, a regional supply of food and renewable energy, and an orientation towards autarchy [35]. This philosophy is based on the thesis that innovation always includes a social and a cultural component that evolves primarily at the regional level. Regions accommodate a critical mass of scientists, companies, and sponsors, and short distances facilitate the establishment of communication structures [14,115]. Each region has specific strengths that can mobilize particular innovation potential. Examples are Silicon Valley and also trans-regional arrangements, like the so-called bio-based Delta in South Holland, where the regions of Zeeland, Zuid-Holland, and Brabant jointly foster a bio-based economy [109,115]. In addition to the favorable conditions of cooperation, the entire use of biomass, structures for recycling, and the recovery of waste can be optimized more easily in a regional context. This in turn would reduce the demand for raw materials. Furthermore, the objectives of the bioeconomy can be specified and monitored better at the regional than at the global level [109].



The Finnish strategy strives for a middle way and introduces the term “glocal solutions”, which means that the local and global levels need to be interlinked [116]. Kircher highlights that the regional level has limitations too and that the global level is important to facilitate exchange between innovation clusters specialized in certain areas, such as industrial biotechnology in Germany or the palm oil industry in Malaysia [115]. In his opinion, progress towards a bioeconomy could only be accelerated by sharing knowledge with clusters from other countries.



The tension between globality and regionality is also reflected in the question of whether large- or small-scale facilities, and centralized or decentralized solutions, should be pursued. According to the prevailing opinion, bio-refineries, as a prime example of the bioeconomy, should be planned as large-scale facilities with a throughput of several million tons of biomass per year in order to benefit from economies of scale (e.g., [58]). Plants of this size could only be economically operated at a couple of sites in order to keep the transportation costs of biomass (a feedstock with rather low energy content compared to the fossil fuel reference) within reasonable limits. This includes large ports (e.g., Hamburg, Rotterdam, and Antwerp) where an import of cheap biomass from abroad is possible or regions with huge untapped biomass potentials like Russia, Finland, or Sweden. Instead of large-scale technologies, some authors advocate decentralized, smaller, and specialized bio-refineries that are tailored to the respective regional biomass supply and produce high-value products, such as fine chemicals [24,27,58]. If raw materials are processed locally, the added value remains in the region, transport costs are minimized, and new jobs are created in the rural area.




3.8. The Role of Behavioral Changes


Current attempts to advance the bioeconomy are focused on increasing the efficiency of biomass production and use, while changes in consumer behavior hardly matter. Only a few policy strategies (e.g., Germany [4], and Sweden [117]) include sustainable consumption as a relevant part of the transition process. Critics suppose that the bioeconomy in its prevailing technology-based understanding will reinforce the excessive consumption of resources and represents the exact opposite of alternative growth paradigms [90,118]. In their view, a societal transition towards a bioeconomy can only provide sustainable solutions to global challenges if it also includes changes in consumer behavior (e.g., [90,100]).



The importance of behavioral changes towards sparing and responsible handling of goods and the prevention of waste can be illustrated by the example of nutrition. It is estimated that roughly one-third of the food produced for human nutrition gets lost globally, which amounts to approximately 1.3 billion tons per year [119]. Thus, a reduction in food waste would be equally important for meeting the future food demand as an increase in agricultural yields [43,51,69,120]. In low-income countries, food is mainly lost during the early stages of the supply chain as a result of limited harvesting and storing techniques, while in industrialized countries food is mainly lost at the consumption stage due to consumer behavior. On a per capita basis, much more food is wasted in industrialized than in developing countries. The avoidance of food waste would result in considerable savings of resources in terms of land, water, energy, and labor. According to calculations by Noleppa and von Witzke, 1.2 million hectares of arable land could be saved by halving the avoidable food waste in Germany [121]. The freed-up farmland could be made available for other uses, such as cropping of biomass for material or energetic purposes. Complementary to the saving of resources, an efficient handling of food would reduce agricultural emissions.



A further example of the importance of consumer behavior to the availability of biomass is a change in dietary patterns. Due to increasing prosperity in developing countries, the per capita caloric intake from animal-based products is set to rise by 40% by midcentury [122]. The production of meat and dairy products requires significantly more resources than the production of grain-based food [123,124]. Livestock farming occupies 70% of global farmland and 30% of global land. It is responsible for 18% of worldwide greenhouse gas emissions (measured in CO2 equivalents), and for 37% of anthropogenic methane and 65% of nitrous oxide emissions. The ongoing expansion of farmland and pastures in protected habitats, such as rainforests or wetlands, is an important factor in the loss of biodiversity [125]. The largest demand for resources and the highest greenhouse gas emissions per kg are caused by meat products, of which beef products are the most serious [119,126,127]. In view of rapid population growth, consumer education towards the development of sustainable dietary patterns with reduced meat intake and the avoidance of food waste is considered crucial for future food security [128] and the preservation of the resource base of the bioeconomy.



Because of its high demand for resources, the nutrition sector is particularly important. However, in the face of a limited availability of biogenic as well as fossil resources, the call for sustainable consumption habits applies to all material goods. In recent years, a number of alternative consumption and ownership models have been developed in the field of mobility, clothing, housing, and leisure, which replace ownership of products with utilization of products [129]. These approaches encompass: extension of a product’s life cycle (e.g., by repairing, upgrading, or re-use as second-hand goods), time-limited periods of use (e.g., rental or lease), and collaborative use (e.g., networks for sharing and exchanging) [130]. The dissemination of these developments ranges from niche applications (e.g., food sharing networks) to concepts like car sharing, which have already reached a mass market. Although the market potential and acceptance of these options have not been sufficiently investigated and possible rebound effects have not been fully clarified, a relevant contribution to reducing the demand for resources is expected.




3.9. Facet


Assessing the contrasting positions taken on the key issues discussed in the previous paragraphs, two different pathways for shaping the bioeconomy emerge: a technology-based approach, which is the currently prevailing one, and a socio-ecological approach (Table 2; see similar distinctions in [96,105]).



The technology-based approach is built on advances in the life sciences and the support of biotechnology as an enabling technology in various sectors. A strong partnership between policy, science, and industry, the promotion of international cooperation, the establishment of global value chains, and the granting of patents should improve international competitiveness and contribute to economic growth and employment. Since technological progress and an increased efficiency of biomass use are expected to solve resource shortages, changes in the ruling consumption patterns are not seen as necessary. Due to the fact that renewable biogenic feedstock and environmentally friendly biotechnological conversion processes are used, the bioeconomy is considered to be inherently sustainable. Thus, there would be no need for further sustainability requirements. To meet the demand for biomass, the yields of intensive agriculture must be enhanced by improving the efficiency of external inputs, speeding up scientific progress in the field of plant breeding and genetic engineering, faster adoption of new agricultural techniques by farmers, and removal of trade barriers. In addition to raising yields in conventional agriculture, the development of anthropogenically created biological systems with new properties in the laboratory is envisaged. Nature should be manipulated to fit economic purposes. Biomass conversion should happen in large-scale facilities with a throughput of several million tons per year in order to profit from economies of scale. These plants should be situated in regions with high untapped biomass potentials (e.g., Russia, Finland, and Sweden) or close to big harbors using imports of cheap biomass from abroad in order to minimize the transportation costs. While a close cooperation between policy, science, and industry is paramount, the participation of societal stakeholders and the general public is not considered a major factor. Dialogue with the public is thought to create acceptance for already fixed priorities and to promote openness to technology by providing information about the advantages of new technologies.



In the socio-ecological approach to shaping bioeconomy, sustainability concerns are given high priority. This implies a radical shift away from the conventional intensive agriculture and a transition to a site-specific agriculture, in which insights from scientific research and the tacit knowledge of local farmers play an equally important role. External inputs like energy, inorganic fertilizers, agrochemicals, and irrigation are replaced by the integration of natural regulation processes such as nutrient cycling, water retention, nitrogen fixation, soil regeneration, and ecological pest, weed, and disease regulation. Genetic engineering is ruled out completely. Regarding production, a cyclical use of resources that follows the metabolic cycles of nature, is favored. Sparing and responsible handling of scarce biogenic feedstock, the prevention of waste, and the reuse of raw materials in succeeding cascades are the guiding principles, which also apply to consumer behavior. The spatial orientation of the socio-ecological approach is regional in nature rather than global. It relies on site-specific solutions, based on flexible, regional networks with largely closed cycles and regional autonomy concerning food and renewable energy. Correspondingly decentralized, smaller conversion facilities are preferred, which are tailored to the specific regional biomass supply. Research funding will be focused on a variety of topics, such as agro-ecological farming, breeding of alternative crops for marginal sites, and social innovation. The involvement of civil society organizations and the general public in the process of shaping the bioeconomy are seen as crucial factors for a successful transition.



These two pathways are characterized by the linking of extreme positions. However, the individual features listed in Table 2 are not always mutually exclusive. Some of them can be linked; for others compatibility is at least theoretically conceivable. So, further efforts to shape the bioeconomy may originate from other combinations. Since it is impossible today to predict which pathway will be the most expedient—the one already taken or others proposed in the debate—it would contradict the precautionary principle to exclude certain roads from the outset and to dispense with their possible benefits to society.





4. Conclusions


The orientation towards sustainability is a major challenge, but also an important prerequisite for a successful transition to the bioeconomy. As the analysis of the current discourse has shown, there are different understandings of the relationship between sustainability and the bioeconomy. To follow the opinion that sustainability will be an implicit result of the bioeconomy would reinforce the excessive consumption of resources and restrain development. According to the majority of experts, the bioeconomy will only contribute to a more sustainable future if certain requirements are met. The development of a framework of principles and criteria for a sustainable bioeconomy, involving ecological, social, and economic aspects, is a key task for policy, science, and society [1]. This is actually addressed by the program on sustainable bioeconomy guidelines being developed under the FAO’s coordination. The debate on this topic is still in its infancy and needs to be strengthened in order to reach an internationally agreed set of criteria, including appropriate indicators for measuring progress towards sustainability. It has to be noted that the selection of criteria and the determination of limits to be observed have a significant impact on the biomass potential that can be produced sustainably. Another factor that limits operating space for the bioeconomy is the commonly accepted principle of ‘food first’, which requires giving global food security and the supply with sufficient, nutritious, healthy, and safe food for a growing world population priority over all other pathways for utilizing biomass.



There is a broad consensus that sound information on the attainable potential of sustainably produced biomass is essential to shaping the bioeconomy. However, reliable knowledge about the biogenic feedstock quantities currently available, their spatial distribution, and their availability over time is still lacking. Without that knowledge, neither an estimate of the extent to which fossil fuels can be replaced by biogenic feedstock, nor an assessment of the extent to which society can rely on bio-based products in the long run, is possible [58]. Against this background, there is an urgent need for a binding international agreement on methodological standardization covering at least some of the minimum requirements, such as the transparency of the assumptions, specifications on data collection, and regular updating of the existing database.



Global population growth, changing consumption patterns towards calorie-rich diets, and rising demand for biogenic raw materials necessitate an increase in agricultural productivity. The option of expanding the cultivated area is generally seen as hardly feasible without endangering the remaining natural habitats and the ecosystem services they provide. It is rather expected that the availability of fertile soil will shrink due to global environmental changes. To increase yields and simultaneously improve the environmental performance, there are two different roads to sustainable intensification. The high-tech strategy can be seen more or less as a correction and completion of conventional intensive farming, while the agro-ecological strategy implies a radical shift away from the prevailing model and a transition to a knowledge-based, site-sensitive agriculture, in which insights from scientific research and the tacit knowledge of local farmers play an equally important role. Given the great diversity of existing European farming systems, a combination of both pathways might be prudent, depending on the conditions of the respective site.



Even if there are certain untapped potentials, biomass remains a scarce resource, especially if food security is given priority and ambitious sustainability criteria have to be met. Thus, the different options for use should be balanced carefully and biogenic raw materials should be directed to the uses most preferable for society, e.g., those with the highest added value or the highest CO2 mitigation potential. It has been increasingly recognized that the use of biomass for the provision of heat and electricity in a so-called single-stage cascade, which has been considerably pushed by the current incentive structure, is no longer acceptable. This is above all because biomass is the only available carbon source that can replace the fossil fuels utilized for chemical or material purposes, while there are different renewable alternatives to cover future energy demand, such as wind, solar energy, or water power. Against this backdrop, the energetic use of biomass should be limited to exceptions, such as the decentralized supply of heat and power in sparsely populated rural areas or in the form of biofuels for certain uses (e.g., shipping, air transport) where sun and wind energy do not offer viable alternatives [131]. According to the European waste hierarchy, combustion should only be considered an option for the final stage of a cascade, i.e., at the very end of the life cycle of biogenic products. Up to now, other renewable energy sources have not played an adequate role within political bioeconomy strategies.



The implementation of a sustainable bioeconomy depends not least on the extent to which the behavior of consumers is included in the concept. Many experts agree that solutions that solely address increases in resource efficiency and improvements in conversion procedures are not sufficient to meet the needs of a growing world population [14,82,96,132]. Environmentally conscious consumption patterns (e.g., avoidance of food waste) and sufficiency approaches (e.g., reduced meat consumption) are important levers for reducing the demand for biomass and lessening the pressure on land as the limiting factor. The realization of sustainable consumption patterns requires not only greater consciousness on the part of consumers, but also responsible behavior from producers. The call for longer durability of material goods necessitates a product design that opens up the possibility of repair, upgrading, replacement of components, and reuse of raw materials. The higher the number of cycles of repair, upgrading, reuse, and remanufacturing, the lower the ecological footprint of a product and the need for raw materials to produce new products [28].



At the core of the critical dispute on the bio-economy is the finding that the pathway currently being pursued is too reliant on technology, both in terms of the research focused on the area of the life sciences and related technologies and the stakeholders involved. According to critics, two shortcomings result from this narrow understanding of the concept: on the one hand, an underrepresentation of certain disciplines and research topics, mainly in the social sciences; and, on the other hand, insufficient involvement of different societal stakeholders. The more far-reaching the consequences of a switch-over to another resource base, the more important a holistic view that encompasses different aspects of societal life, a variety of alternative implementation pathways, and a broad spectrum of research topics becomes (inter alia, [35,103,106]). Since this transition is a highly complex process that leads to fundamental changes in society, a strategy of diversity is needed that broadens the prevailing technology-based road by integrating socio-ecological approaches and opening up to new ideas that may arise from future challenges.
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Figure 1. Research framework. 
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Table 1. Selected bioeconomy strategies in chronological order by date of appearance.
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Country

	
Strategy

	
Year

	
Institution






	
OECD-countries

	
The Bioeconomy to 2030—Designing a policy agenda

	
2009

	
OECD




	
EU

	
Innovating for Sustainable Growth—A Bioeconomy for Europe

	
2012

	
EC




	
The Netherlands

	
Framework memorandum on the Bio-based Economy

	
2012

	
The Dutch Cabinet




	
Sweden

	
Swedish Research and Innovation—Strategy for a Bio-based Economy

	
2012

	
Formas 1




	
USA

	
National Bioeconomy Blueprint

	
2012

	
The White House




	
Russian Federation

	
State Coordination Program for the Development of Biotechnology in the Russian Federation until 2020 “BIO 2020”

	
2012

	
BioTECH 2030 2




	
Malaysia

	
Bioeconomy Transformation Program—Enriching the Nation, Securing the Future

	
2013

	
Biotechcorp 3




	
South Africa

	
The Bio-economy Strategy

	
2013

	
DST 4




	
Germany

	
National Policy Strategy on Bioeconomy (in German)

	
2014

	
BMEL 5




	
Finland

	
Sustainable growth from bioeconomy—The Finnish Bioeconomy Strategy

	
2014

	
MEE 6




	
West Nordic countries

	
Future opportunities for bioeconomy in the West Nordic countries

	
2014

	
Matis 7




	
France

	
A Bioeconomy Strategy for France (in French)

	
2016

	
Alim’agri 8








1 Formas is the Swedish Research Council for Environment, Agricultural Sciences and Spatial Planning; 2 BioTECH 2030 is the Russian Technology Platform for bioindustry and bioresources; 3 Biotechcorp is the Malaysian Biotechnology Corporation; 4 DST is South Africa’s Department of Science and Technology; 5 BMEL is the German Ministry of Food and Agriculture; 6 MEE is a chosen abbreviation for the Finnish Ministry of Employment and the Economy in cooperation with other ministries; 7 Matis is an Icelandic, government-owned research institute in the areas of food and biotechnology; 8 Alim’agri is the French Ministry of Agriculture, Agri-Food, and Forestry.
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Table 2. Overview of contrasting implementation pathways for the bioeconomy.
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Implementation Pathways




	
Elements

	
Technology-Based Approach

	
Socio-Ecological Approach






	
Understanding of sustainability

	
Sustainability as an implicit result of the bioeconomy

	
Bioeconomy will contribute to sustainability if certain preconditions are met




	
Biomass production

	
Increased production within the framework of conventional intensive agriculture; In the long run, detachment of agricultural production from land and increased biomass production in the laboratory

	
Transition to a multifunctional, decentralized, agro-ecological agriculture




	
Perspectives on nature

	
Adaptation of nature to industrial processes and cycles

	
Adaptation of industrial material flows to natural cycles




	
Resource utilization

	
Increased resource efficiency due to new conversion technologies (lower raw material input per unit of product)

	
Reduction of resource demand by implementation of a circular economy




	
Consumer behavior

	
Technology will bridge resource gaps, persistence of today’s consumption patterns

	
Sufficiency approaches and sustainable consumption




	
Innovation

	
Technology leadership, intellectual property (e.g., patents) and multinational companies

	
Promoting social innovations, use of the local experience of different stakeholders and tacit knowledge of farmers




	
Spatial level

	
Promoting international cooperation and establishment of global value-chains, strengthening the international competitiveness through export of innovations

	
Strengthening of rural areas, creation of regional value chains, autarchy in supply of food and energy, linking local stakeholders




	
Scale of technology solutions

	
Promotion of central large-scale solutions to benefit from economies of scale

	
Promotion of small-scale solutions tailored to the region-specific biomass supply




	
Participation

	
Strong partnerships between policy, science, and industry

	
Participation of civil society in shaping and advancing a bioeconomy




	
Research funding

	
Increased support in the field of life sciences as key enabling technologies for the bioeconomy

	
Wide range of research, concerning both the natural and the social sciences, inter- and transdisciplinary approaches
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