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The term ‘bioeconomy’ was formulated as antonym to the economic system based on 

unlimited growth, which exceeds the planetary boundaries and is contradictory to the natural 

law of entropy (Bonauiti, 2015).  

The counteracting natural law of syntropy may provides the guiding principles  

of natural order and organisation of agricultural systems  

for a sustainable increase in biomass production for the bioeconomy. 

 

(Chapter 5.3.3 - Sustainable agroecologic intensification, p. 170) 
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 Abstract 

Abstract 

The goal of the bioeconomy is a fundamental transition of both the economy and society towards 

sustainability. Replacing fossil resources by biomass for the provision of food, feed, fibre and 

fuel/energy (the 4F’s) will result in a substantial increase in demand for agricultural products in the 

next decades. The consequent intensification of agricultural production, however, needs to be 

achieved while also alleviating the societal challenges of the 21st century, including climate change, 

biodiversity loss, reduction in ecosystem services, land degradation, urbanisation and food waste. 

Today, agriculture is in the ambivalent position of being both part of the problem and part of the 

solution, rendering ‘business as usual’ not an option for the future. The bioeconomy provides a 

knowledge-based, cross-sectoral and systemic pathway to increase agricultural production and 

involves all relevant stakeholders along biobased value chains in the sustainability transition. 

The overall objective of this interdisciplinary thesis is to investigate the contribution that three selected 

bioeconomic approaches can make to the sustainable intensification of agricultural production. It is 

based on four studies that together encompass the growing urban population on the demand side and 

the numerous smallholder family farmers in countries of the global South on the supply side. It is in 

these countries that the largest potentials for increasing agricultural productivity and renewable 

energy (RE) production are to be found.  

The first study develops the ‘Integrated Renewable Energy Potential Assessment’ (IREPA) approach for 

harnessing these potentials through the creation of ‘Integrated Food and RE Systems’ (IFRES). It 

involves the large number of smallholder farmers in the development of the bioeconomy. The IREPA 

methodology comprises bottom-up RE potential assessment, participatory learning and action 

research, and multi-criteria decision analysis. It is applied and evaluated in two case studies in rural 

South Africa and India. In both studies, locally appropriate renewable energy technologies (RET) for 

implementation into smallholder agricultural systems are identified. The case studies reveal the 

further necessity of participatory, bottom-up approaches to integrating local stakeholders in project 

planning and decision making, in order to support sustainable rural livelihoods and agricultural 

development in the growing bioeconomy.  

The second study uses IREPA to explore smallholders’ perception of agricultural RE production. Social, 

environmental, technical, institutional and economic factors are analysed to identify drivers of and 

barriers to RE implementation into smallholder agricultural systems. The results show that mainly 

environmental factors, in particular climate change impacts, motivate smallholders to adapt their 

production systems and produce RE, while social factors (social cohesion, gender aspects, increased 

well-being, food and water security, etc.) determine the actual change. The barrier of high upfront 

investment costs can be eliminated by falling RET prices, the development of novel rural RE business 

models and institutional support involving smallholders in rural RE projects. In addition, the growing 
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smartphone penetration rate in rural areas enables 'do-it-yourself' RET, including operation and 

maintenance, based on open-access online information. Such insights are crucial for the targeted 

formulation of agricultural development policies and thus the involvement of relevant stakeholders in 

the sustainability transition towards a bioeconomy.  

The third study addresses the biomass demand side. It investigates the characteristics of urban 

gardening in Germany and its potential to encourage sustainable consumer behaviour based on a 

review of 657 urban gardening project websites and a subsequent online survey involving 380 project 

participants. The results reveal that urban gardens generate multiple social, environmental and 

economic benefits for sustainable city development. They create diverse social communities that 

actively promote sustainable consumer behaviour by (unintentionally) applying a number of methods 

known to encourage pro-environmental behaviour. Hence, urban gardens are transformative spaces 

that actively involve the growing urban population in the societal transition towards a bioeconomy.  

In the context of sustainable intensification of biomass production in rural areas, the fourth study 

investigates the contribution of environmental service assessment and monetization in agricultural 

systems, using the example of the perennial biomass crop miscanthus for biofuel production. The 

valorisation makes the multiple environmental services - such as soil fertility improvement, carbon 

sequestration, water and air purification - tangible. This can incentivise payments to farmers for the 

provision of these public goods. Enhancing and utilising environmental services through nature-based 

solutions and agroecologic practices is a promising pathway to sustainable intensification, providing a 

shift from input-based towards process-based agricultural systems.  

Finally, it can be concluded that integrated approaches which connect different production systems, 

disciplines and stakeholders are central for the development of the bioeconomy:  

 The integration of sustainable technologies, such as RE, into agricultural systems requires case-

based research and participation of local stakeholders in project planning and decision making. In 

addition, the perspective of local stakeholders is crucial for targeted policy formulation.  

 The integration of the growing urban population in the sustainability transition towards the 

bioeconomy can be supported by urban gardening. The local production of food in cities and 

urban areas has been found to promote sustainable consumer behaviour.  

 The integration of nature-based solutions into agricultural systems enhances environmental 

service provision and supports the sustainability transformation from input-based towards 

process-based agricultural biomass production.  

The approaches discussed in this thesis can support the sustainable intensification of agriculture, 

serve to re-connect the perspectives of rural producers and urban consumers, and enable the 

involvement of large portions of society in the sustainability transition towards the bioeconomy.  
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 Zusammenfassung 

Zusammenfassung 

Die Bioökonomie strebt die grundlegende Nachhaltigkeitstransformation von Wirtschaft und 

Gesellschaft an. Deren fossile Ressourcenbasis wird dabei durch Biomasse ersetzt. Dies führt zu einem 

deutlichen Anstieg des Bedarfs an landwirtschaftlichen Produkten als Nahrungs- und Futtermittel 

sowie für die stoffliche und energetische Nutzung. Die dafür notwendige Intensivierung der 

landwirtschaftlichen Produktion muss allerdings gleichzeitig dazu beitragen die gesellschaftlichen 

Herausforderungen des 21. Jahrhunderts zu lösen: Klimawandel, Verringerung von Biodiversität und 

Ökosystemdienstleistungen, Bodendegradierung, Urbanisierung und Lebensmittelverschwendung. 

Die vorherrschenden Produktionssysteme sind sowohl Teil der Lösung als auch Teil des Problems, ein 

‚Weiter wie bisher‘ ist keine Option. Zur nachhaltigen Produktionssteigerung bietet die Bioökonomie 

eine wissensbasierte, sektorübergreifende und systemische Herangehensweise, die alle relevanten 

Akteure entlang biobasierter Wertschöpfungsketten einbezieht.   

Ziel dieser interdisziplinären Dissertation ist die Untersuchung und Weiterentwicklung von drei 

bioökonomischen Ansätzen, im Rahmen von vier Studien, um die Bereitstellung landwirtschaftlicher 

Produkte zu steigern und dabei die wachsende urbane Bevölkerung auf der Nachfrageseite und auf 

der Angebotsseite die zahlreichen Kleinbauern in Ländern des Globalen Südens einzubeziehen.  

In diesen Ländern existieren sowohl die größten Potenziale zur landwirtschaftlichen Intensivierung als 

auch zur Produktion erneuerbarer Energien (EE). Zur Nutzung dieser Potentiale wurde in der ersten 

Studie der Ansatz der ‚Integrierten Bewertung des Potenzials erneuerbarer Energien‘ (IREPA) 

entwickelt, um die Integration von EE-Technologien in kleinbäuerliche Agrarsysteme zu fördern und 

dabei die große Anzahl an Kleinbauern in die Entwicklung der Bioökonomie einzubeziehen. Die IREPA-

Methode besteht im Wesentlichen aus einer bottom-up-Bewertung des EE-Potentials, partizipativer 

Lern- und Aktionsforschung sowie Multikriterienanalyse. Damit konnten Kleinbauern in zwei 

Fallstudien in Südafrika und Indien dabei unterstützt werden geeignete EE-Technologien für ihre 

Produktionssysteme zu ermitteln. Die Integration lokaler Akteure in Projektplanung und 

Entscheidungsfindung ist wichtig zur Förderung nachhaltiger Lebensgrundlagen und 

landwirtschaftlicher Entwicklung in der wachsenden Bioökonomie. 

In der zweiten Studie wurden soziale, ökologische, technische, institutionelle und wirtschaftliche 

Faktoren ermittelt um Hindernisse und Treiber für die Implementierung von EE-Technologien in 

kleinbäuerliche Agrarsysteme zu identifizieren. Ökologische Faktoren, insbesondere die Auswirkungen 

des Klimawandels, motivieren Kleinbauern dazu, ihr Produktionssystem anzupassen und erneuerbare 

Energien zu produzieren, während soziale Faktoren (wie bspw. soziale Strukturen, Gender-Aspekte, 

gesteigertes Wohlbefinden, Versorgungssicherheit mit Nahrungsmittel und Wasser) bestimmen was 

tatsächlich umgesetzt wird. Stark gesunkene Preise von EE-Technologien, neuartige Geschäftsmodelle 

für deren Vertrieb im ländlichen Raum sowie die institutionelle Unterstützung von Kleinbauern durch 
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 Zusammenfassung 

Einbeziehung in EE-Projekte beseitigen das Hindernis hoher Investitionskosten mehr und mehr. Die 

steigende Smartphone-Verbreitung bietet Zugang zu Informationen und Anleitungen, wodurch EE-

Technologien auch im Selbstbau installiert und betrieben werden können. Einblicke wie diese sind 

entscheidend für die Formulierung zielgerichteter, landwirtschaftlicher Entwicklungsstrategien und die 

Einbindung relevanter Akteure in die Nachhaltigkeitstransformation zur Bioökonomie. 

In der dritten Studie wurden urbane Gartenprojekte in Deutschland charakterisiert um deren Potential 

zur Förderung eines nachhaltigen Konsumentenverhaltens zu untersuchen. Dafür wurden zunächst die 

Webseiten von 657 urbanen Gartenprojekten analysiert und anschließend eine online Umfrage mit 

380 urbanen Gärtner*innen durchgeführt. Urbane Gärten bieten vielfältige soziale, ökologische und 

wirtschaftliche Vorteile für eine nachhaltige Stadtentwicklung. Die diversen sozialen 

Gartengemeinschaften fördern ein nachhaltiges Konsumentenverhalten, indem (unbeabsichtigt) 

mehrere Methoden angewandt werden, die bekanntermaßen umweltfreundliches Verhalten fördern. 

Urbane Gärten stellen daher transformative Räume dar, die die wachsende urbane Bevölkerung in den 

gesellschaftlichen Wandel zur Bioökonomie einbeziehen.  

In der vierten Studie wurde der Ansatz der Bewertung und Monetarisierung von 

Umweltdienstleistungen in Agrarsystemen und dessen Beitrag zur Förderung der nachhaltigen 

Produktionsintensivierung am Fallbeispiel der mehrjährigen Biomassepflanze Miscanthus für die 

Biokraftstoffproduktion untersucht. Durch die Monetarisierung werden Umweltdienstleistungen wie 

bspw. Bodenfruchtbarkeit, CO2-Sequestrierung sowie Wasser- und Luftreinigung, greifbar. Dies schafft 

Anreize um Landwirte für die Bereitstellung dieser Gemeingüter auch zu vergüten. Die gezielte 

Förderung von Umweltdienstleistungen mittels agrarökologischer Praktiken und naturbasierter 

Lösungen ist ein aussichtsreicher Ansatz, um von einer Input-basierten hin zu einer Prozess-basierten 

Intensivierung der Agrarproduktion zu gelangen.  

Letztendlich lässt sich aus den vier Studien dieser Arbeit schließen, dass integrative Ansätze, die 

Verbindungen zwischen Produktionssystemen, Disziplinen und beteiligten Akteuren schaffen, von 

zentraler Bedeutung für die Entwicklung der Bioökonomie sind: 

 Die Integration nachhaltiger Technologien, wie EE, in landwirtschaftliche Systeme erfordert 

fallbezogene Forschungsansätze und die Beteiligung lokaler Akteure in der Projektplanung und 

Entscheidungsfindung. Für die Entwicklung zielgerichteter, bioökonomischer Politikstrategien 

bildet die Perspektive lokaler Akteure eine wichtige Grundlage. 

 Die Integration der wachsenden urbanen Bevölkerung in die Nachhaltigkeitstransformation 

zur Bioökonomie wird durch das urbane Gärtnern unterstützt, indem ein nachhaltiges 

Konsumentenverhalten gefördert wird.  
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 Zusammenfassung 

 Die Integration naturbasierter Lösungen in landwirtschaftliche Produktionssysteme fördert die 

Bereitstellung von Umweltdienstleistungen und unterstützt dadurch die 

Nachhaltigkeitstransformation von der Input-basierten zur Prozess-basierten Landwirtschaft.  

Die drei Ansätze dieser Arbeit können wichtige Beiträge zur nachhaltigen Intensivierung der 

Landwirtschaft leisten und durch die (Wieder-)Verbindung ländlicher Produzenten und urbaner 

Verbraucher, diese großen Bevölkerungsgruppen in die Nachhaltigkeitstransformation zur 

Bioökonomie einbeziehen. 
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 General Introduction 

1. General Introduction  

Agricultural production needs to substantially increase to meet the future demand for food, feed, fibre 

and fuel (energy) (4F’s) in the growing bioeconomy. The driving forces for the increase in demand for 

agricultural products are outlined in Chapter 1.1. and include population growth, affluent human 

development and the transition to a bioeconomy, where fossil resources are replaced by biobased 

resources. At the same time, the required increase in agricultural production needs to be achieved by 

tackling the global challenges of the 21st century (Chapter 1.2.), caused to a large extent by 

unsustainable agricultural practices (Chapter 1.3) and the overexploitation of fossil resources. The title 

of the last ‘International Assessment of Agricultural Knowledge, Science and Technology for 

Development’ (IAASTD) in 2009, ‘Agriculture at the crossroads’ illustrates the ambivalence of the 

current situation, with agriculture being part of the solution as well as part of the problem, rendering 

‘business as usual’ no option for the future (McIntyre, 2009).  

The bioeconomy addresses these global challenges based on a holistic and cross-sectoral perspective 

considering social, environmental and economic sustainability for the interdisciplinary development of 

resource-efficient, biobased value nets (Chapter 1.4).  

Replacing fossil resources with biomass requires a structural change of the resource base, from the 

rather centralized exploitation of coal, oil and natural gas at a few locations through almost 

monopolistic corporations (Lennon et al., 2019), towards the decentralised production of biomass for 

the 4F’s as well as renewable energy (RE) by millions of farmers (Arndt et al., 2019; Wirth et al., 2018). 

At the same time new biobased products and energy forms are emerging that must be accepted by 

consumers and consumed sustainably (Wirth et al., 2018). Hence both producers and consumers need 

to be addressed, involved and connected to solve the great challenges of the 21st century (Arndt et al., 

2019; Lennon et al., 2019; Wirth et al., 2018). In this thesis three bioeconomic approaches are 

investigated and developed further: 

 

 Chapter 2: The Integrated Renewable Energy Potential Assessment (IREPA) has been developed 

for bottom-up renewable energy potential assessment in countries of the South. In two case 

studies locally appropriate renewable energy technologies (RET) were selected, based on the 

participatory IREPA methodology, thereby involving smallholder farmers in the sustainability 

transition towards the bioeconomy.   

 

 Chapter 3: Urban agriculture brings agricultural production systems into growing cities, 

connecting producers and consumers, and creating awareness of sustainable consumer behaviour 

and sustainable agricultural production.  
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 Chapter 4: The assessment of environmental services in agricultural systems illustrates the 

multifunctionality of agriculture. The monetization of these services provided for society makes 

them tangible, the beneficiaries accountable and incentivises farmers to adopt more sustainable 

agricultural practices.  

 

How these approaches can inform and support the sustainability transition in agriculture and society 

for the development of the bioeconomy is discussed in Chapter 5. An innovative concept is 

subsequently outlined that integrates both different agricultural and RE production systems as well as 

the producer and consumer perspective along the rural-urban gradient for a sustainable supply of the 

agricultural products for the 4F’s and RE in future.  

 

1.1. Drivers of the increase in global biomass demand 

The United Nations Department of Economics and Social Affairs (UN DESA) estimates that 9.6 billion 

people will live on the planet in 2050 (and 10.9 billion in 2100) (UN DESA, 2013). Furthermore, in the 

past decades, countries of the South have made substantial progress in lifting the Human Development 

Index (HDI), a measure of health, education and economic achievements (Malik, 2013). Emerging 

economies, including China, Brazil, India and South Africa, performed particularly well. The average 

per capita income rose across all countries between 1990 and 2012, with the highest annual growth 

rates in China (+9%) and Sub-Saharan Africa (+5% from 2003 to 2008). India and China even managed 

to double their economic output per capita (Malik, 2013). As these countries constitute the largest 

populations in the world, more people are affected by this development than by the industrial 

revolution (Malik, 2013). The relationship between per capita intake of crop calories and protein, and 

the per capita gross domestic product is temporally consistent (Tilman et al., 2011). Consequently, the 

demands for processed food, meat and dairy products, fish and vegetable oils are foreseen to rise 

considerably to 3130 kcal per person and day in 2050. The demand for cereals (food and feed) is 

expected to increase from 2.1 billion tonnes in 2009 to a global production level of about 3.0 billion 

tonnes in 2050 (FAO, 2009a; Godfray et al., 2010).  

Therefore, the projected population growth together with affluent human development will demand 

a substantial increase in global agricultural food production of about 70% by 2050 (and of about 100% 

in Africa) (FAO, 2009a; Godfray et al., 2010).  

 

In addition to the increase in demand for food and feed, the depletion of fossil resources will also 

increase the biomass demand for fibre (biomass for biobased products) and fuel (energy) (FAO, 2009a; 

OECD, 2009). Moriarty and Honnery (2012) reviewed and analysed projections of the future global 

energy demand from several international energy agencies (e.g. IEA, WEC, EIA, IIASA) and the energy 
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industry (e.g. BP, Shell). By 2050, the global primary energy consumption will reach levels between 770 

EJ and 1175 EJ (985 EJ – 1740 EJ in 2100) (Moriarty and Honnery, 2012). This represents an increase 

between 21% to 55% compared to the global primary energy consumption of 533 EJ in 2013 (BP, 2014). 

According to the International Energy Agency (IEA), 93% of the projected demand increase originates 

from non-OECD countries, while OECD countries show little to no further growth in energy 

consumption (IEA, 2010). Considering this, Moriarty and Honnery (2012) assumed the 2008 energy 

consumption level of OECD countries as a global benchmark for energy sufficiency. Supposing that all 

populations on the planet will have reached this level by 2050, the global primary energy demand 

would be as high as 1748 EJ in 2050 (Moriarty and Honnery, 2012). Consequently, the global primary 

energy production needs to increase by 31% to 70% until 2050 (Moriarty and Honnery, 2012).  

Bioenergy already supplied 47 EJ in 2007 (FAO, 2009c) and 53 EJ in 2010 (IRENA, 2014) globally. The 

largest share of this biomass was used as traditional biofuel in 2010, the major energy source for 

cooking and heating in countries of the South (IRENA, 2014). The bioenergy consumed in the 

manufacturing industry (15%), in the transport sector (9%) and the power and district heating sector 

(8%) sum up to 32% (IRENA, 2014). IRENA projects the bioenergy demand to double (97 EJ) or almost 

triple (147 EJ) until 2030, increasing its share in the global primary energy supply to about 20% in 2030 

(from 10% in 2010) and in the global RE supply to about 60% in 2030 (53% in 2010) (IRENA, 2014). 

 

In addition to energy, multiple materials, chemicals and daily life products need to be produced from 

biomass, because of the depleting fossil resource base. Such biobased products comprise, among 

others, fibre-based materials, bio-plastics and bio-polymers, surfactants, bio-solvents, bio-lubricants, 

ethanol and other chemicals, pharmaceutical products like vaccines, enzymes, and cosmetics 

(Taskforce on bio-based products of European Commission, 2007). In 2010, chemical companies were 

the most important players in this emerging market sector, producing already 8-10% of various 

chemical substances from biomass (Calliope et al., 2013). In 2011, 247 companies produced 3.5 million 

tonnes biopolymers. This represents 1.5% of the total global polymer production and is expected to 

grow to 3% in 2020 (12 million tonnes) (nova-Institute, 2013). The biotechnology sector is expected to 

contribute 2.7% to the gross domestic product (GDP) of OECD countries in 2030 (OECD, 2009). For 

comparison, the agricultural sector had a share of 3.7% on the global GDP in 2011 (Statista, 2020). 

Hence, it is predicted that the growing world population and prosperous human development will 

require: 

 70% more biomass for food and feed until 2050 (FAO, 2009a), 

 100-200% more biomass for bioenergy until 2030 (IRENA, 2014), 

 29% more biomass for biopolymers until 2020 (nova-Institute, 2013), 
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based on the perpetuation of the current utilisation levels of biomass for food and feed in 2009, 

biomass for bioenergy in 2010 and biomass for biobased products in 2013.  

Most of this biomass needs to be supplied from agriculture (FAO, 2009a, 2009c; IRENA, 2014; nova-

Institute, 2013). At present, however, agriculture is confronted with several global challenges that 

require fundamental adaptations of agricultural production systems.  

 

1.2. Global challenges of the 21st century affecting agriculture 

The tremendous increase in agricultural biomass production for the 4F’s need to be achieved by not 

only coping with, but simultaneously solving the global challenges of the 21st century, which impact on 

and/or are caused to a large extend by agriculture:  

I. Climate change force adaptions of the agricultural production systems according to the 

changing conditions on local, regional and global level (Smith et al., 2007). At the same time, 

the share of greenhouse gas (GHG) emissions from agriculture on the global anthropogenic 

GHG emissions was about 11% in 2010 with further increase expected. The annual growth rate 

of agricultural GHG emissions between 1990 and 2010 was 0.9% (Smith et al., 2014).  

II. Biodiversity loss leading to the sixth global mass extinction caused by human resource 

exploitation, habitat fragmentation, invasive species introduction, pathogen distribution, 

eradicating species directly and changing climate (Barnosky et al., 2011),  

III. Reduction in ecosystem service provision with a value of $ 20.2 trillion between 1997 ($ 145 

trillion/yr.) and 2011 ($ 125 trillion/yr.). Main causes include deforestation of tropical forests 

and the depletion of wetlands for gaining arable land (Costanza et al., 2014) - 15 out of 24 

relevant ecosystems for human survival are in degradation and / or are used unsustainably 

(Millennium Ecosystem Assessment, 2005); 

IV. Land degradation, 24% of global land area had the status ‘in degradation’ in 2008  due to 

erosion, mismanagement and desertification (Bai et al., 2008), affecting cropland to 38% 

(McIntyre, 2009) 

V. Urbanisation trend, 70% of global population will live in cities and metropolitan areas in 2050 

compared to 49% in 2009 (FAO, 2009a; Statista, 2018a). Fewer farmers need to feed more 

people, requiring a further increase in labour efficiency (Fuglie et al., 2012).  

VI. Food losses and wastes – about one-third of food produced (in terms of weight) is lost within 

the value chain and wasted by the consumers (Gustavsson et al., 2011); 

Finding solutions for coping with and solving these challenges needs to be integral part of future 

agricultural and bioeconomic development and requires a closer look at the drivers of agricultural 

development in the past and their potential contribution in future. This allows for the identification of 
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potential starting points and stakeholder groups to be integrated in the sustainability transition 

towards the bioeconomy. 

 

1.3. Agriculture’s path to the crossroad 

After World War II and the Green Revolution in the 1960s, agricultural productivity multiplied due to 

scientific and technological achievements “The general model has been to continuously innovate, 

reduce farm gate prices and externalize costs” (McIntyre 2009, p. 3). This transformed agriculture from 

mainly smallholder family farming towards intensive, specialised, large-scale, industrial production 

systems, mainstreaming what has been introduced previously on colonial plantations (McIntyre, 

2009).  

 

Drivers of agricultural productivity growth in past and their future role 

The emerging system of what is today considered ‘conventional agriculture’ made and makes efficient 

use of mechanisation, fertilizers, pesticides, irrigation and high-yielding varieties to achieve high crop 

yields at low farm-gate prices (Fuglie, 2012; McIntyre, 2009). The main drivers for agricultural 

productivity and output growth (on average 2.39% annually) from 1961 to 1990 (Fuglie, 2012) were 

input (e.g. energy, fertilizer, pesticides) and capital increases, conducive agricultural policies, area 

expansion, irrigation technologies and considerable breeding advancements. The yield gains achieved 

by these measures, lead to a production increase of the major food crops, like e.g. for soy (31%), maize 

(68%), rice (87%) and wheat (100%) between 1980 and 2002 (Cassman and Grassini, 2020). After that 

period, however, input intensification reached its limits. Between 1991 to 2009, the annual average 

productivity and output growth of 2,35% was achieved through improving the total factor productivity 

through knowledge, skills and management developments (Fuglie, 2012).  

One important aspect in this process is the increase in the cropping intensity, allowing for more than 

one crop to be harvested on the same land within one year (Bruinsma, 2009; OECD-FAO, 2009). 

Between 1961/63 and 2006/07, the harvested area expanded by 229.5 million hectares, while the total 

agricultural land expanded by 135.6 million hectares only. Hence, almost half of the increase in the 

harvested area was due higher copping intensity (OECD-FAO, 2009). Globally, higher cropping 

intensities explained 9% of the crop production increase between 1961 and 2005. Until 2050, is 

expected that higher cropping intensities can contribute about 14% to the agricultural production 

increase (Bruinsma, 2009; OECD-FAO, 2009).  

However, if the intensification of the cropping system is not appropriately managed and takes place at 

the expense of the fallow or through agricultural land expansion, it will accelerate soil fertility 

depletion, biodiversity losses and climate change (Bruinsma, 2009; Cassman and Grassini, 2020).  
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Conversely, between 2002 and 2014, land expansion became a main driver of the production increase 

of the main food crops with 85% for soy, 66% for maize, 43% for rice and 17% for wheat (Cassman and 

Grassini 2020). The expansion of agricultural land is a highly contested issue for achieving a higher 

biomass supply (Cassman and Grassini, 2020; FAO, 2009b; OECD, 2009; OECD-FAO, 2009; UNCTAD, 

2013). The total suitable land for rain-fed agriculture (moderate to very well suitable) was estimated 

to be about 4.2 billion hectares globally. Out of these, 1.6 billion are already under cultivation, leaving 

2.6 billion hectares theoretically available. However, this potentially arable land includes forests (45%), 

protected areas (12%) and urban areas (3%), leaving effectively 1.56 billion ha for agricultural 

production (Bruinsma, 2009; FAO, 2009b; OECD, 2009; OECD-FAO, 2009). This estimation, however, 

includes several other constraints and land-use competitions: (i) the increasing demand for pasture 

land for the growing livestock production (OECD-FAO, 2009); (ii) the land-use competition with 

biomass for biobased products and bioenergy (OECD-FAO, 2009); (iii) the location of 90% of these land 

areas in just two regions, South America and Sub-Saharan Africa (Bruinsma, 2009), with often limited 

accessibility or other non-agricultural uses (FAO, 2009b) and currently rather low agricultural 

productivity (OECD-FAO, 2009); (iv) an overestimation of the land, based on the method defining areas 

suitable (when at least one crop could provide a minimum yield, e.g. olive trees in North Africa) without 

considering whether staple crops could actually be grown (Bruinsma, 2009); (v) areas with high 

ecological fragility (e.g. wetlands), low soil fertility, toxicity and a high incidence of diseases (Bruinsma, 

2009).  

Taking these aspects into account, about 9% of the land is potentially suitable for the expansion of 

agriculture (about 70 million hectares) (Bruinsma, 2009). While about 120 million hectare can be 

gained in countries of the South, about 50 million hectare are lost in countries of the North due to 

continuing degradation, economic unviability and sealing for human infrastructure (Bruinsma, 2009).  

Soil fertility depletion and land degradation are increasing due to unsustainable agricultural practices.  

In 2008, 38% of the cropland was already degraded, while salinization affected about 10% of the 

irrigated land (McIntyre, 2009). Despite the 8-times increase in fertilizer use in the past four decades 

(UNCTAD, 2013), soil nutrient depletion affects 59% of the harvested area in terms of N, 85% in terms 

of P and 90% in terms of K (McIntyre, 2009). At the same time, nutrient losses causing eutrophication 

of terrestrial and aquatic ecosystems are projected to increase 2.4 to 2.7 times until 2050 (Tilman et 

al., 2001).  

Consequently, the approaches that have multiplied agricultural productivity since the end of the 

Second World War have only limited potential to further increase agricultural biomass production for 

the 4F’s by 2050 by:  

 9% through agricultural land expansion (Bruinsma, 2009), 

 14% through higher cropping intensities (Bruinsma, 2009).  
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Furthermore, the drivers of agricultural development in the past are known to continuously degrade 

cropland, deplete soil nutrients and water resources, fragment habitats, decrease biodiversity, deprive 

ecosystem services and accelerate climate change (McIntyre, 2009; OECD, 2009; OECD-FAO, 2009; 

UNCTAD, 2013).  

Hence, new agricultural approaches and production systems are required that not only focus on 

increasing biomass production, but at the same time substantially reduce the negative environmental 

impacts of agriculture. For the future, improved farm management and technology, knowledge and 

skills developments and innovative agricultural concepts need to enhance the total factor productivity 

(Fuglie, 2012) at a projected rate of 1.1% annually until 2050 (Bruinsma, 2009) for supplying sufficient 

and sustainable biomass for the 4F’s to meet the future demand in the growing bioeconomy.  

 

Smallholder family farms  

The largest potentials for increasing agricultural biomass productivity are located in those regions of 

the world that have not been reached by the scientific and technological advancements of the past. 

These areas include parts of South East Asia, Latin America and Sub-Saharan Africa (Bruinsma, 2009; 

OECD-FAO, 2009). In these areas smallholder family farming is predominant and agriculture constitutes 

the main source of rural livelihoods. Globally, a large number of 475 million smallholder family farms 

exist (Graeub et al., 2016). For the ‘UNs’ International Year of Family Farming 2014’ these types of 

farms were analysed, revealing the characteristics and the diversity of these farms. This corrected the 

anecdotal figures of smallholder managing 80% of the agricultural land and producing 80% of the 

global food from the previous FAO report on the ‘State of Food and Agriculture’ (FAO, 2014b). Graeub 

et al. (2016) revealed, based on newer agricultural census data, that family farms (with varying 

definitions in size across countries and regions) constitute 98% of all farms and hold 53% of the 

agricultural land, thus producing at least 53% of the global food. Most family farms are located in Asia 

(99%), Africa (97%) and Europe (97%). In Asia family farms hold 98% of the land. In Europe, North and 

Central America and Africa it is between 67-69% of the land. In terms of food production, the 

importance of smallholder family farms varies considerably across regions. European and Asian 

smallholder family farms achieve surplus production (114% and 112%, respectively). In Africa as well 

as in North and Central America 64% and 60%, respectively, of the food produced in these regions 

stems from smallholder family farms, while South Americas’ family farmers provide only 36% of the 

regions’ food (Graeub et al., 2016).  

These values represent a very conservative estimation, likely underestimating the real share of food 

produced in the smallholder family farms given the inverse productivity-size relationship in agriculture 

(Barrett et al., 2010; Graeub et al., 2016). In contrast to the economies of scale theory, the productivity 

per land area is empirically measured generally higher on small farms compared to large farms (Barrett 
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et al., 2010). The hypothesis of a potentially higher soil fertility on small farms was tested and discarded 

as explanation, while village and household-level market imperfections (e.g. non-tradeable 

endowments, variations in transaction costs on local level) can explain about one-third of the inverse 

relationship (Barrett et al., 2010). Taking the still largely un-explained inverse productivity-size 

relationship into account, leads to the assumption that the actual share of smallholder family farms on 

the global food supply is considerably higher than 53% (Graeub et al., 2016).  

Finally, Graeub et al. (2016) point out that there is no definition of smallholder family farms according 

to the size of their land. The term family farm and smallholder farm is often used interchangeably. The 

often used 2 ha or 10 ha boundaries for a smallholder farm are not meaningful, as the size of a 

smallholder farm and thus the country-specific definition (if any) varies considerably (Jayne et al., 

2010). In Nicaragua and Peru, for example, a smallholder farm can be as large as 60ha (Graeub et al., 

2016) while in India and Africa 47% and 57% of smallholders, respectively, hold less than 0.5ha (FAO, 

2014b). This updated analysis of the characteristics of smallholder family farms provides accurate 

figures about the importance of this large population group for supplying biomass for the 4F’s and for 

solving the great challenges of the 21st century. Therefore, the general point of view on smallholder 

family farms in political debates made a U-turn from smallholder family farms being part of the poverty 

and food security problem towards these farms being a central component for the solution of these 

problems (FAO, 2014b, 2009a; Graeub et al., 2016; McIntyre, 2009) and thus need to be considered as 

important population group for the development of the global bioeconomy.  

 

The IAASTD report highlighted the multifunctionality of agriculture referring to biomass for the 4F’s, 

the provision of ecosystem services, the landscape structure and the socio-cultural heritage, and 

concluded that future agricultural development requires a holistic and systems-oriented approach, as 

introduced by the global development of the bioeconomy.   

 

1.4. Bioeconomic solutions for sustainable agricultural biomass production  

The basic premise of both, the agricultural development (FAO, 2014b, 2009a; McIntyre, 2009; OECD-

FAO, 2009) and the bioeconomy development is (BMBF, 2010; BMELV, 2013; EC, 2012; FORMAS, 2012; 

OECD, 2009) that ‘business as usual’ is no option for the future. The Earth Overshoot Day, the day 

when humans have consumed more resources than the earth can reproduce within one year, was 

reached between 3rd and 5th August for the years 2011 to 2016 (Overshootday.org, 2020). Hence 

human society and economy live for about five months of the year at the expense of natural 

ecosystems and future generations. This refers to the initial meaning of the term bioeconomics by 

Zeman in the late 1960s. The term was subsequently taken up by the economist Georgescu-Roegen in 

the 1970s (Bonauiti, 2015), who argued that unlimited economic growth is incompatible with the 
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natural laws, in particular the thermodynamic law of entropy (Bonauiti, 2015), and that economic 

activities have to take place within the planetary boundaries (Bonauiti, 2015; Steffen et al., 2015).  

The transition from a fossil-based towards a bio-based economy provides a fundamental paradigm 

shift of the economy and the society (BMBF, 2010; EC, 2012). The bioeconomy re-emerged from the 

biotechnology sector defined by the OECD “as an economy that uses renewable bioresources, efficient 

bioprocesses and eco-industrial clusters to produce sustainable bioproducts, jobs and income” (OECD, 

2004, p. 5). Sustainable, biobased development requires the coverage and integration of multiple 

economic sectors, the revitalisation of rural areas as well as the creation and utilisation of new 

knowledge facilitated by coordinating strategies and policies (OECD, 2004; Patermann and Aguilar, 

2018). Sustainably produced biomass, together with advancements in bioprocess engineering, will be 

key in solving the challenges of the 21st century and will form the basis for the future economy (EU, 

2007). Increasing the biomass production to meet the future demand requires a highly productive and 

sustainable primary sector as its backbone. Thereby, a strong focus lies on countries of the South 

(OECD, 2009), where the main increase in biomass production will take place (OECD-FAO, 2009).  

Subsequently, the EU regarded the cross-cutting nature of the bioeconomy as a “unique opportunity 

to comprehensively address inter-connected societal challenges such as food security, natural resource 

scarcity, fossil resource dependence and climate change, while achieving sustainable economic growth” 

(EC, 2012, p. 3). Until today, 49 countries had developed dedicated or bioeconomy-related strategies 

(the latter focusing on individual sectors or aspects of the bioeconomy) (Bioökonomie.de, 2021; 

German Bioeconomy Council, 2018), with the following being among the pioneers: the OECD and the 

EU as well as USA, Canada, Australia, Germany, Finland and Sweden (Staffas et al., 2013). The main 

targets, areas of innovations and approaches in these strategies for solving the global challenges of the 

21st century are:  

• The global dimension of the bioeconomy supports international agreements and cooperation, 

which is required because of international value chains in a globalized world  (ACIL Tasman, 

2008; EC, 2012; FORMAS, 2012; Luoma et al., 2011; OECD, 2009); 

• The systemic integration of all relevant sectors that produce, utilise or develop biobased 

resources (plants, animals, microorganisms, organic waste) including agriculture and forestry, 

landscaping, fishery and aquacultures, plant and animal breeding as well as the food, 

beverage, wood, pulp and paper, leather, textile, pharma, chemistry and the (bio-)energy 

industry (ACIL Tasman, 2008; BioteCanada, 2009; BMBF, 2010; BMELV, 2013; EC, 2012; 

FORMAS, 2012; OECD, 2009); 

• The interdisciplinary perspective for strengthening the inter- and cross-sectoral cooperation 

between these sectors (ACIL Tasman, 2008; BioteCanada, 2009; BMBF, 2010; BMELV, 2013; 

EC, 2012; FORMAS, 2012; Luoma et al., 2011; OECD, 2009; White House, 2012);  
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• Participation and collaboration across all relevant stakeholders from governments, industry, 

research and civil society (ACIL Tasman, 2008; BioteCanada, 2009; BMBF, 2010; BMELV, 2013; 

EC, 2012; Luoma et al., 2011; White House, 2012); 

• Informing and engaging with society and end-users about product sustainability, consumption 

patterns and lifestyles (BMELV, 2013; EC, 2012; FORMAS, 2012; Luoma et al., 2011);  

• The planning, design and assessment of biobased value chains based on the sustainability 

paradigm of decoupling human development and economic growth from the expense of 

environmental and ecosystem services degradation (BioteCanada, 2009; BMBF, 2010; BMELV, 

2013; EC, 2012; FORMAS, 2012; OECD, 2009);  

• The circular resource use, rendering organic wastes and residues valuable feedstocks for 

biobased products, while aiming at the elimination of waste disposal. Therein, cities are  

considered circular bioeconomy hubs, strengthening the productive re-use of the substantial 

amounts of urban organic wastes (EC, 2018);  

• The holistic value chain perspective across all biomass utilisation pathways (4F’s) (BMBF, 

2010), through  

o the cascading utilisation of biobased resources (biorefinery concept) to foster 

synergies between individual processes, sectors and actors within biobased value 

chains in order to increase resource-use efficiency (BMBF, 2010; BMELV, 2013), 

o the assessment and consideration of social, environmental and economic 

sustainability (BMELV, 2013; FORMAS, 2012; OECD, 2009); 

• The prioritisation of food production over other biomass utilisation pathways for achieving 

global food and nutrition security (BMBF, 2010; BMELV, 2013);   

• The strong investment in research and innovation (ACIL Tasman, 2008; BioteCanada, 2009; 

BMBF, 2010; BMELV, 2013; EC, 2012; FORMAS, 2012; OECD, 2009); 

• Knowledge and skill development with rapid deployment as major driver of the bioeconomy 

(ACIL Tasman, 2008; BMBF, 2010; BMELV, 2013, 2013; EC, 2012; White House, 2012) e.g. 

through multi-disciplinary education programmes (EC, 2012) and training of professionals 

(BMELV, 2013).  

These bioeconomy developments provide a comprehensive and international pathway with guidelines 

for increasing the biomass supply, making its production and consumption more sustainable while 

mitigating and solving the global challenges of the 21st century.  

 

1.5. Bioeconomy-inspired solutions for the global challenges of the 21st century 

In this thesis three approaches for supporting the sustainability transition to the bioeconomy have 

been investigated and developed further, addressing both the supply and the demand side.  
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1.5.1.  Integration of renewable energy production into smallholder farming systems  

Agriculture is one of largest energy consumer and thus GHG emitter globally (FAO, 2011). At the same 

time, the large population group of smallholder farmers in rural areas countries of the South often lack 

access to modern, clean and affordable energy. The integration of RE generation into agricultural 

production systems provides the opportunity to produce food and clean energy at the same time (FAO, 

2014a). Integrated food and renewable energy systems (IFRES) (i) combine the production of biomass 

for food and energy on the same land e.g. through inter- und multiple-cropping of food and energy 

crops and / or (ii) maximise the use of synergies between crop production, livestock keeping, 

aquaculture and (multiple) RET by maximising the utilisation of residues and by-products (FAO, 2014a) 

in circular or cascading production systems.   

Hence, access to modern energy for agricultural operations can enhance productivity (FAO, 2010), e.g. 

through mechanisation of field management, running irrigation pumps, harvest and post-harvest 

processes and improved storage (FAO, 2011). Higher productivity in combination with reduced losses 

can increase household incomes and supports food and energy self-sufficiency and security. In 

addition, multiple other social, environmental and economic benefits can be achieved through RE 

production and utilisation in rural farming households:   

 first, the reduced indoor-air-pollution provides better health for the household members 

(especially women) (Mangoyana and Smith, 2011);  

 second, the often time-consuming task of fuel collection (wood, manure, crop residues) can be 

replaced with other (social or productive) activities (Mangoyana and Smith, 2011);   

 third, the substitution of traditional energy sources reduces deforestation and associated losses 

of biodiversity and ecosystem services and / or provides the possibility to utilise crop residues and 

manure (if used as energy source before) for soil fertility improvement (Duku et al., 2011);  

 fourth, fossil energy (e.g. LPG, petroleum, kerosene, fossil-based grid electricity) can be replaced 

thus reducing household GHG emissions (Mangoyana and Smith, 2011);  

 fifth, RE self-production can be realised at a lower price per energy unit compared to prevailing 

energy sources, thus saving financial resources (Mangoyana and Smith, 2011);  

 sixth, the overall natural resource-use efficiency is increased, when making productive use of sun, 

wind, water, geothermal and/or bioenergy in addition to food and feed production (FAO, 2014a),  

 seventh, the production of RE on farm level may creates synergies and supports other productive 

tasks, e.g. utilisation of residual heat of biogas generators for harvest drying, or allows for 

mechanisation, e.g. of flour milling and other food processing (Mangoyana and Smith, 2011).  
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Hence, the integration of RE into smallholder farming systems is a key driver of agricultural 

development, poverty alleviation and sustainable rural livelihoods (FAO, 2011; Kaygusuz, 2012). The 

design and implementation of locally appropriate RET provides a promising option to sustainably 

intensify overall productivity of agricultural systems in countries of the South, where the highest 

agricultural productivity gains can be achieved (Bruinsma, 2009; OECD-FAO, 2009).  

However, despite the ample benefits, the success rate of RE projects is rather low, as reported for Sub-

Saharan Africa (36%) (Barry et al., 2011) and Thailand (40%) (Green, 2004). Reasons for this include a 

centralized planning process focusing on techno-economic factors, the imposition of unfamiliar 

technologies (Amigun et al., 2011; Dent et al., 2012), while often neglecting the local socio-cultural 

context (García and Bartolomé, 2010).  

The exploration of the local context and the integration of smallholder famers in a participatory 

approach to RET planning and selection can support the identification of locally appropriate RET that 

match both the local renewable resource base and the role of energy in peoples’ lives. Hence, a 

participatory, bottom-up approach can reach the large number of smallholder farmers and involve 

them in the sustainability transition towards the bioeconomy focusing on resource-use efficiency, 

agricultural productivity and socio-economic benefits for sustainable rural livelihoods in countries of 

the South. The ‘Integrated Renewable Energy Potential Assessment’ (IREPA) approach was applied in 

two case studies rural South Africa and India has been developed further as part of this thesis. 

-> Chapter 2.1 and Chapter 2.2 of this thesis   

 

1.5.2.  Urban gardening – a driver of the societal transition towards the bioeconomy? 

The participation and the involvement of all relevant stakeholders across disciplines and sectors are  

central for the bioeconomy development (EC, 2018, 2012; Staffas et al., 2013). This implies the 

engagement of society, as end-users and consumers, in sustainable natural resource through the 

consumer behaviour (BMELV, 2013). Therefore, the transition towards the bioeconomy can only 

become reality, when the concept is fully understood and taken up by the civil society in form of 

commitment for sustainable consumer behaviour (BMBF, 2014; EC, 2012; EU, 2007). The EU as well as 

the German bioeconomy strategies emphasise (i) the support of research and development of social 

innovations by the private and the public sector (BMBF, 2010; BMELV, 2013; EC, 2018, 2012), and (ii) 

that biotechnological research and development always needs to be accompanied by a socio-economic 

assessment including the normative dimensions of social processes and political support (BMBF, 2014).  

Considering the urbanisation trend, the growing urban population needs to be involved in the 

development of the bioeconomy.  

In 2012, cities and metropolitan areas inhabited 53% of the world's population (72% in Europe) 

(Statista, 2018b) and consumed about 75%-80% of natural resources and energy on 2-3% of the global 
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land area (Hoballah and Peter, 2012; UNEP/GI-REC, 2017). The urbanisation trend will raise the urban 

population to about 70% by 2050 (Statista, 2018a) and likewise the natural resource consumption.  

Cities and metropolitan areas can be considered an urban metabolism of complex socio-technical and 

socio-ecological processes (Musango et al., 2017). These include flows of materials, energy, 

information and people with the aim of meeting the diverse needs of the cities’ inhabitants. In 

addition, the cities’ impacts on its (global) catchment area needs to be taken into account (Musango 

et al., 2017).  

In view of this mega trend, cities and metropolitan areas take a key role in both the development of 

the bioeconomy and the design of sustainable biobased value chains for the future. Urban areas 

harbour an enormous potential for the increase in the resource-use efficiency and at the same time a 

reduction of the impacts on environment and climate (Musango et al., 2017). The European 

Commission (EC) highlights cities as circular bioeconomy hubs, emphasising the need of re-using the 

large quantities of organic wastes as feedstock for various biobased products (EC, 2018).  

Urban agriculture has developed into a global trend. Urban food and biomass production in 

commercial high-tech, indoor production systems (= urban farming) or in individual or community 

gardens on available public and private areas (= urban gardening) becomes more and more part of the 

urban lifestyles globally (Chatterjee et al., 2020; Kalantari et al., 2018; Paganini and Lemke, 2020; Wille 

et al., 2017). Sustainable urban agriculture can become a key-concept for the bioeconomy, allowing 

for biomass production (especially food) and the enhancement of ecosystem services, thereby re-

integrating agriculture and natural ecosystems into the nowadays largely segregated consumer and 

producer relationship (Hoballah and Peter, 2012). The bioeconomy and urban agriculture have in 

common that they are both based on natural ecosystems, material flows and natural cycles of 

formation and breakdown processes. In particular, urban gardening can re-connect urban consumers 

with natural processes through the production of food and biomass in cities. The urban gardening 

trend can thus raise awareness among the growing urban population about sustainable agricultural 

production and sustainable consumer behaviour. Therefore, the potential contribution of urban 

gardening for engaging the growing urban population in the sustainability transition towards the 

bioeconomy has been investigated based on a comprehensive characterisation of urban community 

gardeners in Germany. 

-> Chapter 3 of this thesis  

  

1.5.3.  Sustainable agricultural production systems through environmental service valuation  

Deforestation and the drainage of wetlands for the expansion of agricultural land are the major drivers 

for the decline of biodiversity and the vital services ecosystems provide for society (Costanza et al., 

2014). Ecosystem services are categorised in provisioning (e.g. biomass for the 4F’s), regulating (e.g. 
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climate regulation, pest and disease regulation, pollination, water and air purification) and cultural 

services (e.g. recreation, education, landscape aesthetics) (Costanza et al., 2014; Costanza et al., 1997; 

Millennium Ecosystem Assessment, 2005) on national to global level (Dauber and Miyake, 2016). After 

the first assessment of the global value of ecosystem services in 1997 (Costanza et al., 1997), these 

categories became the widely accepted measure for the state of the ecosystems and the changes over 

time (Millennium Ecosystem Assessment, 2005), leading to the foundation of the UN programme ‘The 

Economics of Ecosystems and Biodiversity’ (TEEB, 2010). The European Biodiversity Strategy to 2020, 

for example, prompted the member states to map, assess and integrate ecosystem service values into 

the national accounting (EC, 2011). The bioeconomy strategies of Sweden, Finland, Germany, the EU 

and Canada explicitly highlight the importance of ecosystem services and the urgent need to sustain 

and increase them (BioteCanada, 2009; BMELV, 2013; EC, 2012; FORMAS, 2012; Luoma et al., 2011).  

Also agricultural systems provide multiple ecosystem services, in addition to the provision of biomass 

for the 4F’s. These include e.g. CO2 sequestration, nutrient cycling, pollination, diverse habitats and 

the structure of the regional landscape (FAO, 2016; Matzdorf et al., 2010). According to (Matzdorf et 

al., 2010), ecosystem services provided by agricultural landscapes, and thus being subject to human 

management and service inputs from other ecosystems, should be referred to as ‘environmental 

service’ to distinguish between natural and human-managed services. Agricultural systems directly 

impact on the surrounding ecosystems. The landscape change through agriculture implies changes in 

the ecosystem service provision of these natural areas (TEEB, 2010). The valorisation of environmental 

services in agricultural systems thus provides a suitable measure to assess these multiple services in 

order to evaluate and subsequently improve the overall sustainability of agricultural systems 

(Jungmeier, 2016). Moreover, in agriculture the (intentional) avoidance of negative impacts on the 

adjacent and wider ecosystems should be assessed and taken into account (Jungmeier, 2016).  

Assessing environmental services on local level can support the design of sustainable agricultural 

systems e.g. by informing crop selection (annual and perennial crops) and crop rotations (e.g. in terms 

of nutrient dynamics and water use). In this way agricultural systems can be designed that encourage 

beneficial environmental services, like for example carbon sequestration and soil fertility, natural pest 

and disease control, pollination and water retention (FAO, 2016). Consequently, the overall system 

performance and the resource-use efficiency can be enhanced, while material inputs (fertilizers, 

pesticides, irrigation) and the associated negative impacts on the environment can be reduced (FAO, 

2016). The enhancement of environmental services can gradually build up productivity and thus have 

great potential for reclaiming degraded areas (FAO, 2016) and ameliorating marginal land facing 

biophysical or economic constraints (van Orshoven et al., 2014).  

As part of this thesis, a conceptual case study about the production of miscanthus as feedstock for an 

isobutanol biorefinery in the Federal State of Brandenburg (Germany) was carried out to evaluate 
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whether environmental service valorisation can support the sustainable biomass production in 

agricultural systems. Environmental services applicable to this agricultural production system have 

been explored and subsequently monetised to make these ‘externalities’ tangible and thus the 

providers and beneficiaries accountable.  

-> Article 4 of this thesis 

 

1.6. Aims of this study 

The biomass demand for food, (+70%) (FAO, 2009a), fibre (+29%) (nova-Institute, 2013), bioenergy 

(100-200%) (IRENA, 2014) and the total energy demand (31-55%) (Moriarty and Honnery, 2012) are 

projected to grow considerably in the upcoming decades. Increasing the supply of both biomass and 

RE, however, is troubled by the global challenges of the 21st century. Coping with these challenges and 

finding solutions for higher biomass and RE production requires holistic, knowledge-based and system-

oriented approaches across disciplines and national borders, involving all relevant stakeholder groups. 

The bioeconomy provides strategies for the development of sustainable, biobased value nets spanning 

from the production of biobased resources and RE in agricultural systems over its conversion to the 

marketing and consumption of biobased products.  

In this interdisciplinary thesis the contributions of integrated rural and urban agricultural systems for 

the sustainability transition towards the bioeconomy are investigated, focusing on the sustainable 

increase in biomass and RE production by addressing both the demand and supply side (Fig. 1), based 

on:     

 

Figure 1: Graphical outline of this thesis: The role of smallholder farming systems in countries of the South, urban 
agriculture and environmental service valorisation for the sustainability transition towards the bioeconomy 
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o The increased production of biomass and renewable energy in smallholder farming systems in 

countries of the South – based on the research questions:  

(1) How to assess the renewable energy potential and select appropriate renewable energy 

technologies for implementation into smallholder agricultural systems in emerging 

economies?  

(2) How are renewable energy technologies perceived by smallholder farmers and which are the 

drivers and barriers for their implementation? 

 

o The role of urban agriculture for food production and the societal transition towards the 

bioeconomy by fostering a sustainable consumer behaviour – based on the research question: 

(3) How can urban agriculture contribute to a sustainable food and biomass supply for the 

bioeconomy?  

 

o The food-energy-environment trilemma of increasing the biomass production while sustaining 

and enhancing ecosystem services – based on the research question: 

(4) How can the implementation of sustainable biomass production systems be supported by the 

assessment and valorisation of environmental services?   

 

These research questions are explored in the following four scientific articles of this thesis. 

Subsequently, the implications of the research findings are discussed based on the state of the art in 

the respective fields of research. Finally, the individual topics are connected by sketching concepts and 

solutions for the sustainable intensification of rural and urban agricultural production for the growing 

bioeconomy.   
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2. Integrated Renewable Energy Potential Assessment (IREPA) 

  

2.1 Integrated assessment of renewable energy potential: approach and application in 

rural South Africa 

 

In this chapter first the need for and the development of the IREPA approach is explained, based on a 

comprehensive review of renewable energy (RE) and biomass potential assessment studies, the 

selection factors for locally appropriate renewable energy technologies (RET) and participatory impact 

assessment as well as decision making methods.  

In the second part, the results of the first IREPA application in a rural South African community is 

presented and discussed with regard to the applicability of the approach in practice. Finally, the policy 

implications of participatory, bottom-up RET selection are discussed in contrast to the centralized, top 

down RE policy in South Africa.  

 

This sub-chapter is published in the journal Environmental Innovation and Societal Transitions  

as  

 

Winkler, B., Lemke, S., Ritter, J., Lewandowski, I. 2017. Integrated assessment of renewable energy 

potential: Approach and application in rural South Africa. Environmental Innovation and Societal 

Transitions, 24, 17–31.  
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 Integrated Renewable Energy Potential Assessment 

2.2 Transition towards renewable energy production? Potential in smallholder 

agricultural systems in West Bengal, India 

 

This chapter is about the second IREPA application in two rural villages in India, evaluating the 

applicability of the IREPA approach in a different socio-cultural context. The RE potential for the two 

villages was assessed, selection factors were explored though participatory research and subsequently 

employed by the farmers to select locally appropriate renewable energy technologies.  

Finally, the drivers and barriers for the smallholder farmers for leap frogging to RE production are 

discussed, revealing the perspectives of farmers and local officials.  

 

This sub-chapter is published in the journal Sustainability  

as  

 

Winkler, B., Lewandowski, I., Voss, A., Lemke, S. Transition towards renewable energy production? 

Potential in smallholder agricultural systems in West Bengal, India. Sustainability 2018, 10 (3):801. 

doi:10.3390/su11030801   

 

- accessible online, open access: https://www.mdpi.com/2071-1050/11/3/801   
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 Integrated rural and urban agricultural systems 

3. Urban Gardening in Germany: Cultivating a Sustainable Lifestyle for the Societal 

Transition to a Bioeconomy 

 

This chapter explores the impacts of urban agriculture for raising awareness among the growing urban 

population about sustainable agricultural production and sustainable consumer behaviour.  

Therefore, the characteristics and motivations, cultivation methods and technologies, and the 

perceived change in consumer behaviour of urban gardeners in Germany was analysed. The web-based 

search and analysis of 657 urban community gardens, accompanied by an online survey with 380 

respondents, provides comprehensive insights into the growing urban gardening community, the 

multifunctional roles urban gardening and its societal impacts through a bioeconomic lens.  

 

Further, the concept of circular terrabioponic smart-garden systems to facilitate and promote 

sustainable urban food production is introduced, with the aim of attracting further city inhabitants to 

urban agricultural activities for the societal transition towards a bioeconomy.  

 

This sub-chapter is published in the journal Sustainability  

as  

 

Winkler, B., Maier, A., Lewandowski, I. 2019. Urban Gardening in Germany: Cultivating a Sustainable 

Lifestyle for the Societal Transition to a Bioeconomy. Sustainability 2019, 11, 801; 

doi:10.3390/su11030801. 

 

- accessible online, open access: https://www.mdpi.com/2071-1050/11/3/801  

 

 

 

 

 

 

 

https://www.mdpi.com/2071-1050/11/3/801
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 Monetizing Environmental Services 

4. Bridging the Gap between Biofuels and Biodiversity through Monetizing 

Environmental Services of Miscanthus Cultivation 

 

This chapter explored, assessed and monetized environmental services in an agricultural production 

system in order to investigate the potential of this approach for increasing agricultural sustainability.   

Further, the conceptual case study about the sustainable supply of miscanthus biomass for a large-

scale isobutanol biorefinery in Germany derives recommendations for the sustainable intensification 

of agricultural production.  

 

This sub-chapter is published in the journal Earth’s Future 

as  

 

Cossel, M. von, B. Winkler, A. Mangold, J. Lask, M. Wagner, I. Lewandowski, B. Elbersen, M. Eupen, S. 

Mantel, and A. Kiesel. 2020. Bridging the Gap between Biofuels and Biodiversity through Monetizing 

Environmental Services of Miscanthus Cultivation. Earth's Future. doi:10.1029/2020EF001478. 

 

- accessible online, open access:  

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020EF001478  

 

 

 

 

 

 

 

 

 

 

 

https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020EF001478
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 General Discussion 

5. General Discussion 

In this chapter the research findings are discussed to elaborate contributions of the IREPA approach 

(Chapter 5.1), urban agriculture (Chapter 5.2) and the environmental service monetarisation in 

agricultural production systems (Chapter 5.3) for the sustainable supply and consumption of 

agricultural products.  

This finally merges in a novel concept that integrates rural and urban agricultural systems for the 

sustainable provision of biomass for the 4F’s, renewable energy (RE) and environmental services along 

the rural-urban gradient involving (smallholder) producers and (urban) consumers in the sustainability 

transition towards the bioeconomy (Chapter 5.4).   

 

5.1. Contribution of smallholder renewable energy production in developing and 

emerging economies to the sustainability transition towards the bioeconomy 

In the first part of this chapter, the IREPA approach and the methodological contributions of 

participatory, bottom-up case-study research to support the bioeconomic sustainability transition 

(Chapter 5.1.1 and 5.1.2) are discussed. 

Subsequently, the determining factors for RE production in smallholder agricultural systems are 

discussed, based on the two IREPA applications (Chapter 5.1.4 and 5.1.5). These insights uncover the 

perspective of smallholder family farmers in terms of drivers for and barriers to agricultural RE 

production for the bioeconomy development in rural areas in countries of the South.   

 

5.1.1.  Evaluation of the IREPA approach based on the state-of-the-art in participatory, case-

based sustainability research  

The local potential for smallholder RE production was assessed effectively in both case studies in rural 

South Africa and India, based on the IREPA approach. This can be attributed to the interdisciplinary 

combination of the assessment of the biophysical resource base (natural science) with the 

participatory exploration of locally relevant sustainability criteria (social science) and the integration 

of both in multi-criteria decision analysis (MCDA) for the selection and planning of locally appropriate 

RET. These three main IREPA steps are methodologically assessed based on the case studies 

experiences and the current state of the art in the field in order to improve the approach for supporting 

the supply of agricultural products from smallholder systems.    

 

Assessment of the biophysical renewable resource base 

Nowadays, various digital sources for the power densities of solar, wind, hydro, geothermal and 

bioenergy exist. These sources allow for the assessment of the biophysical resource and the 

subsequent selection of suitable RET including system dimensioning. Solar irradiance data with global 
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coverage is available for free from the HelioClim-3 solar radiation database (soda-pro.com, n.n.), the 

NASA surface meteorology and solar energy database (NASA SMSE, n.n.) and the NASA Earth 

Observations (NEO) database (NASA Earth Observation, n.n.).  

Global wind speed data is available from the Danish Global Wind Atlas (Global Wind Atlas, n.n.). These 

sources have been employed for IREPA, while additional sources are available today, e.g. the IRENA 

Global Energy Atlas, the Renewable Energy Explorer Website, the National Solar Resource Database, 

the Lawrence Berkeley National Laboratory Map RE, and the World Bank Group Global Solar Atlas (Cox 

et al., 2018).  

For the biomass potential assessment, the local net primary productivity (NPP), obtainable from the 

NEO database, is a suitable indicator for assessing the biomass productivity of the respective area. The 

average crop yields on country level are available from FAOSTAT (FAO, n.n.).  

Wind and hydroenergy data are very site-specific and thus need to be explored on local to national 

level, e.g. from government departments e.g. on RE, environment, agriculture or statistics as well as 

from national weather stations. In both case studies valuable information was obtained (charged or 

free) from such sources, e.g. the discharge timelines of adjacent rivers (DWEA, 2012) and average wind 

speed densities at different hub heights and terrain roughness classes at the researched area (WASA, 

2012). In case no information is available about the researched area and for assessing the geothermal 

potential, one must rely on explorations that may have already been conducted and published 

elsewhere, like it was the case in South Africa (Banks and Schäffler, 2006) and in India 

(Chandrasekharam and Chandrasekha, 2015; Parua, 2010). Other major data sources are the scientific 

literature, project reports and other local grey literature (information sources need to be evaluated). 

Based on the biophysical resource base, the theoretical REP can be assessed. Based on that those RET, 

where the power densities were found to be below the benchmark for technical and economical RE 

generation can be excluded from further assessment.  

In both cases, the average wind speed was below the threshold level (4 m s-1 at 10m height) of even 

the smallest commercially available wind turbines (Kumar et al., 2010). Accessible geothermal sources 

were neither available in South Africa nor in India. The hydropower potential of the Hooghly River, a 

branch of the Ganga, was found to be huge, but the hydroenergy inaccessible for the smallholders. 

Therefore, in both cases solar and bioenergy applications were found to be possible, while in South 

hydro power was an additional option.   

This initial exploration and the potential exclusion of irrelevant RE generation pathways reveal an 

advantage of local studies and the bottom-up assessment approach. The renewable energy potential 

assessment (REPA) studies, reviewed in Chapter 2.1, typically apply large spatial resolutions, which are 

unsatisfactory for the assessment of the technical, economic and implementation potential (Angelis-

Dimakis et al., 2011). Local shading objects for solar energy or local wind breaks (e.g. hills, adjacent 
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trees, other buildings) cannot be taken into account. This is a major source over- or underestimation 

of the RE potentials on the ground. The biomass potential can only be assessed based on the locally 

prevailing crops in combination with the yield level, the crop-residue ratio and other competing uses.   

In both IREPA applications the renewable resource base could be assessed on local level. This was 

possible and feasible by drawing on existing online data bases. Today, even more digital data sources 

with global coverage are available (Cox et al., 2018), with many of them accessible free of cost. These 

renewable resource databases allow for proper technical selection and dimensioning of appropriate 

RET for local application. Through the integration of RE production, smallholder farming increase their 

resource-use efficiency, which is a main goal in the development of the bioeconomy (BMEL, 2020; EC, 

2018). Such Integrated Food and Renewable Energy Systems (IFRES), based on locally adapted 

technology, can increase the productivity of the whole production system (FAO, 2011, 2010) in 

countries of the South, where highest agricultural productivity gains need to be achieved (Bruinsma, 

2009; OECD-FAO, 2009).     

 

Participatory exploration of locally relevant sustainability criteria and decision making 

Technically suitable RET also need to match the energy demand of smallholder households in terms of 

quantity and quality to be appropriate. Therefore, smallholder farmers and other relevant 

stakeholders, including local government officials, traditional leaders, government and municipality 

departments, extension services, NGO members, etc., were involved in the IREPA studies from the 

beginning through participatory learning and action (PLA) research methods (Chambers, 1994; Hart, 

2008). In the following a brief summary of the methods applied in both case studies, the respective 

type of information obtainable and the complementarity of these PLA methods is provided to ease 

data collection in further IREPA studies:  

 

o Open-ended, semi structured interviews with members of smallholder farming households  

From such interviews precise information can be obtained about household and village characteristics 

(including demographic factors, gender roles, health, education, skills, jobs, household income and 

sources, decision making, household and communal hierarchies, openness to new technologies and 

practices), the prevailing agricultural systems and the production methods, land ownership, current 

energy supply along with additional demand (quantity and quality), environmental aspects such as 

concerns, access to natural resources and their use, and the current knowledge about RE among the 

household members. The open-ended questions allow for a follow-up about individual aspects, e.g. 

about specific RET and potential applications. This is useful in case the information provided was not 

detailed enough. Further information from other sources can be cross-checked, e.g. about local power 
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relations and decision making. Therefore, interviews with household members are deemed crucial for 

the selection of appropriate RET on household or farm level. 

 

o Key-informant interviews  

In-depth knowledge about specific aspects, e.g. available RET support schemes, as well as information 

about the general context, e.g. local agricultural development, can be provided by key-informants. 

Such persons are typically experts in relevant fields and include agricultural extension and NGO 

workers, scientists, local companies, craftsmen, politicians e.g. from government or municipality, and 

traditional leaders. Key-informants support the understanding of the local context through in-depth 

knowledge and are thus also valuable sources for triangulation and interpreting the information 

obtained from other PLA methods.  

 

o Transect walks and village mapping   

Transect walks support the understanding of the village structure in terms of terrain, soil types, solar 

irradiance on the ground, wind distribution patterns and existing infrastructure, e.g. transport, 

sanitation, health, field sizes and distribution and craftsmen shops (as indication for locally available 

skills and technologies). Village maps aid the informed planning of potentially suitable RET based on 

the renewable resource distribution on the ground.  

 

o Participant observation  

The behaviour of the people, daily routines and how certain tasks are performed can be observed. 

Especially, socio-cultural aspects, like e.g. gender roles and the related work distribution, local power 

relations and individual sub-groups, and those aspects which are often not verbalised like informal 

jobs, religion and spirituality or alcohol misuse, can be discovered. Further, observations can confirm 

interview information or uncover discrepancies about what was told and what is actually done, e.g. 

men stating that agriculture is their sole responsibility, while watching women weeding. Of particular 

importance are daily routines related to energy, including the types of energy, their respective 

utilisation (if possible including amounts/duration and costs) and the household member in charge of 

it. This allows for the estimation of the energy demand (e.g. in form of daily power curves) and the 

subsequent adequate dimensioning of RET while considering seasonal patterns in the resource 

availability.  

 

o Visits of other development projects in the research area 

Insights into other local development projects can support the overall understanding of the socio-

economic and socio-cultural context. In some cases, it is also possible to obtain and draw on already 
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existing information for triangulation, easing data assessment for mutual benefit. Further, contacts to 

overseen, but relevant stakeholders can be revealed and subsequently established. 

 

To date, participatory learning and action (PLA) research methods are typically applied in case-based 

research in the broad field of sustainability transition studies (Fischer et al., 2020; Köhler et al., 2019). 

Sustainability transition studies explore in-depth information about a sustainability problem on local, 

regional and / or national level and the surrounding (enabling) policy landscape (Fischer et al., 2020; 

Köhler et al., 2019; Wittmayer and Schäpke, 2014), e.g. in the fields of energy (Lennon et al., 2019), 

agriculture (Lairez et al., 2020) and participatory epidemiology (Fischer et al., 2020). Participation of 

stakeholders is fundamental for agriculture-related sustainability assessments in countries of the 

South (Schindler et al., 2015), because information relevant for science and society can be gathered 

from relevant stakeholders (Wittmayer and Schäpke, 2014). PLA is therefore considered the “mode-2 

knowledge production and transdisciplinarity” (Wittmayer and Schäpke, 2014, p. 484), in contrast to 

mode 1, which refers to knowledge created under academic settings by professionals (Levin and 

Greenwood, 2008; Wittmayer and Schäpke, 2014).  

For the selection of RET and the design of IFRES both types of knowledge are required. While mode-1 

knowledge refers the techno-economical and methodological knowledge, the participation of local 

stakeholders in a “mode-2” bottom-up process is crucial for the local appropriateness and the 

integration of new technologies and practices in the daily routines of household members.  

 

Today, the scientific discourse in participatory research has moved from data acquisition methods 

towards (i) the researcher, its influence and its role in PLA research (Schwanen, 2018; Wittmayer and 

Schäpke, 2014), (ii) the scale of application (micro vs. macro level) and (iii) the integration of data from 

the large pool of case-based studies into macro analysis for deriving more generic insights for 

accelerating sustainability transitions (Geels et al., 2017; Köhler et al., 2019; Lang et al., 2017).  

These discourses inform the following IREPA evaluation for deriving insights allowing for improving the 

approach for further applications in other settings.  

 

Role of the researcher 

Stakeholder engagement, multiple perspectives and the complexity of the sustainability problems 

changed the role of the researchers considerably (Wittmayer et al., 2017; Wittmayer and Schäpke, 

2014). Today, researchers need to be skilled in guiding learning processes and in mediating conflicts, 

while it is expected that the researcher as person represents the change who puts sustainability into 

action (Wittmayer and Schäpke, 2014). In IREPA, the researcher is integral part of the highly 
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interdisciplinary research process. Hence, researchers applying IREPA have to be aware of and be 

skilled with respect to the following:   

 

Ownership of the problem 

The ownership problem is a normative issue. In many cases researchers identify sustainability 

problems in society. During the research process the researcher needs to guide data acquisition, 

analysis, formulation of solutions and implementation in such a way that the ownership of the problem 

and the research process moves gradually to the participants. They need to become the owners of the 

solution and become empowered to implement it (Wittmayer and Schäpke, 2014).  

The multiple researcher roles have been realised during the first IREPA application in South Africa. This 

lead to the development of a dedicated workshop concept for REP assessment and RET selection in a 

project work, supervised by the author of this thesis (Polcher and Wurster, 2015). A complete 

workshop agenda guides the researcher from the preparation phase, including the selection of 

stakeholders and framing their expectations, to the moderation of a one-day workshop with 

brainstorming exercises, mappings, expert groups and focus groups (Polcher and Wurster, 2015).  

The co-construction and demonstration of potentially suitable RET as part of the workshop, is an 

important methodological element for capacity development and building ownership, because it 

allows for mutual learning about (unknown) technology in a given context (Barry et al., 2011). The 

highest learning success rates are achieved from do-it-yourself exercises (90%), compared to what is 

memorized from what was read (10%), seen (20%) listened to (30%) and the combination of the three 

(50%) (Klein, 2016). RET co-construction was included in the IREPA approach after the application in 

South Africa and was applied in the Indian case. This allows for knowledge and skills exchange for 

setting up a new technology (for the participants) in a new context (for the researcher), providing a 

fruitful basis for RET implementation.  

 

Sustainability concept  

Todays’ transition management approach considers sustainability as the starting point of the 

processes, referring to the Brundtland definition (Wittmayer and Schäpke, 2014). Process-oriented PLA 

research, however, emerged before sustainability mainstreaming and sources value from human 

development, emancipation, democracy and the empowerment of the stakeholders involved 

(Wittmayer and Schäpke, 2014). The application of PLA methods in sustainable development research 

is based on these values, guiding the open-ended process of defining sustainability context-specific 

and elaborating case-based solutions (Wittmayer and Schäpke, 2014). In IREPA a shared understanding 

of sustainability and the sustainability targets related to agricultural production and RE are developed 

during the research process on context-specific basis.  
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Action 

The goal has changed in PLA research from merely providing research results for the scientific 

community, towards ‘action’ in terms of developing practical solutions for daily life. The researcher 

has multiple roles in this respect, including facilitation of the process of finding solutions, support in 

policy formulation, information analysis and networking (Wittmayer and Schäpke, 2014). This issue 

was experienced, as IREPA is basically an approach for project planning, not considering the actual RET 

implementation. Hence, for further IREPA applications, the approach should be completed by 

elements that guide, facilitate and analyse also the implementation and uptake of the developed RE 

solutions. For engaging citizens and multiple stakeholders in the implementation process, follow-up 

surveys and workshops, exhibitions, websites and social media, online stakeholder consultations and 

the living lab approach are considered suitable formats (Gerdes et al., 2018). Living labs are be 

conceptualised as public-private-people partnerships for open innovation and co-creation through 

stakeholders from the same geographical area (Gerdes et al., 2018). For IREPA the living lab approach 

is very suitable as subsequent action-oriented process after the RET selection, fostering ownership of 

the problem, RET uptake and capacity building.  

 

Power 

Power, group dynamics and inherent politics need to be recognised by the researcher. It has to be 

considered in participant selection and group composition, in facilitating the research process, in the 

analysis of the outcomes and during sharing the benefits of the solution (Fischer et al., 2020). This issue 

requires a conscious reflection on the participants’ power relations and group dynamics as well as a 

self-reflection about the personal role within this setting (Wittmayer and Schäpke, 2014). Power also 

refers to a participants’ ability of being heard or being able to guide the outcomes towards self-benefits 

(Fischer et al., 2020). The researcher hereby needs to organise an inclusive research process making 

sure that ‘silent voices’ (considering gender, age, social hierarchy, ethnic groups) are recognised 

(Fischer et al., 2020; Lemke and Claeys, 2020). This aspect is also taken up in the IREPA workshop 

concept (Polcher and Wurster, 2015), e.g. by organising gender-selective focus-groups and interviews 

with female translators or researchers.  

 

Language 

The PLA methods in IREPA were all applied with translator in the local language. The vocabulary in the 

mother tongue is best capable for expressing oneself and understanding new information, while the 

researcher and / or translator need to be good listeners (Fischer et al., 2020).  
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Geography 

The unidirectional way of innovations and strategies developed in the Western world with subsequent 

knowledge and technology transfer to developing countries diminishes more and more today (Henao 

et al., 2012; Jolly et al., 2012; Köhler et al., 2019). Today, sustainability innovations co-evolve at 

multiple locations (Köhler et al., 2019; Schwanen, 2018).  

 

Consensus vs. plurality 

The researcher needs to decide whether the sustainability problem tackled requires a single best-

solution or rather a package of several solutions and subsequently design the research process 

accordingly (Fischer et al., 2020). IREPA is based on the pluralistic approach with the aim of 

conceptualising multiple RETs with different RE sources as research output for matching diverse energy 

needs in agricultural production and the smallholder households at the same time.  

 

For identifying locally appropriate RET with IREPA, the information obtained from the PLA research, is 

subsequently analysed, interpreted and translated into local sustainability criteria. For technology 

selection the multi-criteria decision analysis (MCDA) method Analytical Hierarchy Process (AHP) (Saaty, 

1990) was applied in South Africa. The application with farmers was challenging, giving the large 

number of pair-wise comparisons. In the Indian case the Simple Multi-Attribute Rating Technique 

(SMART) (Chen et al., 2010) was employed. In addition, an adapted version of the AHP using criteria 

clustering (Stewart and van den Honert, 1998), thereby reducing the number of pair-wise comparisons. 

SMART is based on straightforward ranking of both selection criteria and technology options, instead 

of the pair-wise comparisons, and thus easier to comprehend and faster in the application. The latter, 

however, was experienced as disadvantage compared to the AHP. The pair-wise comparisons require 

thoughtfulness and concentration of the participants, which may result in more informed decisions as 

compared to SMART.  

The advantages of the AHP method in terms of scalability and adaptability to individual decision 

problems make it the most frequently applied decision making method in the field of environmental 

sustainability (Colapinto et al., 2019). Other areas of frequent application include manufacturing, 

logistics and transportation as well as in construction, agriculture, forestry and land use (Colapinto et 

al., 2019). The number of MCDA studies published was about 1400 in 2016/17. Within the field of 

sustainable energy, the number of studies multiplied from one in 1999 to 77 in 2017 (Siksnelyte et al., 

2018).  

Important for informed choices in the final step of IREPA is the preparation, explanation and 

presentation of the sustainability criteria to the participants. In both case studies, the MCDA methods 

were successfully applied for criteria ranking and RET ranking. Therefore, no adaptation or renewal is 
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required in the MCDA-based RET assessment and selection process. Today, MCDA methods are state-

of-the-art in environmental and sustainability studies (Colapinto et al., 2019; Marinis and Sali, 2020; 

Siksnelyte et al., 2018). MCDA methods are important for structured decision making in sustainability 

research for the development of the bioeconomy, because they allow for the integration of multiple 

disciplinary perspectives.  

 

5.1.2.  Up-scaling of case-based research for the sustainability transition towards the 

bioeconomy 

To date sustainability research takes place either on macro level, elaborating the theoretical landscape 

of drivers and barriers for system change, based on theories, frameworks of analysis and modelling 

employing big data approaches (Geels et al., 2017; Lang et al., 2017; Sovacool and Walter, 2019), or on 

micro-level based on participatory case-based research (Fischer et al., 2020; Schwanen, 2018) and 

sustainability assessments of technologies and practices (Schindler et al., 2015). Taking this into 

account, the following conclusions can be drawn for further IREPA applications, in order to widen the 

level of application and informing the broader sustainability transition.   

Socio-technical innovations can induce transitions when they link up, reinforce and gain momentum 

supported by the wider landscape level (Geels et al., 2017). For example, the energy transition in 

Germany builds on technological advancements that lowered solar, wind and bioenergy generation 

costs, industrial coalitions (e.g. machine building and farming), subsidies through the EU RE directive 

and a positive public image of RE, due to the rising opposition against nuclear power after the 

Fukushima accident (Geels et al., 2017). Consequently, RE production in smallholder agricultural 

systems should not only focus on the energy-related aspects, but additionally address agricultural 

sustainability challenges and support solving them by creating win-win situations between agricultural 

production and RE production (Zeweld et al., 2017).  

Therefore, IREPA could benefit from an explicitly stated focus on the design of IFRES in future 

applications. More farmers might become interested in RE production, when the relations to 

agricultural production are more obviously communicated in terms of co-benefits that support solving 

agricultural sustainability as well as household challenges. For example, the co-benefits of biodigestion 

include climate change mitigation (replacement of fossil fuels), deforestation reduction (replacement 

of traditional biofuels), increase in soil fertility and thus food security (digestate application as 

fertilizer), increase in resource-use efficiency (utilisation of residues and wastes) and household energy 

security (biogas utilisation). Hence, several synergies arise with the agricultural production system, 

when biodigestion is implemented.   

Agricultural manures, residues and household wastes are valuable feedstocks for bioenergy 

production. Hence, farmers intentionally collect, store and use them instead of burning on the field or 
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discharge them with other wastes (like e.g. in the South African case). This increases the resource-use 

efficiency and nutrient circularity on the farm. Further, the digestate has to be removed and is ideally 

used as organic fertilizer for improving soil fertility and increasing agricultural productivity.  

This example can be considered a narrative of the biogas production in smallholder farming systems. 

Narratives are frequently used to disseminate case-study results (Köhler et al., 2019; Schwanen, 2018). 

The abstraction and purification of case-based results to derive more general results (based on 

selection, simplification, reworking and exclusion of cast study results) renders the information more 

interesting for a broader readership, while blurring the results’ context (Schwanen, 2018). 

Traditionally, meta-analyses and reviews are conducted for generalizing and extrapolating case-based 

research results for informing the wider political sustainability transition context (Köhler et al., 2019). 

Therefore, the inclusion of institutional factors and the political setting in sustainability assessments 

and case studies is crucial, but remained an overseen in studies conducted in the past (Schindler et al., 

2015). IREPA includes institutional factors, as these can be important drivers for or barriers to specific 

RET and thus frame the technology selection factors in the broader context.  

The transferability of research results from a specific context, innovative technologies and practices 

developed as well as the information generated in numerous case-studies needs to be strengthened 

for supporting the sustainability transition towards the bioeconomy. The increase in case-based data 

and information (Fischer et al., 2020; Schwanen, 2018) creates the opportunity for novel 

methodological approaches that strive for generic insights across cases to support scientific theory 

building for the global sustainability transition (Köhler et al., 2019). Recent attempts of generalising 

case-based research results, are replicated case studies applying the same methodology in other 

geographical areas and socio-cultural contexts (Köhler et al., 2019), like it was done with IREPA. 

Embedding case study research in global or regional models could support the identification of suitable 

case-study regions and socio-economic contexts. This strategy of stratified sampling, based on the 

anticipation of impacts, would result in more comparable results. The data and information obtained 

from such a strategic approach can improve models to explore the generalisability, scalability and 

transferability of the results and thus increase the wider impact of case study results (Lang et al., 2017).  

The bioeconomy is to a large extent based on decentralised biomass production in agricultural systems 

and thus needs to reach and involve multiple stakeholders. This could be accelerated by the structured 

up-scaling of case-based research results, e.g. by replicated IREPA applications following a stratified 

sampling approach, based on regional to global models (Köhler et al., 2019; Lang et al., 2017). Suitable 

case-study locations can be identified, based on various indicators like e.g. the renewable resource 

base, availability of similar institutional support schemes or the access rate to modern energy. 

Consequently, a general concept for IFRES can be planned and subsequently adapted for 

implementation based on the IREPA approach. A stratified-sampling approach based on IREPA case 
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studies, could support the increase in agricultural productivity in countries of the South and involve 

the large group of smallholder famers in the sustainability transition towards the bioeconomy.  

 

5.1.3.  Summary: The methodological contributions of integrated assessment approaches and 

case-based research and for the sustainability transition towards the bioeconomy:  

The following methodological considerations are derived from the development of the IREPA approach 

and its applications in two case studies, with the aim of providing guidance for further agriculture and 

RE based sustainability research in smallholder farming systems in countries of the South:  

 

Methodological considerations for sustainability transition research: 

• Sustainability research has to be regarded an open-ended process that defines sustainability 

context-specific instead of applying general definitions (e.g. Brundtland) (Wittmayer and Schäpke, 

2014).   

• Solutions for sustainability problems need to be appropriate in the local context. Often multiple 

solutions (plurality) (Wittmayer and Schäpke, 2014) that address interlinked challenges, e.g. 

related to agriculture and energy, need to be combined (Zeweld et al., 2017). Finding these 

solutions, requires flexibility in conducting case-based research and thus in the regulatory 

research funding frameworks.  

• The co-evolvement of sustainability solutions at multiple locations requires case-based, inter- and 

transdisciplinary research approaches, such as IREPA, that builds on stakeholder participation 

from the beginning (Fischer et al., 2020; Köhler et al., 2019). Thus, the foundation of sustainability 

transition research towards the bioeconomy is a holistic bottom-up perspective with sustainability 

being defined context-specific.  

• The interlinkages of sustainability solutions with each other, with people’s livelihoods and the 

environment need to be explored, explicitly stated and enhanced (i) to integrate several 

technologies and processes to enhance overall performance on systems level (e.g. agricultural 

productivity, resource-use efficiency, residue and waste recycling, etc.), and (ii) to ensure the 

applicability to local livelihoods without negative impacts and environmental trade-offs.  

• Information and data exploration need to capture the local context and therefore be based on 

participatory learning and action research methods, which are nowadays state-of-the-art in 

sustainability transition research (Fischer et al., 2020; Köhler et al., 2019).  

• Digital databases with global coverage (and often free access) facilitate the exploration and 

assessment of the local natural resource base (bio-physical data) (Cox et al., 2018) for RE 

production (e.g. NASA SMSE), primary productivity (e.g. NASA Earth Observation) and agricultural 

productivity (e.g. FAOSTAT). Appropriate technologies and practices can be planned based on 
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local bio-physical data following cascading and circular approaches to optimise the use efficiency 

of natural resources.  

• MCDA methods, like e.g. AHP and SMART (Chen et al., 2010; Saaty, 1990), allow for structured 

decision making and the determination of locally appropriate sustainability solutions, based on 

quantitative and qualitative (sustainability) criteria and the involvement of multiple stakeholders 

from various disciplines in decision making (Colapinto et al., 2019; Siksnelyte et al., 2018). 

• For successful implementation, the ownership of the sustainability solution needs to be with the 

local stakeholders. If the identification of the solution was not initiated by local stakeholders, the 

ownership transfer needs to be part of the research process, e.g. through participatory 

identification of problems and the co-design of solutions e.g. in practical workshops or living labs 

(Gerdes et al., 2018).   

 

The multiple roles and required skills of researchers in the sustainability transition:     

• Interdisciplinary, cross-sectoral perspective and collaboration skills for the identification of 

appropriate technologies based on the holistic consideration of locally relevant social, 

environmental, technical, economic and institutional factors.  

• Language skills and / or cooperation with a translator and good listening skills. 

• The ability to identify and manage local power relations (e.g. gender roles, minorities), group 

dynamics, inherent politics and conflicts in stakeholder involvement (e.g. in focus group 

composition) during the research process, the analysis of the outcomes and sharing the benefits 

of the solution (Fischer et al., 2020; Lemke and Claeys, 2020; Wittmayer and Schäpke, 2014). 

• Authenticity of the researcher and practical knowledge, e.g. for technology co-construction or 

policy formulation, for putting the sustainability change into action (instead of providing research 

results for the scientific community only) (Wittmayer and Schäpke, 2014) 

 

These methodological recommendations can guide and lead the transition from a centralised fossil 

resource exploitation, based on techno-economic considerations, towards a decentralised provision of 

biobased and renewable resources using locally appropriate technologies and production systems 

while involving multiple stakeholders in the bioeconomy.  

 

For stakeholder involvement the sustainability transition towards the bioeconomy, their perspective 

needs to be explored and subsequently taken up for the targeted formulation of political development 

strategies. Therefore, the following chapter focuses on the perspective of smallholder farmers on 

agricultural RE production.    
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5.1.4.  Smallholder farmers’ perception on agricultural renewable energy production: drivers 

and barriers for implementation 

In the past, energy transitions emerged from the exploitation of new energy resources, without 

considering impacts on the environment or society and were controlled almost monopolistic by energy 

corporations (Lennon et al., 2019). Today’s ongoing energy transition, however, is based on 

decentralised RE systems, because of spatial and temporal fluctuations of renewable resources (Arndt 

et al., 2019). Decentralisation implies the involvement of multiple stakeholders from the private and 

the public sectors as well as the society. This changed the role of individuals from being regarded 

(passive) consumers and customers towards becoming main actors in the concurrent energy transition 

(Lennon et al., 2019; Wirth et al., 2018). The same applies to the sustainability transition towards the 

bioeconomy, where agricultural products, including energy, are to be produced in a decentralised way 

in multiple agricultural systems. In countries of the South access to modern and clean energy is a crucial 

driver for rural development and for increasing agricultural production (FAO, 2014a, 2011; Kaygusuz, 

2012). Therefore, the drivers for and the barriers to agricultural RE production in smallholder farming 

system are explored to inform the formulation of targeted political strategies for increasing the supply 

of agricultural products for the growing bioeconomy.  

 

Energy situation in countries of the South 

Globally, smallholder family farmers represent about 475 million households, who manage 53% to 75% 

of the total global agricultural land including its natural resources (Graeub et al., 2016; Lowder et al., 

2016). The majority of farms (84%) are smaller than 2 hectares and 72% are smaller than 1 hectare 

(Lowder et al., 2016). Only 4% of these farms are in high-income countries, while the majority is located 

in lower-middle (36%) and upper-middle income countries (47%) (Lowder et al., 2016).      

Rural areas of Latin America, Asia and Sub-Saharan Africa entail the largest potentials for increasing 

the supply of agricultural products and RE (Moriarty and Honnery, 2012; OECD-FAO, 2009; Teske et al., 

2019). In these areas, the number of people without access to electricity dropped from nearly 1 billion 

people in 2017 to 860 million in 2018, while 2.6. billion people still remain without access to clean 

cooking fuels (IEA, 2019). In 2018, Sub-Saharan Africa showed an electrification rate of 45% (world 

average 88.7%), while only 17% have access to clean cooking fuels (IEA, 2019). As elaborated in Chapter 

2.1 and Chapter 2.2 of this thesis, the implementation of the huge RE potential in countries of the 

South, depends mainly on the inclusion of the large societal group of smallholder farmers. The 

selection of locally appropriate RET for harnessing these potentials, depends on multiple and complex 

interactions of local social, environmental, technical, institutional and economic factors (Tab. 1) - 

posing drivers for and barriers to smallholder RE production and the development of IFRES:    
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Economic factors  

Achieving universal electricity access requires investments of about $400 billion between 2020 and 

2030 (IEA, 2019), which is exactly the amount of subsidies the fossil energy sector (still) receives 

annually (REN21, 2020). Nevertheless, RE generation has been growing faster than expected in the last 

years (Arndt et al., 2019). Global annual investments reached $301.7 billion in 2018 (REN21, 2020). 

Currently, the cost decrease of solar (-87%) and wind (-62%) energy technologies between 2010 and 

2017 made RE competitive with fossil energy and thus accelerates further RE deployment (Arndt et al., 

2019), also in smallholder farming systems.  

 

Investment costs and energy expenditures 

The investment costs of modern RET pose a major barrier for smallholder farmers, as revealed in the 

South African and Indian case studies. Mandelli et al. (2016) reviewed 350 off-grid rural electrification 

studies in countries of the South and came to the same conclusion. A potential way ahead is to focus 

on RET that are dimensioned to produce the required energy at lower costs than the currently used 

energy form. This can reduce household energy expenditures, making financial resources available for 

investing into new technologies.    

Table 1: Locally relevant factors for the assessment of the renewable energy implementation potential and the selection 
of locally appropriate renewable energy technologies at the case study areas Mgwenyana (South Africa) and 

Ghoragaccha and Baikunthapur (India) 

Mgwenyana (South Africa) Ghoragachha and Baikunthapur (India)

Operation and maintenance (financial aspects)

Protection of soil, water, air and biodiversity Environmental Conservation

Food and nutrition security 

Access to clean water

Gender aspects

Social cohesion and stability

Social benefits and increased well-being Ease of daily activities 

Education and development of new skills 

Economic factors

Institutional factors

Technical factors

Social factors

Environmental factors

Investment costs and energy expenditures

RE business models 

Government support (financial and for operation and maintenance)

Energy security and reliability

Operation and maintenance (technical skills and knowledge) 
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In South Africa, 94% of the households rely on social grants as major income source. Less than half 

(44%) additionally receive financial support from migrated family members. The (low) agricultural 

produce is almost entirely self-consumed. The monthly household income ranges from about ZAR 500 

to ZAR 1500 (about 25 – 75€ per month). Therefore, only RET with very low investment costs are 

considered suitable. RE systems were planned and the amortisation time estimated based on the 

monthly savings through the omission of expenditures for the currently used energy alternatives. A 

simple solar-PV light system (10W, 4x LED bulbs) takes 8.7 years for amortisation, while a PE-bag 

biodigester would amortise within one year (assuming fuelwood is purchased) and remove the need 

for fuelwood (Ritter, 2013). 

The same RET planning approach was applied in India. The economic assessment of solar-PV home 

systems (500 – 1500 Wp) showed that the investment costs for a 1000Wp PV system are on the same 

level as the average annual household income of INR 115068 (about 1325€). This solar system could 

be paid off within nine to eleven years (operation and maintenance costs not included), through the 

saved expenditures for grid-electricity. Similar solar PV amortisation times are found in Europe with 

pay-off periods ranging from six to seven years in Spain to about twelve years in Norway. The European 

average pay-off period is just below 10 years (Whitlock, 2019).  

The cost decrease for solar and wind technology (Arndt et al., 2019) is lowering the investment-barrier 

considerably. Since 2020, decentralised RE systems show the lowest energy generation costs in rural 

areas in countries of the South, thus accelerating RE production (Arndt et al., 2019; REN21, 2020).  

 

Operation and maintenance (financial aspects) 

Initially, simple and cheap, (partly) self-built RET were found to be favourable options for both case 

study areas. This, however, implies that smallholders are also responsible for operation and 

maintenance, including the purchase of spare parts at an unpredictable time (Terrapon-Pfaff et al., 

2018). Such a ‘do-it-yourself’ strategy is supported by the high smartphone penetration rate of about 

91% in South Africa in 2019 (Gilbert, 2020) and the observed daily smartphone utilisation of the 

younger generation in India. Today, ample do-it-yourself manuals and videos (important in case of 

illiteracy) for nearly all RET are available online for free e.g. on youtube or Appropedia. Further, these 

and multiple other sources provide information about sustainable agricultural practices, technologies 

and management. Further, institutional support can be provided e.g. by raising awareness among 

farmers about these information sources or through the creation of open-access online manuals and 

practical step-by-step videos based on the local context and in local languages.  

A recent study in India concluded that capacity building is the major driver for the uptake and 

utilisation of smartphones by smallholder farmers in India (Landmann et al., 2020). Some interviewed 

farmers in the Indian case study reported the use of smartphones for obtaining information about 
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farming, e.g. about crop-specific fertilizer application rates or for improving biogas productivity. Hence, 

the increasing smartphone and associated internet access rates globally, support access to open-

source information. This enables do-it-yourself RET setups including operation and maintenance.  

The roll out of electricity grids to rural areas in countries of the South usually follows major roads and 

connects adjacent villages only (Mandelli et al., 2016). In these villages, often public buildings (e.g. 

schools, health centres), enterprises and household who can afford the grid-connection (with up to 

10-times higher electricity costs compared to urban areas) gain electricity access (Mandelli et al., 

2016). For the remaining households, decentralised RE systems are today the most viable energy 

access option (Mandelli et al., 2016; REN21, 2020). Several RE business models emerged in the last 

years, tailored to the needs of often low-income rural households (Mandelli et al., 2016; Terrapon-

Pfaff et al., 2018).  

 

RE business models  

RE business models were not part of the IREPA applications, but provide a lucrative and thus feasible 

option for smallholder farmers to produce RE. Medium to large-scale RE production is becoming an 

opportunity especially for those smallholders living in areas where the national grid has already 

expanded or will expand soon (Asian Development Bank, 2015). Public-private partnerships or multi-

party ownership models provide the chance for farmers to lease land and / or sell biomass feedstock, 

thereby omitting own technology investments as well as the operation and maintenance responsibility 

(Asian Development Bank, 2015). In India for example, Thapar et al. (2017) estimate the farmers’ 

equity share to be up to 15% in community RE projects, which can result in an additional income of up 

to $4000 per year. Such medium to large-scale projects can further attract private-sector investments, 

which are currently higher in countries of the South than in the North (Frankfurt School-UNEP 

Centre/BNEF, 2020). 

On small-scale, lease or hire business models are tailored to the needs of poor households. Complete 

RE systems, e.g. solar-home systems, are leased or hired for regular payments including operation and 

maintenance service. The dealer credit model combines RE system selling with microloans in one-stop-

shops. Individuals buy an RE system based on a microloan, which is payed back based on regular 

instalments. After the pay-off period, the purchaser owns the RE system, but without additional service 

(Asian Development Bank, 2015). These pro-poor business models surpass the upfront investment 

costs, increasing access of smallholders to RET considerably. In a similar way, lease or hire as well as 

dealer credit models could also support smallholder mechanisation, e.g. irrigation pumps and 

equipment, tractor access and post-harvest storage facilities, with the aim of increasing agricultural 

productivity. Recently, several machinery sharing business models emerged, e.g. HelloTractor in 

Nigeria and Kenya or farMart in India (Daum and Birner, 2020). Digital tools bring farmers and tractor 
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owners together. Shared utilisation options increase financial viability of tractors by increasing the 

utilisation rates and lower the risk of purchasing agricultural technology (Daum and Birner, 2020).  

Such business models can support the implementation of modern agricultural and RET, in order to 

increase resource-use, land and labour efficiency, and reduce post-harvest losses, while offering new 

income opportunities in rural areas of the South.  

 

From an economic perspective, the cost digression of RET together with large investments from the 

private sector foster RE business models in rural areas in countries of the South, removing economic 

barriers for smallholder RE production and fostering rural bioeconomic development. For smallholder 

RE production, the following options arise:   

• Household RETs should be selected and planned based on the premise that the investment 

can be paid off through the savings of replacing the previously used energy source(s). 

Agricultural technologies for increasing productivity should be implemented in a similar way, 

allowing smallholders to pay-off the investment costs based on productivity gains or 

production cost reductions.  

• The participation as shareholder in public-private partnerships or multi-party ownership RE 

business models provide the opportunity for smallholders to by-pass the investment as well 

as the operation and maintenance barrier, thus creating an additional income (Asian 

Development Bank, 2015; Thapar et al., 2017).  

• Digital technology-sharing applications can increase affordability and lower the risk of high 

upfront investment costs for farm mechanisation (Daum and Birner, 2020) and thus support 

the uptake of agricultural technology to increase agricultural productivity in smallholder 

farming systems.   

• RE and agricultural projects need to focus on capacity building and technology trainings 

(Terrapon-Pfaff et al., 2018; Wirth et al., 2018).  

• The increasing smartphone penetration enables access to open-source information for do-it-

yourself RETs, operation and maintenance as well sustainable agricultural practices and 

agricultural knowledge (e.g. youtube or Appropedia). Institutional support should raise 

awareness and educate farmers about finding relevant information online. Further digital 

extension services could provide locally relevant information in local languages.   

 

Institutional factors 

Globally, financial support schemes remain the crucial driver for the RE transition  (Arndt et al., 2019). 

In 2019, 172 countries had RE targets and 161 countries had RE policies in place (REN21, 2020). This 

evidence from the RE sector highlights the importance of institutional support also for the 
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development of the bioeconomy, where already 49 countries have currently strategies in place that 

guide the national research agenda, set development targets and foster the deployment of new 

biobased technologies (Bioökonomie.de, 2021; German Bioeconomy Council, 2018).  

The focus in South Africas’ RE policy and support landscape remains on large-scale RET through the 

‘Renewable Energy Independent Power Producer Procurement Programme’ (REI4P), as described in 

Chapter 2.1. The programme is considered very successful, with each bidding round attracting 

numerous consortia willing to install RE production capacity (Fontana and Wing, 2019). In 2016, the 

Income Tax Act was reformed and allowing now for accelerated depreciation of solar PV systems with 

less than 1MW in one year, thus promoting small-scale projects for increasing energy security with low 

environmental impact (Fontana and Wing, 2019). Further, the Carbon Tax Act came into law in 2019 

charging 120 ZAR for every tonne CO2-eq. emitted until 2022. The overall tax rate is expected to be 6 – 

42 ZAR per tonne CO2-eq., with 60% of the emissions as basic tax-free allowance (Fontana and Wing, 

2019). The tax reform renders decentralized solar PV projects in rural areas of South Africa more 

lucrative as fossil energy prices will likely increase in the next years.  

Furthermore, the importance of local institutions was revealed in the South African case study. 

Traditional leadership and community hierarchies need to be considered in RE project planning and 

RET selection, because local leaders can hamper actions by individuals (in case the chief is not 

interested in RE) or motivate whole communities to produce and use RE (in case the chief is interested).  

In India, the energy success story began in September 2017 with the launch of the Saubhagya scheme, 

aiming at providing grid-electricity access to all (willing) un-electrified households until the end of 2018 

(in remote areas through solar-PV systems) (Government of India, 2017). In April 2018 it was 

announced that the goal was reached, with only few remote villages being unconnected (IEA, 2020b). 

According to the official Saubhagya website, 99.99% of all Indian households were electrified in 

September 2020 (saubhahya.gov.in, 2020) - based on the premise that a village is considered 

electrified, when 10% of the households and all public buildings are connected (IEA, 2020b). Since 

2000, India provided electricity access to 750 million people (IEA, 2020b). This is a huge step forward 

in rural development, indicating the power of long-term political strategies and their resolute 

implementation that is backed up with sufficient financial resources.  

Currently the expansion of the RE production capacity to 175GW in 2022 is challenged by a needed 

increase in the electricity transmission capacity, which is important for intermitted solar and wind 

energy. Further, insecurity about upcoming RE policy reforms as well as slow progress in land 

acquisition of RE production sites is slowing down progress. The increase in RE production capacity to 

reach the 2022-RE target in rural areas requires about 200,000 hectare of land, and in case of 

bioenergy, biomass as feedstock (Buckley, 2020; Thapar et al., 2017). This represents a bottleneck, as 

it was found in the Indian case study that virtually all land is in use. The majority of smallholders (82%) 
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surveyed in the case study prefer to cultivate food and feed crops on their land in order to secure the 

basic income source. The remaining 18% of farmers would be willing to include RE production, if it 

provides additional income. Typical for early adopters, the farmers willing to take up new opportunities 

are those who have sufficient resources to take the associated risk in case of failure (Rogers, 1983). 

The launch of the Saubhagya scheme in 2017 fostered communal RE projects based on public-private 

partnerships with smallholders as shareholders (Thapar et al., 2017). Furthermore, multiple RE support 

schemes for small to large scale applications are in place, supporting the developments of solar 

(electricity, heat, light), wind, small hydro and biogas e.g. National Biogas and Manure Management 

Programme (MNRE, 2020) in the country.  

 

India and China are the largest growth markets for RE in the world with substantial progress (REN21, 

2020). In India ample opportunities emerge that seem to allow smallholders to participate and benefit 

from the RE transition. On the contrary, the policy landscape in South Africa does not consider 

smallholder RE production. Hence, smallholder farmers in areas without favourable institutional 

conditions, need to take own initiative through business models or do-it-yourself solutions:  

 

• RE support strategies are a main driver of the global RE transition (Arndt et al., 2019), 

consequently the growing number of countries implementing bioeconomy strategies set the 

scene for the global bioeconomy transition.  

• In both countries, India and South Africa, the current focus is on medium to large-scale RE 

projects, while India supports small-scale RET since decades (Buckley, 2020; Fontana and Wing, 

2019; Government of India, 2017; MNRE, 2020). Thus currently community or collective RE 

production tend to have a higher chance of being financially supported through government 

schemes, private investments or a combination of both. 

• In areas with high pressure on land like in India, smallholders tend to be reluctant of leasing or 

selling land for RE production, because of the associated risk of being deprived from the 

livelihood basis. Consequently, RETs need to be linked to and combined with agricultural 

production, e.g. through the creation of IFRES that aim on increasing overall productivity of 

the smallholder farming systems.  

• Traditional community hierarchies, like e.g. in South Africa, may foster or hamper individual 

smallholders to take initiative or participate in the increasing number of RE projects in rural 

areas. Therefore, political strategies and development projects need to take the local socio-

cultural context and local community leadership into account by applying participatory 

research methodologies.         
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Technical factors  

Access to sufficient and clean energy can substantially increase agricultural productivity in rural areas 

in countries of the South (Daum and Birner, 2020; Mandelli et al., 2016; World Bank, 2017). In these 

areas, the energy demand in agricultural production (e.g. planning, mechanisation, irrigation) is 

currently supplied by manual labour (65%) or animal power (25%), while only 10% is energised. Energy 

is especially required for post-harvest operations (like e.g. cleaning, drying), food storage, preservation 

and food preparation (World Bank, 2017). Globally, energy poverty results in post-harvest grain loss of 

10-20% or $ 4 billion (World Bank, 2017). To date 80-100% of the energy is used for cooking, water 

boiling and, in colder climates, for space heating. Most of this energy is supplied from traditional 

biomass, collected and handled typically by women (Mandelli et al., 2016; World Bank, 2017). 

 

Energy security and reliability 

Energy security and reliability is one of three common factors found in both case studies. It implies the 

reliability and quality of the energy supply. In terms of electricity, frequent and sometimes long last 

power cuts hamper the utilisation of electricity (reliability), while fluctuations in voltage can damage 

the appliances connected (quality). Other energy carriers such as diesel, kerosene or LPG are not 

always available in rural areas, due to transport and trade constraints (Mandelli et al., 2016; World 

Bank, 2017). Mandelli et al. (2016) suggest that ‘a few hundred Watts’ are often sufficient for meeting 

the household energy demand. Consequently, rather small RET systems, as suggested in the South 

African and the Indian case, are appropriate to meet the daily life energy needs. Even smaller RET 

systems can considerably reduce indoor-air pollution, the burden of fuelwood collection for women 

(Terrapon-Pfaff et al., 2018) and food losses due to limited storage and preservation possibilities 

(World Bank, 2017).  

Meeting the energy demand of project beneficiaries in terms of quantity and quality provides the 

foundation for the wider uptake of RET (Terrapon-Pfaff et al., 2018). Terrapon-Pfaff et al. (2018) 

concluded, after evaluating the outcomes of 30 RE project in countries of the South that successful RE 

projects trigger replications of the RET within the community (77%) and the surrounding communities 

(65%). This highlights that appropriate RET need to supply the amount and quality of energy required 

by smallholder farming households at the right time. Consequently, there is a strong tie between 

technical and social factors that likely applies to other agricultural technology as well.   

 

Operation and maintenance (technical skills and knowledge)  

Limited knowledge and skills for operation and maintenance are often the reasons why already 

installed RET systems, e.g. through development projects, are not operated in the long term (Mandelli 

et al., 2016; Terrapon-Pfaff et al., 2018). In India for example, a farmer abolished the use of his 
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biodigester after he changed the production system from cattle towards vegetables. The household 

switched back to LPG for cooking, because of the lack of manure and the lack of knowledge that various 

other biomass sources can replace manure as biogas feedstock. When service and spare parts are 

unaffordable and / or unavailable in rural areas, the lack of knowledge and skills leads to overall RE 

system breakdown (Mandelli et al., 2016). RE workshops and service providers were available in India 

at the time of the case study in 2015, but not in the South African case in 2012. 

RE development projects usually take up this issue through technology-based education programmes 

for operation and maintenance as well as sustained contact between the project staff and the 

participants after implementation (Terrapon-Pfaff et al., 2018; Wirth et al., 2018). In addition to the 

new digital possibilities for do-it-yourself solutions, introduced above, RE development projects should 

foster the creation of networks by disseminating the experiences, the knowledge and the lessons 

learned to the wider audience in the region, including surrounding villages, local authorities, 

government bodies and NGOs. Further, a sustained contact between the project team and the 

beneficiaries is important for RET maintenance and potentially necessary technology adaptations. In 

73% of the projects, evaluated by Terrapon-Pfaff et al. (2018), networking and partnership creation 

were part of the project agenda. In a previous evaluation in 2014, only 44% of the projects focused on 

networking activities (Terrapon-Pfaff et al., 2018). These activities do not only trigger the wider RET 

uptake, but develop technical capacity for further RE deployment (Terrapon-Pfaff et al., 2018).  

 

Technical drivers for and / or barriers to smallholder RE production include energy security and 

reliability as well as skills and knowledge for operation and maintenance:  

• Appropriate RET for smallholders have the highest impact when the household energy demand 

can be met in terms of quantity (often < 1kW), reliability and quality (Mandelli et al., 2016), 

highlighting the strong tie between technical and social factors in the RE as well as the 

sustainability transition towards the bioeconomy.  

• Women are responsible for household-related tasks and thus a gender-sensitive research 

approach is needed when selecting appropriate RET in smallholder farming systems.  

• Knowledge and skills for operation and maintenance (including access to service) need to be 

considered already during RET selection.  

• Knowledge dissemination, networking and partnerships support operation and maintenance, 

and stimulate RET uptake in the region (Terrapon-Pfaff et al., 2018; Wirth et al., 2018).  

 

Environmental factors 

Environmental factors were found to be highly relevant for smallholder farmers and the selection of 

locally appropriate RET in both case study areas. This can be attributed to the direct impact of changes 
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in the weather and climatic conditions on the agricultural production system. The smallholders at 

Mgwenyana (South Africa) reported changes in the weather patterns, manifested e.g. as changes in 

the seasonal precipitation patterns and the need for watering crops which were grown rain-fed in the 

past. In this case study, basically the negative implications of a changing environment on the daily life 

(e.g. more thunderstorms damaging traditional clay-houses) and agricultural activities (e.g. yield losses 

or reductions through drought) were reported, which resulted in the RET selection factor ‘Protection 

of soil, water, air and biodiversity’. At Ghoragachha and Baikunthapur (India), several environmental 

concerns were expressed. A decline in soil fertility and an increase in waste disposal and air pollution 

was reported. In addition, several concerns were expressed about observed changes in local weather 

conditions, including shorter rainy seasons, hotter temperatures in the non-monsoon seasons, a 

decline in rainfall frequency and intensity during the whole year. These changes lead to crop yield 

reduction. In contrast to the South African study, almost 30% of the Indian farmers attributed the 

emissions from fossil fuel and wood burning as causes to these changes.  

Another important aspect was revealed. Indian smallholders produce food for self-consumption in 

organic home gardens. The Block Development Officer reported that the food produced on the fields 

with mineral fertilizers and pesticides is not for self-consumption, but for selling only, because the 

farmers consider these inputs averse to their health. Three of the interviewed smallholders considered 

the conversion to organic farming, because they observed negative impacts of mineral fertilizers and 

pesticides on soil fertility and thus productivity. Further, higher revenues for organic crops on the 

markets in Kolkata trigger the conversion to organic production.     

In both cases several environmental concerns were raised that directly affect smallholder livelihoods 

negatively and thus force the farmers to adapt the production system and their livelihoods accordingly. 

The environmental concerns were found to be a strong motivational factor for sustainable energy and 

agricultural practices, like organic farming in India. Consequently, environmental factors determine 

the selection and uptake of new technology and practices in smallholder agriculture to a large extent. 

Indian farmers pursue already for more sustainable technologies and agricultural technologies to 

adapt to climate change and re-build soil fertility after input-intensive farming since the Green 

Revolution.  

The elaboration of strategies for coping with climate change on local level requires the co-production 

of environmental knowledge, pairing local farmers’ knowledge and expert knowledge from relevant 

disciplines (Kusnandar et al., 2019; Oliver et al., 2020; Zarei et al., 2020). Based on the combination of 

local and expert knowledge, climate change adaptation strategies in agriculture, specific to the local 

context, can be elaborated (Zarei et al., 2020). Thereby, all sustainability dimensions as well as 

institutional factors need to be explored and considered in a participatory learning process (Kusnandar 

et al., 2019; Oliver et al., 2020). The strategy of knowledge co-production was e.g. successfully applied 
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for the adaptation of the agricultural system to water-scarcity in Iran (Zarei et al., 2020), for the 

development of aridity-adapted rangeland management schemes in Patagonia (Castillo et al., 2020) 

and adapted farming-practices in a karst region in China (Oliver et al., 2020).  

Hence, for securing and increasing agricultural productivity and smallholder biomass supply for the 

growing bioeconomy, a combination of both local farmers’ knowledge and expert knowledge (e.g. 

researchers, extension workers) is required.  

 

Smallholder farmers depend on the natural resource base and seasonal patterns. In both case studies, 

environmental concerns were raised by farmers, which push and motivate them to adapt and improve 

the production system through the utilisation of RET.     

• Ongoing changes in the local environment (including soil, water, forests, biodiversity) and 

climate change push and motivate the farmers to take up sustainable technologies and 

agricultural practices in order to secure their livelihoods.  

• Smallholder farmers in the researched areas consider those RETs appropriate that support 

both agricultural productivity and livelihoods. 

• The co-production of environmental knowledge by smallholder farmers and experts from 

relevant disciplines provides the basis for adapting the agricultural system as well as the 

livelihoods to climate change supported by locally appropriate technologies and practices 

(Kusnandar et al., 2019; Oliver et al., 2020; Zarei et al., 2020). 

 

Social factors  

Both IREPA applications revealed a variety of social factors and their importance for appropriate RET 

selection. Social factors are often closely related to other factor categories. Social factors, for example, 

determine the utilisation of energy and the related technologies in the daily life, which in turn is 

influenced by environmental factors.  

In the South African case, social factors constitute around access to sufficient water, food security as 

well as gender aspects and the social community structure. The surveyed smallholders expect an 

improvement in water and food security through RET implementation. Food security should be 

improved through additional income (or expenditure savings) or higher agricultural productivity. In 

rural areas in countries of the South, access to basic human needs, such as water and food, depend 

mainly on agricultural and related activities (Mandelli et al., 2016). Further, the social cohesion in the 

community shall not be altered through new technologies and associated practices, e.g. through an 

unequal distribution of RE benefits among households. Therefore, traditional or local leadership needs 

to be involved from the beginning to guide the community members throughout the RET selection 
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process. This helps ensuring that social well-being through access to modern and affordable energy is 

increased in a socio-cultural acceptable way on community level.  

In the Indian case, the ease of daily activities through modern and affordable energy was the most 

important selection criteria. RETs need to match with the energy demand in terms of quantity and 

quality, considering both household and agricultural energy demand. The pursue towards a modern 

lifestyle was attributed to access to modern energy and thus serves as main motivation for the Indian 

smallholders to utilise RET. Modern information and communication devices want to be used and 

these require electricity. Also negative impacts on health and the burden of collection of traditional 

biofuels were reported and motivate for a change. Further, also education and the development of 

new skills was important to the farmers. The implementation of RET should always be accompanied 

with capacity building and skills transfer about new technologies and practices (Terrapon-Pfaff et al., 

2018). This is not only important for operation and maintenance, but as well for the creation of new 

jobs and income sources e.g. by providing service for RETs or selling energy to other households.  

The production and utilisation of modern RE in smallholder agricultural systems has therefore great 

potential to accomplish the basic human needs (water and food), ease daily activities, contribute to 

income creation and rural welfare and thus support sustainable agricultural development in countries 

of the South.  

Social factors as well as stakeholder engagement and empowerment are essential for sustainable 

agricultural development, and if neglected, can lead to opposition and project failure (Kusnandar et 

al., 2019; Lemke and Claeys, 2020; Oliver et al., 2020). For successful agricultural development projects 

in rural smallholder systems, the following social factors have to be taken into account:  

 

• New technologies and practices need to match the lifestyle and the livelihood needs on local 

level and thus requires the comprehensive assessment of relevant social factors. 

• Social impacts and benefits associated with the use of an individual technology (like e.g. RETs) 

need to be explored, assessed and explicitly linked to the particular technology (Wirth et al., 

2018).  

• Capacity building based on participatory processes is a key-driver for rural development 

projects on agriculture, energy and the environment and should encompass all relevant social, 

environmental, technical, institutional and economic aspects (Kusnandar et al., 2019; 

Schindler et al., 2015; Terrapon-Pfaff et al., 2018). 
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5.1.5.  Summary: The perspective of smallholder farmers on agricultural RE production and the 

learnings for the sustainability transition towards the bioeconomy 

Today, the development of sustainability innovations takes place simultaneously in multiple locations 

globally (Köhler et al., 2019). For accelerating the sustainability transition, best-practice examples of 

technology and practices can be transferred to other areas, where an adaptation to the local context 

is required. This provides a shift from top-down technology transfer perspective, whereby innovations 

have been created in industrialized countries and are subsequently implemented in countries of the 

South, towards a bottom-up co-creation of locally appropriate solutions (Köhler et al., 2019).   

The research on RET implementation into smallholder agricultural systems revealed the importance of 

matching new technologies and practices with the local context, based on a participatory exploration 

of social, environmental, technical, institutional and economic factors. Some of these factors support 

changes and act as drivers. These need to be taken up in the research process to reach and motivate 

local stakeholders. Some other factors pose barriers, which can be overcome by adapting the proposed 

solutions accordingly (e.g. high investment costs can be overcome by small, yet efficient technologies 

and do-it-yourself solutions) or reveal unsuitable technologies that should be removed from further 

assessment (e.g. in the South African case, the fear of using (bio-)gas for cooking or RETs that only 

benefit few community members and thus alter the social community structure).  

The following drivers and barriers reveal the perception of smallholder farmers in rural South Africa 

and India on agricultural production, RE and environmental conservation, which are integral part of 

the sustainability transition towards the bioeconomy: 

 

Barriers:  

• High upfront investment costs of new technologies 

− Decreasing technology prices for RET (esp. solar and wind) (Arndt et al., 2019) break down 

this barrier. Consequently, those technologies are preferable where economies of scale have 

lowered the prices already.   

− Technology investment costs should be paid off through monthly savings of the replacement 

of the previously used energy carriers in case of RE or based on higher revenues / savings 

from a production cost reduction in case of productivity increasing agricultural technologies. 

By-passing loans for investment costs can increase the implementation rate of new 

technologies and involve more smallholder households.   

− Initially, rather simple and self-assembled RETs (with educational purpose) sufficient for 

covering the often low household energy needs (few hundred Watts) are preferable 

(Mandelli et al., 2016). 
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− Where applicable, smallholders can become shareholders in different business models for 

medium to large-scale decentralized RE production, thus omitting technical investments 

(Thapar et al., 2017). 

− Dealer credit as well as hire or lease business models provide the option for smallholders to 

utilise modern technologies such as RE (Asian Development Bank, 2015) or farm 

mechanisation equipment (Daum and Birner, 2020). 

• Lack of skills, knowledge and financial resources for operation and maintenance  

− Increasing smartphone and internet penetration in rural areas in countries of the South 

provide the chance for do-it-yourself RET and grant access to information about operation 

and maintenance as well as agricultural practices at the time it is needed. 

− Institutional support for open-access online manuals and practical step-by-step videos based 

on the local context and in local languages should be strengthened.  

− Capacity building and networking needs to go along with technology implementation for 

advertising the benefits of sustainable technologies and practices to involve further 

smallholders in the region (Terrapon-Pfaff et al., 2018). 

• Land-use competition 

− Land is the basic source of income and thus smallholders tend to be reluctant of changing 

the land-use as well as leasing or selling land, e.g. for RE production. Therefore, the 

involvement of smallholders in medium to large-scale RE projects as shareholders or as 

(contracted) biomass producers is a potential pathway for not depriving smallholders from 

their land while still engaging them as stakeholders in rural development.   

− Areas around the houses and roofs are often available for RE production.  

− Smallholders with higher incomes and access to more land show higher willingness to 

implement new technologies and practices. These smallholders should be targeted first, as 

they can serve as practical example to subsequently attract further farmers.   

 

Drivers:    

• Environmental (and climatic) conditions  

− Smallholder livelihoods are directly impacted by climate change effects (e.g. change in 

seasonal patterns, droughts, etc.). This provides a strong intrinsic motivation to take up new 

technologies and practices. Smallholders consider those technologies (e.g. RET) and practices 

appropriate that support the adaptation of the agricultural production system and the 

farmers’ livelihoods towards climate change.  

• Institutional support 
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− Government support schemes, private investments or a combination of both are crucial 

funding sources for the often low-income smallholders.  

− Government support schemes tend increasingly towards community or village RE projects, 

but should also provide incentives for household-based solutions in rural areas.   

• Energy security  

− RE systems that increase energy security and reliability on household and farm level have 

higher chances of implementation and continued utilisation.  

• Traditional community structure  

− Traditional community hierarchies and structures need to be explored and recognised in 

technology selection and implementation. 

− Local authorities (e.g. traditional leaders) need to be involved from the beginning. In the 

South African case traditional leaders were critical to project success.  

• Gender sensitivity 

− Women are responsible for several household and agriculture-related tasks and thus a 

gender-sensitive research and capacity-building approach is required.  

• Ease of daily living 

− New technologies and practices need to improve the lifestyle and benefit the farmer’s 

livelihoods. Associated benefits of technologies and related practices need to be explored in 

the local context and explicitly communicated to increase understanding, while motivating 

multiple smallholders with different needs.   

 

The production of RE in smallholder agricultural systems provides a promising pathway towards the 

sustainable increase in the supply of agricultural products (Daum and Birner, 2020; Mandelli et al., 

2016; World Bank, 2017). Participatory bottom-up approaches provide crucial insights into the local 

context and provide the basis for the targeted formulation of agricultural development policies for  

involving the large number of 475 million smallholder households (Graeub et al., 2016; Lowder et al., 

2016), in the sustainability transition towards a bioeconomy. 
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5.2. Contribution of urban agriculture and urban consumer behaviour to the sustainability 

transition towards a bioeconomy 

 

Urban agriculture provides new cultivation areas and links the growing urban population to agricultural 

production. In this chapter, first the contribution of urban farming for increasing food production is 

discussed (Chapter 5.2.1), and secondly the potential of urban gardening to encourage a sustainable 

consumer behaviour (Chapter 5.2.2).  

 

The Worldwatch Institute estimates that globally 15-20% of the food is produced in urban and peri-

urban areas (Artmann and Sartison, 2018), while urban production alone accounts for 1-5% (Clinton et 

al., 2018). “Most broadly, urban agriculture refers to growing and raising food crops and animals in an 

urban setting for the purpose of feeding local populations” (Sanyé-Mengual et al., 2019, p. 2). 

Urban agriculture re-emerged as trend in the US in the past two decades and is now becoming part of 

the urban lifestyle and city development in countries of the North. In countries of the South, it has ever 

since been required and been practiced for food security (Chatterjee et al., 2020; Clerino and Fargue-

Lelièvre, 2020; McEldowney, 2017; Orsini et al., 2013; Paganini and Lemke, 2020). For example, in 

Kinshasa (Democratic Republic of Congo) and Dakar (Senegal), 65-70% of the vegetables consumed are 

produced within the cities (Clerino and Fargue-Lelièvre, 2020).  

Urban agriculture is practiced in a wide variety of ways. In this thesis the focus is placed on two types 

of modern urban agriculture in the countries of the North and their societal role forthe sustainability 

transition towards the bioeconomy:  

(i) Commercial high-tech, indoor production systems referring here to ‘urban farming’, and  

(ii) ‘urban gardening’ activities of individuals or as community on available public and private areas 

including balconies, roofs, yards and other vacant areas.  

Urban gardening is usually soil-based, utilizing garden plots, raised beds, mount cultures, pots and 

containers on almost any possible area outside for plant and crop cultivation (Chatterjee et al., 2020; 

McEldowney, 2017). Urban farms instead, often apply soilless hydroponic, aeroponic or aquaponic 

cultivation systems, combined with modern controlled indoor-environments to cultivate crops 

vertically in stacked systems (Al-Kodmany, 2018; Kalantari et al., 2017).  

 

5.2.1.  The potential of urban farming for increasing food supply  

Globally, modern soilless cultivation systems play a major role in greenhouse cultivation since decades 

and recently moved into cities as indoor, vertical or roof-top farms (Kalantari et al., 2017; Shamshiri et 

al., 2018). Soilless cultivation has a better cost-effectiveness, a higher water- and nutrient use 

efficiency, a larger space productivity and a rather low weight of the cultivation systems (Barrett et al., 
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2016). Soilless systems make efficient use of available spaces, including rooftops, walls, yards and 

indoor areas for urban food production from small to large scale (McEldowney, 2017).  

 

Vertical farming 

On the large scale, the number of commercial high-tech vertical farms is increasing with the aim of 

producing a substantial amount of food calories for the growing urban population at the place of 

consumption (Al-Kodmany, 2018). Prominent examples include Aerofarms, who produce nearly 1000 

tonnes of greens in Newark (US) annually, claiming to be 390-times more productive than conventional 

open field agriculture on square meter basis, while using 95% less water and no pesticides 

(Aerofarms.com, 2020); and Sky Greens, one of the first vertical farms in Singapore, which is operating 

since 2012, using a very space-efficient cultivation system based on hydraulic rotating tiers attached 

to nine meter high A-shaped towers. The area productivity is announced to be 10-times higher than 

monolayer farming (skygreens.com), producing about 10% of Singapore’s vegetables (Benke and 

Tomkins, 2017).  

Despommier, the founding father of the vertical farming concept, roughly estimates that a 30-floor 

vertical farm with a ground area 5 acres (about 2ha) could supply food to up to 10.000 people 

(Despommier, 2011). The vertical farm feasibility study of the German Aerospace Centre (DLR) 

estimated that a 1936m² (44m x 44m) vertical farm with 37 floors (167.5m height) has the potential to 

produce as much food as 216 ha of agricultural land (Zeidler et al., 2013). Considering the global 

average cropland footprint of 2000m² (0.2ha) per person and year (Schutter and Lutter, 2016), this 

exemplary vertical farm could roughly supply the food for 1080 people annually - on the cropland 

footprint of one person. Thus there is great potential for vertical farms to produce fresh and healthy 

food to the surrounding households in a decentralised, people-centred and demand-driven food 

system.  

This could raise food self-sufficiency of cities, while reducing food miles substantially. For example, 

Berlins’ food is produced to 72% on domestic land, to 7% in other EU countries and to 21% in non-EU 

countries (Hönle et al., 2017). Especially, the imported share of food could be reduced by vertical 

farms. In controlled indoor-environments even those crops can be cultivated which are not cultivatable 

outside under the given climatic, geographic or pedologic conditions. 

 

However, the creation of artificial cultivation conditions, including photosynthetic active radiation, 

temperature and humidity control, fertilizer dosage and the building or greenhouse itself, requires 

large technical efforts and energy inputs. Irrespective of the high productivity and resource-use 

efficiency, vertical farms are often not economically viable. Reasons are the high investment, energy 

and labour costs (Al-Kodmany, 2018; Benke and Tomkins, 2017; Kalantari et al., 2017). The investment 
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costs are estimated to be about $15 million for a modern vertical farm with controlled environment 

conditions, compared to the cost of a controlled environment greenhouse with about $280.000 

(Toledano, 2019). These high costs result in a current production price of one kilogram of leafy greens 

in a vertical farm of about $33. The same amount of food can be produced on organic farms for $23 

(Toledano, 2019). Further, the high energy demand is a threat to vertical farm sustainability. For 

example, lettuce grown in a vertical farm has a two to five times higher energy demand and thus CO2 

emissions compared to conventional farming (Al-Chalabi, 2015).  

It is expected that technological advancements will decrease production costs considerably, making 

vertical farming a viable and resource-efficient option for urban food production (Al-Kodmany, 2018; 

Benke and Tomkins, 2017; Despommier, 2011; Shamshiri et al., 2018). Considerable advancements in 

vertical and indoor farming technologies are expected in the areas of cover materials (e.g. radiation 

transmittance), light control and artificial lights (e.g. LED), microclimate controllers (e.g. mechanical 

ventilation), indoor environment monitoring (e.g. wireless and cloud-based sensor networks, IoT-

based monitoring and data sharing), energy efficiency (e.g. RE, energy and indoor environment 

optimisation models) and management (e.g. decision support models) (Shamshiri et al., 2018). These 

technical innovations are required because the existing greenhouse technology, does not fully fit the 

setups and conditions of vertical indoor farms (Al-Kodmany, 2018; Shamshiri et al., 2018).   

Considering that these technological improvements are achievable within the next decade, vertical 

farms might be capable of producing substantial amounts of food for the growing urban population at 

the place of consumption, thus increasing the sustainability of urban food supply systems.   

 

Rooftop and building integrated farming 

On a medium scale, soilless cultivation systems are often applied in rooftop greenhouses and building 

integrated systems (Sanyé-Mengual et al., 2015). Both can subsequently be integrated into or onto 

existing builds e.g. on or in unutilized roofs, storeys and rooms. Modern cultivation systems can be 

connected with the building infrastructure, thus increasing the energy efficiency through combined 

heating/cooling, (grey) water recycling and gas exchange (CO2/O2) (Sanyé-Mengual et al., 2015). A 

special form of soilless cultivation systems at this scale are aquaponics, combining fish and crop 

production in recirculating systems. The aquaponic cycle maximises the nutrient and water use 

efficiency by drawing on synergies between both elements. Aquaculture effluent serves as nutrient 

solution for hydroponic crop production (Goddek et al., 2019). The cleaned water flows back into the 

aquaculture. The nutrients of the fish feed, which are only consumed to 25-35% by the fish, additionally 

nourish the crops (Goddek et al., 2019). The direct combination of both parts in one water cycle can 

reduce the water demand by up to 90%, compared to both system parts running individually (Goddek 

et al., 2019). However, the two parts in combination are not able to achieve the same productivity as 
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stand-alone aquacultures and hydroponic systems (Kloas et al., 2015). A recent Bachelor thesis (co-

supervised by the author of this thesis) revealed that the production costs of tomatoes and tilapia fish 

in a small aquaponic system on top of a parking lot in Stuttgart are about 80% higher compared to the 

purchase of organic tomatoes and tilapia filets (Mobayed, 2020). For increasing productivity, Kloas and 

colleagues (2015) developed a double recirculating aquaponic system. Two independent recirculating 

units allow for optimal water quality for the fish as well as for optimal pH levels for bacterial biomass 

decomposition (pH 7.0 – 9.0) and nutrient availability for the crops (pH 5.8 – 6.2) (Kloas et al., 2015). 

Plant nutrient deficiencies can be avoided by targeted fertilizer doses, thus increasing fish and crop 

productivity to almost the same level as of stand-alone systems, to achieve economic viability without 

harming the fish (Goddek et al., 2019; Kloas et al., 2015).  

 

Consequently, modern soil-less urban farming, either in the form of vertical farms, roof-top or building-

integrated systems can contribute substantially to food production in cities. New cultivation areas are 

exploited, while the cultivation systems show very high water and nutrient use efficiency, little food-

miles and job-creation potential (Al-Kodmany, 2018; Benke and Tomkins, 2017; Goddek et al., 2019; 

Sanyé-Mengual et al., 2015). Consequently, urban farming is an important pillar for the growing 

bioeconomy, contributing to the biomass production of the 4F’s in future.  

Further development of vertical and indoor farming, however, needs to overcome the barriers of high 

investment costs, energy consumption and labour demand (Al-Kodmany, 2018; Shamshiri et al., 2018). 

The high production costs forced several vertical farms to stop operation in the past years, because 

the consequently high prices aggravated marketing of the food and uptake by the consumers (Specht 

et al., 2019). For example the largest European roof-top farm in The Hague (Netherlands) faced 

bankruptcy in 2018, after only two years of operation (Sijmonsma, 2018). A social barrier is posed by 

the fact that soil-less cultivation systems remain largely unknown by the public (Specht et al., 2019). 

Soil-less cultivation is often perceived futuristic and unnatural, because of the complex high-tech 

production systems. Many consumers still imagine their food being produced on small, diverse farms 

using organic methods in the nearby environment (Specht et al., 2019). Despite of the pesticide-free 

production and organic nutrient solutions in aquaponics, an organic certification, a measure often 

contributing to trust and consumer acceptance, is not granted so far for soil-less cultivation systems 

(Specht et al., 2019).  

The integration of several sub-systems into decentralised circular production systems, based on 

natural ecosystems cycles and the direct involvement of the customers, e.g. through consumer-

integrated business models, might contribute to overcoming the techno-economic and social barriers 

of modern high-tech production systems in urban areas.    
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Circular production systems 

The integration of urban farming systems into the urban metabolism serves both the highly efficient 

use of inputs (including organic waste) and areas as well as the consumer – producer link (Clerino and 

Fargue-Lelièvre, 2020). Circular production systems go beyond the synergies of water, heat and 

gaseous exchange of roof-top and building integrated systems (Sanyé-Mengual et al., 2015). 

Despommier (2011) already sketched the vision of urban food production being connected with the 

surrounding building, collecting rainwater, harvesting solar energy, recycling organic wastes, grey-

water and food wastes. Al-Kodmany (2018) briefly described a concept for a ‘closed-loop system’, 

whereby crop, fish and algae production is combined with a biodigester for nutrient recovery from 

organic residues and wastes, and bioenergy for supplying energy for the artificial cultivation 

environment. Such systems can be embedded in the city infrastructure for converting organic wastes, 

e.g. from food wholesalers, breweries and gastronomy into high-value and diverse food products for 

supplying businesses and consumers (Al-Kodmany, 2018).  

Like in smallholder farming systems, the integration of RE production allows for the sustainable supply 

of (at least a part of) the energy required by vertical farms, through solar PV, solar-thermal, wind, 

bioenergy and combined heating/cooling concepts with adjacent buildings (Al-Kodmany, 2018; 

Kalantari et al., 2017). The space-use efficiency increases through the installation of RET on roofs and 

walls of vertical farms. RE increases sustainability of the farm and may lowers operation costs or 

increase revenues.  

In particular, the integration of biodigestion provides multiple benefits. Organic wastes and residues 

can be converted into bioenergy, while at the same producing plant nutrients, humus and water – all 

of which can directly be re-utilised for biomass production (Stoknes et al., 2016). A combined heat and 

power unit (CHP) supplies RE to the building or greenhouse surrounding this circular food system. Also 

here novel approaches decrease the energy demand. For example, Stoknes et al. (2016) apply a novel 

approach to greenhouse insulation, whereby soap-bubbles between two greenhouse foils reduce the 

heat transmission substantially. Only 74% of the produced heat from the CHP was sufficient for 

greenhouse heating. Overall, the closed-loop system requires about 80% less energy than conventional 

greenhouse cultivation (Stoknes et al., 2016).  

Circular production systems are based on the natural matter cycles and a cascading decomposition of 

biomass into several valuable products and thus fulfil two major bioeconomic goals. Past research in 

this field has focused mainly on combining two different production systems (e.g. aquaponics) or 

converting organic wastes and residues into products like e.g. algae as food, insects as food and feed, 

and mushrooms as food (Fig. 2). More recent research enlarged the focus to the integration of multiple 

components to make efficient use of organic wastes and residues.  
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Figure 2: Result of a literature review on the feasibility of integrating algae, inset, fish, vegetable and mushroom 
production into a circular organic production system based on organic wastes and residues 

(References represent researched links between individual components and the arrows the use direction; 
(Barroso et al., 2014; Rakocy et al., 2006; Ribas et al., 2009; Rumpold and Schlüter, 2013; Vonshak and Richmond, 1988; 

Wuang et al., 2016)) 

 

Stoknes et al. (2016) developed a pilot ‘Food-to-waste-to-Food’ system in Norway. Organic household 

and garden wastes are collected separately. The household waste is biodigested and the digestate 

separated into solid and liquid phases. One share of the solid digestate is vermicomposted and another 

share is mixed with paper waste, straw and chicken manure. Thereby the digestate is turned into 

cultivation substrate for edible mushrooms. The spent mushroom substrate is subsequently re-used 

for vegetable cultivation by mixing it with (vermi-) compost as well as solid and liquid digestate. 

Numerous experiments with varying ratios of mixtures revealed that the nutrients received from the 

organic waste and the liquid digestate fraction are sufficient to cultivate vegetables without any 

additional fertilizer. Moreover, the more natural cultivation substrate even showed higher yields e.g. 

of tomato, cucumber, lettuce and parsley, compared to soilless cultivation in a hydroponic system with 

mineral fertilisation (Stoknes et al., 2016).  

Hence, circular food-to-waste-to-food production systems open up a new field of highly resource-

efficient food production based on available resources and waste. Such systems are independent of 

arable land, climatic conditions and system size (as shown below) and are thus applicable to almost 

any location where sufficient amounts of organic waste arise.  

Moreover, the sustainability of circular production systems is remarkable. Direct methane emissions 

can be reduced by 98% compared to landfilling of organic waste. The CO2 emissions of tomatoes can 

be reduced by 95% compared to conventional greenhouse production. Potentially, no mineral 

fertilizers and pesticides are needed. Spent cultivation substrate waste (e.g. rockwool) from 

greenhouse production, can be reduced by 32kg m-2 a-1. Instead, 157 kg of organic waste can be 

recycled per square meter food cultivation area annually. Water recycling can decrease the water-

footprint by 80% compared to conventional greenhouse horticulture (Stoknes et al., 2016). 
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These figures of this pilot system are stunning and reveal the great potential of circular urban 

production systems for urban food production, supporting the vision of the EU of turning cities into 

bioeconomy hubs with focus on organic waste recycling (EC, 2018).  

For the scale-up of such circular systems, further interdisciplinary research is necessary to explore and 

understand the microbiology and the processes involved  in order to overcome existing challenges 

related to high variations in pH and EC levels and nutrient trade-offs between nitrate, phosphorous 

and chlorine (Stoknes et al., 2016). Based on that appropriate management systems of the microbial 

food web needs to be established to scale-up circular production systems that are based on organic 

waste and residue recycling (Stoknes et al., 2018). These early stage developments of circular 

production systems point out their great potential for the urban bioeconomy. The ‘Food-to-waste-to-

Food’ system was capable of producing equal or even higher vegetable yields under research 

conditions, at a minimum of the water, the nutrients, the pesticides and the energy inputs of state-of-

the-art greenhouse crop production (Stoknes et al., 2018). 

Utilising organic waste and residues as main resource for food production in circular production 

systems contrasts with modern soilless greenhouses and vertical farms. The basic premise of soilless 

approaches is that the technology provides the vital resources (e.g. LED light with defined spectra, 

fertilizer, water) directly to the plant in an abiotic environment e.g. under cleanroom conditions like in 

vertical farming (Al-Kodmany, 2018). This can be considered a technology-2-plant approach.  

Circular production systems, however, use modern technologies to create the conditions for diverse 

natural growth and decomposition processes, thereby providing a biotic environment for the plants to 

grow. This approach can be considered a technology-2-growth-condition approach, which comes closer 

to natural conditions. In natural ecosystems plants grow and interact with various abiotic and biotic 

factors in growth and decomposition cycles of food webs. ‘Nature-based solutions’ (see Chapter 5.3.1) 

explore and draw on natural principles and biologic processes (EC, 2020c) that emerged through plant-

environment interactions over the past 420 million years (Pflanzenforschung.de, 2013). Therefore, 

bioeconomic research should focus on natural and biological solutions, in order to increase resource-

use efficiency and cut negative environmental impacts of agricultural biomass production. Natural 

solutions had much more time to develop, compared to human agricultural (technology) development, 

which has ‘just emerged’ since 12000 years (Pflanzenforschung.de, 2013). Understanding natural 

resource cycles and the biology involved, offers ample solutions for sustainability problems, because 

natural processes utilise resources most efficient in close and wide cycles without producing any 

(hazardous) waste.   

Modern technology developments and manufacturing seek for inspiration in biological processes (e.g. 

lightweight construction, biomechanics) and are already capable of integrating biological systems into 

technical systems (Miehe et al., 2020), like it is the case in controlled-environment urban farming. 
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Circular production systems develop these systems further by replacing chemical and technical 

processes by biological processes. Bio-integrated systems (Miehe et al., 2020) and biorefinery concepts 

(Cherubini, 2010) provide the backbone for the development of the bioeconomy.   

The circular terrabioponic garden systems (see Chapter 2.2 and Chapter 3), developed by the author 

of this thesis, follow natural principles and thus rely only on natural resources available in urban areas. 

These include sunlight, (rain-)water and organic household wastes. Through two modular designs, 

terrabioponic gardens fit on small spaces for example on balconies, flat roofs and in interior yards in 

cities – thereby creating a natural ecosystem for urban gardeners to cultivate, interact and learn about 

natural ecosystem processes and cycles. Therefore, circular production systems can raise awareness 

about sustainable agricultural production and at the same time about sustainable consumer behaviour 

thus supporting the sustainability transition towards the bioeconomy.  

 

5.2.2.  The potential of urban gardening for supporting a sustainable consumer behaviour  

In addition to the provision of diverse agricultural products including RE, the consumption patterns 

and thus the consumer behaviour is of crucial relevance for a sustainable use of natural resources in a 

growing bioeconomy (EC, 2018). The importance of addressing and connecting the supply and demand 

site is reflected by ‘Sustainable Development Goal 12: Responsible Consumption and Production’ (UN 

DESA, 2020). How urban gardening can influence the consumer behaviour and act as a potential 

starting point for a more sustainable lifestyle, is discussed in the following section.  

 

The demand-site problem of food waste 

To date an enormous amount of food is wasted - including land, water, nutrient, energy and labour 

resources used for its production. A recent study revealed that the amount of food wasted by 

consumers on global scale has been underestimated by a factor greater than two (van den Verma et 

al., 2020). Based on an energy gap and consumer affluence approach, it was found that 19% of the 

food calories produced for consumption are wasted by consumers (527 Kcal day-1 capita-1), instead of 

the previously assumed 8% food wastes (214 Kcal day-1 capita-1) – based on the identical FAO dataset 

from 2005 (Kummu et al., 2012). Adding the food lost along the supply chain, the total food loss and 

waste accounted for 614 Kcal day-1 capita-1 or about 25% of the food calories produced globally in 2005 

(Kummu et al., 2012). Kummu et al. (2012) further estimated that the 25% food losses also ‘waste’ 24% 

of the agricultural land, 23% of the fertilizer and 23% of the water resources. Thus the potential of 

reducing food waste is huge. The food wastes could instead feed about 1 billion people (Kummu et al., 

2012). Unfortunately, the amount of food wasted even increased from 2005 to 2011 to 727 Kcal day-1 

capita-1 (van den Verma et al., 2020).  
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Food waste is strongly correlated with the income level, which are highest in North America, Europe 

and Australia. At a per capita income above $6.70 day-1, politicians in countries of the South should 

put measures in place to avoid food waste (van den Verma et al., 2020).  

The issue of the still growing food waste shows that a theoretical reduction of food waste to zero could 

supply about 25% (or more) of the projected 70% food demand increase. This high share of food 

wasted by consumers points out the urgent need of a responsible consumption behaviour, which is 

required for the sustainability transition towards the bioeconomy.    

 

Approaches for increasing sustainable consumer behaviour – the case of urban gardening 

In 2019, 79 countries had policies in place promoting sustainable production and consumption 

patterns (UN DESA, 2020), for example in Europe, the FOOD 2030 policy framework and the Updated 

Bioeconomy Strategy (EC, 2018, 2016). Political strategies often raise awareness about sustainable 

consumer behaviour through sustainability standards and information provision (EC, 2018; Pekkanen 

et al., 2018). The basic premise of this top-down approach is that unsustainable behaviour is grounded 

in a lack of knowledge. Standards guide consumers while the provided information illustrates in various 

formats ‘what consumer should do’ (Grilli and Curtis, 2021). Waste and energy are currently the topics 

addressed by most behaviour change studies, while the food waste issue was only addressed by few 

studies so far (Grilli and Curtis, 2021).  

The motivations for and the impacts of urban gardening go far beyond food production. The 

demography and the backgrounds of the urban gardeners are manifold and include (as explained in 

detail in Chapter 3) on social level e.g. awareness about healthy and sustainable nutrition, food 

security, local recreation, meeting places supporting communication and community feeling; on 

environmental level e.g. habitat creation, improvement of city climate, climate change mitigation; and 

on economic level e.g. productive utilization of unused spaces, new forms of private-public 

partnerships and new income sources (Chatterjee et al., 2020; Clerino and Fargue-Lelièvre, 2020; 

McEldowney, 2017).  

Basically, urban crop and plant cultivation turns the growing number of consumers in cities into 

producers, confronting them with the need of acquiring the necessary knowledge and skills about how 

to actually grow plants. Urban gardeners gradually engage with the basic plant growth requirements 

such as soil (or substrate), nutrients and water, the utilisation or disposal of plant residues, pest and 

disease management and local cropping calendars (Fig. 3). Through plant cultivation these aspects 

become part of the daily life. Thereby the gardeners are confronted with multiple questions, options 

and choices. For example, from the question of how to sustain and increase soil fertility, they might 

learn about humus and its functions. From its formation through CO2 sequestration, the topic of 

climate change arises. This way, the links between urban plant cultivation, natural processes and the 
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societal challenges of the 21st century may arise and become visible (Fig. 3). Similarly, fertilisation 

options (mineral / organic) lead to the topic of plant nutrients and to an understanding of nutrient 

cycles and the broad topic of natural resource use. The water demand of a plant depends on its 

physiology, determining the transpiration rate in the local cultivation environment. Supplying 

sufficient water is based on the interplay with the local weather and climatic conditions, determining 

the watering or irrigation strategy. Further, urban gardeners need to stick to seasonality and local 

cropping calendars. When gardening on smaller patches or raised beds, multiple plants are cultivated 

next to each other and in sequence. Community planting and crop rotations become eminent to the 

gardeners. This planning procedure requires at least some knowledge about plant characteristics, 

which in turn are determined by their native growing area and the functions of the plant in the 

respective natural succession. For pest and disease management, the gardeners might apply curative 

and / or preventive measures. For both, the right timing of application is crucial, opening up the fields 

of, for example, insect development stages, suitable growing conditions for fungal diseases or vectors 

of viruses and thus the topics of food webs and biodiversity. Once the plants have been harvested, 

residues are left. Several utilisation options are available, including composting, mulching, animal feed 

or disposal, from which the gardeners need to derive an appropriate management strategy, which 

brings the topics of organic waste recycling and circularity on the table. These emerging links from 

garden level to societal level may made the German urban gardeners more conscious about food 

production and more sustainable food consumption choices, like found in Chapter 3.   

 

In literature, five approaches are distinguished for fostering a pro-environmental behaviour (Grilli and 

Curtis, 2021). These approaches are applied (unintentionally) in urban community gardens and may 

explain the transformative potential of urban gardening for the sustainability transition towards the 

bioeconomy:  

(i) Education and awareness: The emerging links of gardening towards the wider sustainability 

aspects described above fall into this category. Information provision methods are frequently applied 

due to their comparably low costs, but lead to a success in only 60% of the cases (Grilli and Curtis, 

Figure 3: Emerging links of urban plant cultivation with natural processes and the societal challenges of the 21st century 
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2021). Information and education are in particular suitable for people who have already an interest in 

environmental issues and willingness to apply sustainable behaviour (Grilli and Curtis, 2021). These 

people, who are rather female than male, are characterised by openness to change, self-

transcendence and self-direction (Pekkanen et al., 2018). For example, people who consider 

sustainability labels in product purchase choices are receptive for information (Pekkanen et al., 2018). 

These characteristics are also reflected by the urban gardeners and the self-driven information 

exploration about plant cultivation. Urban gardening requires and supports information uptake and 

renders dedicated education and awareness methods effective in this context. Digital information 

acquisition and exchange are also emerging in the urban gardening community. In Germany, 33% of 

the urban gardeners utilise internet fora, while 18% are interested in supportive smartphone-apps 

(Chapter 3). In addition, online gardening and do-it-yourself manuals, compilations of gardening hints 

and webinars on various topics are increasing, e.g. on the website of ‘die anstiftung’ - the largest urban 

gardening community in Germany  (die anstiftung, 2020). An interactive step-by-step guideline in form 

of a smartphone app might turn additional people into urban gardeners. Interactive guidelines might 

be suitable for beginners to familiarize them in a playful way with gardening and support a successful 

harvest for a motivating experience.  

However, bare education and awareness approaches are less likely to initiate a change in the consumer 

behaviour by people with mind-sets building on tradition, conformity and security as well as self-

enhancement, depicting power, achievement and hedonism (Pekkanen et al., 2018). For such people, 

interactive and guiding formats of gardening assistance, e.g. through smartphone apps, might increase 

conformity (many people use it), security (easy accessible gardening know-how on smartphone), self-

enhancement (obtaining new knowledge) and achievement (successful harvest) for gardening 

beginners.  

(ii) Nudges: An interactive urban gardening app can also serve as nudge for initiating a 

sustainable consumer behaviour. Nudges are subtler methods compared to explicit information about 

do’s and don’ts, aiming at altering the decision context of individuals in a desired way (Grilli and Curtis, 

2021). Examples include appealing and large recycling bins or the energy utility that normally supplies 

RE electricity, unless customers demand fossil energy. Nudges are often successful and gain popularity, 

but often come along with high costs, e.g. due to additional materials for more or larger recycle bins 

or the software development costs of an app. In addition, nudges have a manipulative dimension as 

the free-choice of individuals is influenced partly obscured. Therefore, nudges are often combined with 

direct and open methods (Grilli and Curtis, 2021). To make education and awareness methods more 

effective, the point of information and the way it is delivered is important, to overcome the 

‘implementation gap’. This gap refers to the disparity between the opinion of people, who e.g. state in 

surveys that the purchase of biobased products is very important for protecting nature and climate 
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(31%), and the actual behaviour, where e.g. only 10% actually purchase biobased products (Lang, 

2019). Obtaining the information directly at the point of purchase or having it easily at hand on the 

smartphone in this moment, increases sustainable product choices (Grilli and Curtis, 2021). 

Consequently, the digital provision of information about gardening can satisfy the knowledge and skills 

needs, may attract other societal groups to participate in urban gardening activities and allows for 

having the information at hand when required.  

(iii) Social influence: In contrast to digital and thus non-personal offers, the personal 

information provision or a tailored feedback on consumption choices show a stronger influence on 

changing the consumer behaviour (Grilli and Curtis, 2021). Personalised information and feedback are 

able to transfer the (sustainable) behaviour from one person to another. Thereby the influence is 

higher the closer the personal relationships or the social groups are. Sustainable behaviour changes 

can be induced through members or leaders of social groups acting as positive example, through public 

commitment making (e.g. self-sufficiency of vegetables), through reference models practising a certain 

behaviour (e.g. organic gardening methods) and through feedback interventions (e.g. no use of 

pesticides in the urban community garden). The success of these methods is attributed to the link of  

behavioural changes with personal relationships (Grilli and Curtis, 2021). Like shown and discussed in 

article 3, the communities formed in urban gardens are a crucial driver for the overall urban gardening 

trend. Gardening communities have the capacity to create a new neighbourhood feeling and lasting 

relationships, bridging heterogeneous groups of people with different power and social statuses 

(McIvor and Hale, 2015; Rogge et al., 2018). Consequently, the social influence in urban community 

gardens for building pro-environmental consumer behaviour among the members can be considered 

high.  

(iv) Outreach and relationship building: Similarly, to social influence, ‘outreach and relationship 

building’ comprise various methods and actions that foster personal relationships and community 

building. Often methods from education and awareness as well as social influence converge in a rather 

long-term process of relationship building through several interactive group-meetings, e.g. in 

workshops, trainings, focus-groups and community-building exercises. Thus, outreach and relationship 

building processes are the methods with the highest success rates for behaviour changes in the long 

term. Due to high costs of interactive group-meetings, these are typically applied when several 

sustainability challenges want to be tackled  (Grilli and Curtis, 2021). The already high level of social 

influence in urban community gardens can be strengthened and accelerated through formalised 

outreach and relationship building programmes, e.g. offered by municipalities or regional 

governments as part of the city development plans. For manifesting the multiple benefits of urban 

gardening, municipalities start to offer support programmes. Examples include Parisculteurs in Paris  

with the aim of creating an urban gardening area of 100ha (Ville de Paris, 2020) or ‘urban green’ in 
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Stuttgart fostering the improvement of the city climate (Stadt Stuttgart, 2020). Outreach and 

relationship building methods are in these two pioneer cases combined with organisational support 

(e.g. finding suitable cultivation areas) and direct funding for initiating and maintaining urban gardens 

(Stadt Stuttgart, 2020; Ville de Paris, 2020).  

(v) Incentives comprise subsides, direct payments and discounts (monetary) as well as free 

materials, gifts and coupons (non-monetary) to influence a certain consumer behaviour as often 

applied in government schemes and programmes (Grilli and Curtis, 2021). The method itself and its 

success is questionable, because the awareness of consumers is distracted from the sustainability 

problem towards people’s welfare. Hence, the effect of an incentive-induced behaviour change might 

only last until the incentive is removed. Incentives are thus mainly applied in public-service domains 

including waste, energy and water management (Grilli and Curtis, 2021), where e.g. a separation of 

waste reduces the costs of municipal recycling facilities while increasing the recycling rates. For 

increasing the impact of urban gardening to foster a sustainable consumer behaviour, municipalities 

and city governments should subsidize outreach and relationship building actions of urban community 

gardens, in order to attract more people to urban gardening.   

 

Consequently, urban gardening represents a very promising trend that fosters a more sustainable 

consumer behaviour by applying four out of five behaviour change incentives (often unintentionally). 

Especially, personal engagement and relationships within social (garden) groups, are known to be most 

effective in inducing a behaviour change (Grilli and Curtis, 2021), because real life consumption choices 

take place embedded in social structures and rules affecting the consumer (Pekkanen, 2020). This can 

partly explain the ‘implementation gap’ between the consumers’ opinion about sustainable behaviour 

and the real choices made in a particular social setting  (Pekkanen et al., 2018).  

For supporting sustainable consumer behaviour on societal level, urban gardening projects should 

receive more attention and (financial) support from cities, municipalities and governments. On the one 

hand, political support in form of social influence on local to national government level is required to 

raise awareness among municipality departments and politicians about the benefits of urban 

gardening. This might lower the administrative barriers for establishing an urban gardening project on 

public spaces, for which often permissions from multiple city departments are required. On the other 

hand, cities and municipalities should fund and subsidise the various activities of urban gardens, in 

particular outreach and relationship building as well as education and awareness, like the pioneer cities 

Stuttgart and Paris have implemented already (Stadt Stuttgart, 2020; Ville de Paris, 2020).  

Sustainable behaviour is prolonged and spreads further, the more it is embedded in practices and daily-

life actions, which are shaped by institutional structures and meaningfulness in the socio-cultural 

context of the consumer (Pekkanen, 2020). Through urban gardening, people engage in a community 
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with several real-life sustainability problems, based on own interest and willingness to change. This 

way, several social (e.g. social cooperative farms, community roof-top gardens) and technical 

innovations (e.g. indoor farming, domestic and commercial aquaponics, integrated roof-top 

greenhouses) are born that solve sustainability problems from local to global level (Sanyé-Mengual et 

al., 2019). In turn, cities and municipalities benefit greatly from the social, environmental and 

economic sustainability outcomes of urban community gardens on multiple levels (Clerino and Fargue-

Lelièvre, 2020; Sanyé-Mengual et al., 2019). Therefore, urban gardening is part of three major city 

development aims: increased well-being, increasing food security and achieving sustainable cities and 

communities (SDG 11) (Ambrose et al., 2020) and is thus a strong driver of the societal sustainability 

transition.  

 

Urban gardening supports the bottom-up transition towards a sustainable bioeconomy  

Urban gardening not only supports a sustainable consumer behaviour, but has multiple other benefits 

for sustainable cities and thus the development of the bioeconomy in urban areas. The majority of 

participants joined community gardens in Germany because urban gardening ‘represents something 

bigger’. Urban gardens are spaces that create communities consisting of people with a wide variety of 

backgrounds e.g. in terms of demographics, educational level and social classes. Aspects related to 

environmental conservation and sustainability, social community, health, social inclusion and political 

activism motivate the inhabitants to spend their time in a meaningful way, encompassing self-

enhancement, collaboration with others and involvement in city and block development while 

addressing and tackling the societal challenges of the 21st century.  

The main motivation, found in Chapter 3 for German gardeners, is the joy and happiness associated 

with gardening activities. A recent study from the US revealed that urban home gardening strongly 

supports emotional well-being (Ambrose et al., 2020). Highest emotional well-being was reported by 

female and lower-income study participants and for vegetable gardening compared to ornamental 

gardening. Further, gardening was among the top-five leisure time activities (out of 15) across the 

assessed categories (net affect, average happiness and peak happiness) without being statistically 

different from the other high ranked activities such as recreation/leisure, biking and eating out 

(Ambrose et al., 2020). This might be attributable to the intrinsic desire of humans to re-connect with 

nature (‘re-grounding’) (Borgstedt, 2012), which becomes possible on daily-life basis for the urban 

population through urban gardening.  

Environmental sustainability is another strong motivation for and objective of urban gardening in 

countries of the North. The strong association of urban gardening with the environment and 

sustainability was revealed by numerous studies from various countries including the US (Grebitus et 

al., 2020; Opitz et al., 2016), the UK (Miller, 2015), Germany (Borgstedt, 2012; Rogge et al., 2018; 
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Sanyé-Mengual et al., 2019), France and Spain (Sanyé-Mengual et al., 2019), Italy (Gasperi et al., 2016; 

Sanyé-Mengual et al., 2019; Sanyé-Mengual et al., 2018), Switzerland (Lewis et al., 2018) and Croatia 

(Gulin Zrnić and Rubić, 2018). Typically, the urban gardeners aim to tackle several sustainability 

challenges including “climate change, food security, biodiversity and ecosystem services, agricultural 

intensification, resource efficiency and land management” as summarized by Artmann and Sartison 

(2018, p. 1) who reviewed the sustainability dimensions of (peri-) urban agriculture in the global North.  

In addition, green (garden) areas in cities provide ecosystem services with a global value of $88 to $164 

billion, thus substantially increased well-being of urban inhabitants (Clinton et al., 2018). 

Finding solutions for the multiple societal sustainability challenges drives the global development of 

the bioeconomy. The sustainable bioeconomy should be based on natural matter cycles and conciliate 

economic growth with environmental conservation and climate change mitigation (BMBF, 2014; BMBF 

& BMEL, 2014). Initially, the development of the bioeconomy is mainly driven by top–down approaches 

in form of policy agendas and research strategies focusing on technical innovations and processes that 

aim at the substitution of fossil resources with biomass and the creation of green business models 

(Leipold and Petit-Boix, 2018; Peltomaa, 2018). Nowadays, more emphasis is put on the inclusion of 

the society and the role of the consumer in the development of the bioeconomy (Lang, 2019), like 

described e.g. in the updated bioeconomy strategy of the EU (EC, 2018) and the national bioeconomy 

strategy of Germany (BMBF & BMEL, 2020). Therein the civil society and societal stakeholder groups 

are directly addressed, e.g. through stakeholder workshops, consumer-integrated product 

development, acceptance studies and public outreach activities such as the ‘Science Year Bioeconomy 

2020/21’ in Germany (BMBF, 2020). The societal transition towards the bioeconomy can be supported 

by combining existing trends from the green and sharing economy with integrative components such 

as citizen science and urban gardening (BMBF & BMEL, 2014).  

Like elaborated in this chapter, urban gardening plays a key-role for the societal transition towards a 

bioeconomy from bottom-up. Urban gardening engages the growing urban population in food 

production and promotes sustainable consumer behaviour.    

    

5.2.3.  Summary: Urban farming can support urban food production, while urban gardening 

triggers sustainable consumer behaviour  

Urban agriculture supplies much more than just food. The diverse functions of urban farming and 

urban gardening support the sustainability transition of cities for the development of the bioeconomy:    

 

(i) Urban farming - Soilless crop cultivation systems under controlled environment in vertical farms  

• Vertical indoor farming shows very high productivity levels and demonstrated to increase the 

land use efficiency by 10 to 1100-times (!) (Aerofarms.com, 2020; Zeidler et al., 2013), 
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depending on the location, design and type of the production system. This entails great 

potential for a substantial urban food production in a resource-efficient and sustainable way 

(Al-Chalabi, 2015; Al-Kodmany, 2018; Shamshiri et al., 2018).  

• To date high investment costs, a very high energy demand for the controlled-environments 

and high manual labour efforts challenge economic feasibility and sustainability of this new 

farming approach (Al-Kodmany, 2018; Shamshiri et al., 2018; Specht et al., 2019), requiring 

further research on soilless crop cultivation and technological advancements.   

 

(ii) Circular production systems – Integration of multiple biomass and renewable energy production 

systems  

• The integration of several production systems (e.g. vegetables, mushrooms, fish), RE (e.g. 

solar, wind, biogas) and further technical advancements increase the resource use efficiency, 

economic feasibility and sustainability of modern urban farming (Al-Kodmany, 2018; Zeidler et 

al., 2013).  

• Circular production systems are designed and planned, based on natural matter cycles and 

processes, including self-supporting functions and the recycling of organic wastes and 

residues. Based on that, multiple valuable products, including food, feed, RE, water and 

nutrients are produced in multiple cascading sub-production systems. External inputs such as 

fertilizer, water and energy are minimized through resource circulation (Al-Kodmany, 2018; 

Despommier, 2011; Stoknes et al., 2018; Stoknes et al., 2016).   

• The integration and combination of biological processes in technically-controlled production 

systems provides a promising approach for modern technology and efficient manufacturing 

(Miehe et al., 2020), the development of biorefinery concepts (Cherubini, 2010) and 

sustainable (urban) agricultural systems.  

 

(iii) Urban gardening - Community gardens fulfil multiple functions in addition to food production 

• Urban gardening engages ‘urban consumers’ in food production thus creating awareness in 

the society for the sustainability challenges of the 21st century, including climate change, 

biodiversity, ecosystem services and natural resource use (Artmann and Sartison, 2018). 

• Urban gardening supports sustainable consumer behaviour, by (unintentionally) applying 

multiple approaches (education and awareness, social influence, nudges, outreach and 

relationship building) that encourage pro-environmental behaviour (Grilli and Curtis, 2021). 

• The growing sustainable consumer behaviour has great potential to reduce consumer food 

waste thus lowering the pressure for increasing agricultural food production by up to 25% (van 

den Verma et al., 2020). 
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• The increase in emotional well-being (Ambrose et al., 2020), the re-connection with the 

environment (Borgstedt, 2012) and supportive digital gardening applications are strong drivers 

for engaging even more urban inhabitants in urban gardening, making it an integral part of 

sustainable city development (SDG 11) (Ambrose et al., 2020).  

• The multiple social, environmental and economic benefits of urban gardening should be 

stronger acknowledged and supported by cities and municipalities for fostering the urban 

sustainability transition towards the bioeconomy.  

 

 

 

 

 

 

 

 

 

 

 

 

 



 

158 

 General Discussion 

5.3. Contribution of environmental service monetisation in agricultural systems to the 

sustainable intensification of biomass production  

 

In this chapter the contribution of the environmental service assessment and monetisation for a 

sustainable intensification (SI) of agricultural production is discussed with the aim of determining an SI 

pathway for the growing bioeconomy.  

 

First, the concept and the drivers of SI are explored (Chapter 5.3.1); second, the new measures of the 

European Common Agricultural Policy (CAP) are examined with respect to their contribution towards 

increasing sustainability in the European agriculture (Chapter 5.3.2); and third a pathway for 

sustainable agroecologic intensification is outlined, based on the enhancement und utilisation of 

environmental services in agricultural systems (Chapter 5.3.3).  

The individual environmental services as well as their assessment and monetisation approaches have 

been discussed in Chapter 4 of this study, thus the discussion here focuses on the implications of 

environmental service assessment and monetisation for rendering agricultural biomass production 

more sustainable.  

The exploration, analysis and monetisation of environmental services in agricultural systems and 

landscapes alters the perspective from the ‘production only’ approach of conventional, input-based 

industrial production systems (TEEB, 2018). In these systems, the focus is limited to the production 

elements of biomass value chains, including stocks, flows, outcomes and impacts that are tangible and 

have a market value (TEEB, 2018). Acknowledging, measuring and valorising the currently invisible 

environmental services in agricultural systems, provides the basis for conserving and enhancing these 

services inevitable for human life (TEEB, 2010) and for reducing negative impacts of these agricultural 

systems on society and the environment (Matzdorf et al., 2010).  

 

5.3.1.  Pathways of sustainable intensification in agriculture 

The sustainable biomass production is a crucial prerequisite of the development of the bioeconomy in 

Germany (BMBF & BMEL, 2020), in Europe (EC, 2018) and should be the goal globally (Lewandowski, 

2015). The concept and policy approach of SI aims at a pathway for increasing biomass production for 

the 4F’s (including food waste reduction) on existing agricultural land (Garnett et al., 2013). A key-

feature of SI is the conservation and enhancement of biodiversity and the services of natural 

ecosystems. Further, the natural resource base has to be utilised within the planetary boundaries, 

while mitigating climate change (Garnett et al., 2013; Steffen et al., 2015).  

The SI concept framed the goal for the future of agriculture, but the approaches and measures to reach 

this goal were (Garnett et al., 2013) and are still not defined (Cassman and Grassini, 2020). Cassman 
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and Grassini (2020) recently made an attempt to determine the SI research agenda, based on the 

definition of (i) the time frame, (ii) the expected biomass demand increase and (iii) the required 

improvement in environmental performance of agriculture. Subsequently, the (iv) locations with the 

highest productivity gains, and the (v) suitability of different agricultural approaches for achieving this 

goal can be explored on local level. This results in (vi) the priority areas for further SI research and 

development (Cassman and Grassini, 2020).  

Following this approach, the typical time frame until 2050 (Cassman and Grassini, 2020), e.g. used by 

FAO, OECD and the UN is suitable (FAO, 2009b; OECD-FAO, 2009; UN DESA, 2013). Based on the robust 

global food demand projections by Tilman et al. 2011, an annual yield increase of 1.55% is required to 

meet the future food demand in 2050. This translates into a total yield increase of about 50% on the 

existing agricultural land in the upcoming 30 years, focusing on those areas with the highest yield gaps 

(Cassman and Grassini, 2020). These areas need to be identified based on bottom-up yield gap 

assessments based on local data on soils, cropping systems and climate (Cassman and Grassini, 2020). 

Participatory approaches like IREPA can inform and support local data exploration (chapter 5.1.2), may 

be embedded in a stratified sampling structure of consecutive case studies in order to derive generic 

insights on regional level based on modelling approaches (Köhler et al., 2019). 

Futhermore, Cassman and Grassini (2020) propose a 50% reduction of negative environmental 

impacts.  The 50% value refers to the required N load reduction of the Mississippi watershed to reduce 

hypoxia in the Gulf of Mexico  and is thus considered reasonable for the prioritization of the SI research 

areas (Cassman and Grassini, 2020).  

SI research should target those crops with the highest current demand and those agricultural systems 

already well-researched and known today (Cassman and Grassini, 2020). Given the rather short time 

frame of 30 years for achieving the SI target, it is unlikely that disruptive technologies, new crops and 

new cropping systems are being developed within three decades that are able to boost agricultural 

productivity in the order of magnitude required (Cassman and Grassini, 2020). Therefore, the 

development of SI solutions requires a holistic approach that not only stems from basic and applied 

agricultural science, but from an interdisciplinary cooperation across multiple sectors (Cassman and 

Grassini 2020) and clearly determined sustainability targets that focus on systemic solutions based 

circularity, high-resource use efficiency and the involvement of all relevant stakeholders along 

biobased value nets, as outlined in Chapter 1.4, and the (urban) consumer perspective (Chapter 5.2).  

According to Cassman and Grassini (2020), important sectors and disciplines for agricultural 

development include computational science and digitalisation (e.g. big data analysis), molecular 

biology (e.g. genetic engineering) and landscape ecology. These sectors will be explored in the 

following section.  
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Digitalisation and computational science 

Key-technologies developed in the area of computational science and digitalisation comprise e.g. 

autonomous vehicles, robotics, artificial intelligence (Gordon, 2018), sensor-systems and internet-of-

thing applications as well as digital information and management systems (Wolfert et al., 2017). These 

digital applications were transferred gradually in the agricultural sector over the past two decades and 

it is likely that this gradual development will continue in the next decades, without bringing up 

disruptive technologies or process (Gordon, 2018).  

To date no distinct impact of a digital key-technology on the annual yield increases of about 1% of the 

major crops wheat, corn and soy has been recorded so far (Cowen and Southwood, 2019). The great 

transformative change of digitalisation on business models took place before 2006 (Gordon, 2018) and 

was achieved mainly through the miniaturisation of computing. This lead to the breakthrough of 

personal computers, internet, tablets and smartphones (Mokyr, 2018). These advancements allowed 

businesses to increase the speed of data collection and information exchange as well as selling and 

buying inputs and products globally. The largest impact of digitalisation, however, was on the 

consumer side, with the development of a digital environment consisting of multiple social networks, 

messenger and streaming services and online shopping (Gordon, 2018).  

Nevertheless, digitalisation has an important facilitating role for the SI of agriculture, especially 

through information access, networking and selling/buying inputs/products globally. Farmers benefit 

from this development, like introduced in Chapter 5.1.4, e.g. through having access to required 

information at the time it is needed, for sharing best-practice examples and innovative approaches 

globally as well as selling agricultural products across countries. Furthermore, precision farming and 

sensor-based management systems support farmers in utilising inputs more efficient, e.g. through 

plot-specific fertilisation based on N-sensors, thereby increasing productivity and sustainability of 

agricultural systems, thus supporting the development of the bioeconomy.    

When aiming at increasing sustainability, however, it is important to consider and anticipate 

technology and innovation “bite-backs”, referring to the real costs of an innovative technology on the 

environment and the society that often manifested years or decades after the innovation was taken 

up (Mokyr, 2018). Prominent examples include Chlorofluorocarbon having deprived the ozone layer, 

the insecticide DDT that accumulates at the upper end of food webs and impacts on negatively on 

health, antibiotics in animal production leading to multi-drug resistance and the eutrophication of 

water bodies through mineral fertilisation (Mokyr, 2018). Therefore, SI research and the selection of 

new and innovative technologies and processes for the growing bioeconomy need to undergo rigorous 

risk assessments to reveal the long-term sustainability performance.  
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Molecular biology and genetic engineering of perennial biomass crops 

The molecular biology sector, including biotechnology and genetic engineering, is another key-area for 

increasing agricultural biomass production (Cassman and Grassini, 2020). These sectors contributed to 

a large extent to the productivity increases of the major agricultural crops in the past (Fuglie, 2012; 

OECD-FAO, 2009). However, despite the great success of genome sequencing and editing, allowing for 

the manipulation of living beings, green genetic engineering might not be able to provide a 

breakthrough within the next 30 years in the areas of current research, including photosynthesis rate, 

nitrogen-use efficiency or drought resistance (Cassman and Grassini, 2020). Unlike crop disease and 

insect resistance, the aforementioned traits are controlled by numerous genes. Manipulating these 

genes results in various trade-offs. Understanding the roles of the multiple genes and finding ways for 

engineering approaches requires time and large investments (Cassman and Grassini, 2020). These are 

currently and will likely not be provided in the near future, because the success of increasing 

photosynthesis rate, nitrogen-use efficiency and drought resistance of the main food crops is highly 

uncertain (Cassman and Grassini, 2020).  

Genetic engineering and breeding approaches can adapt crops, especially perennial industrial crops 

important for material and energetic use in the bioeconomy, to the various bio-physical constraints of 

marginal agricultural land (Pancaldi and Trindade, 2020). Like elaborated Chapter 4 of this thesis, the 

production of perennial biomass crops can provide relief to both the competition for land between the 

different biomass utilisation pathways and the decline of arable land by restoring and enhancing soil 

fertility through the environmental services provided by perennial cropping systems. Perennial 

biomass crops, comprising tall grasses such as miscanthus, switchgrass and different reed species as 

well as fast growing trees such as poplar, willow, Siberian elm and eucalypthus (Pancaldi and Trindade, 

2020), are thus a potential solution for the food-energy-environment trilemma. Adapted perennial 

crops (through breeding) are able to ameliorate marginal land (e.g. depleted soils) within their lifetime. 

With increased soil fertility, these areas might become again available for food production (Cossel et 

al., 2019). Such a land-restoration approach might be most suitable on marginal land areas that have 

been degraded through the intensive cultivation of annual crops in conventional agricultural systems 

in the past decades. On these areas the climatic conditions have been suitable for rain-fed agriculture 

in the past and might likely be under climate change with specifically selected crops and adapted 

varieties through breeding. Taking depleted as well as other marginal land areas (back) into agricultural 

production has great potential for re-increasing the arable land for the future without jeopardizing e.g. 

natural forests, savannah areas and wetlands for arable land expansion and the valuable services and 

habitats these ecosystems provide. 

Therefore, sustainable non-food biomass cropping systems should be primarily established on 

marginal lands, in order to enhance soil fertility, biodiversity and environmental services (Cossel et al., 
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2019). Another option is the integration of perennial biomass crops into the typically annual food 

production systems. Diverse multi-cropping systems increase the resilience of the production system 

for climate change adaptation while enhancing biodiversity and environmental services (Cossel et al., 

2019). Consequently, breeding industrial biomass crops, in addition to the major food crops, provides 

a promising option for producing large quantities of biomass for material and energetic use for the 

growing bioeconomy, while at same time ameliorating degraded agricultural land for future food 

production. Moreover, this approach of integrating perennial crops into typically annual crop based 

monoculture agriculture increases biodiversity and ecosystem services as well as their utilisation in 

agriculture.   

 

Landscape ecology and nature-based solutions 

The integration of perennial biomass crops into agricultural systems can enhance both biodiversity and 

landscape aesthetics while not competing with, but rather supporting food production through the 

provision of multiple ecosystem services such as pollination, pest and disease control and soil fertility 

improvement (Cossel et al., 2019). This landscape ecology approach that is based on the dynamics of 

biodiversity, ecosystems and their services, can support solving the food-energy-trilemma through 

sustainable perennial-based cropping systems, as described in chapter 4. Furthermore, landscape 

ecology, and in particular the ecosystem services provided to society, and landscape aesthetics is 

important for the public acceptance of new agricultural biomass production systems (TEEB, 2018).  

For increasing the biomass production sustainably, soil fertility and increasing humus levels is a key 

area. At the same time, natural carbon sequestration in the soil is a crucial measure to mitigate climate 

change (Aertsens et al., 2013; Minasny et al., 2017). Humus is formed by soil fauna on macro (e.g. 

earthworms and insects), meso (e.g. springtails, enchytraeids) and micro (e.g. nematodes, protozoa) 

level through the decomposition of various biomass (Ruiz et al., 2008). Options for increasing soil 

fertility, and thus for marginal land restoration, include the establishment for leguminous cover crops, 

green manure crops, perennial biomass cropping systems and multi-cropping systems that include 

perennials (Altieri and Nicholls, 2012; Cossel et al., 2019). Recently, Kalt et al. (2019) investigated a 

new approach, by comparing the carbon sink potentials of bioenergy from short rotation coppices and  

‘natural succession’ on arable land. Within the first 20 to 50 years the spontaneous vegetation 

sequestrates more carbon in the soil than the replacement of liquid transport fuels or natural gas-

based electricity from short rotation biomass. Consequently, natural succession is a natural carbon 

sink with multiple benefits for soil fertility, biodiversity and the enhancement of environmental 

services at minimal costs (Kalt et al., 2019).  

Such nature-based solutions (NBS) become increasingly recognised and draw on or apply natural 

principles with the aim of creating benefits on environmental, social and economic level in a very cost-
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effective way (EC, 2020c). Typically, NBS are locally adapted and enhance the resource-use efficiency 

through natural functions, processes and features in various aspects of daily life in rural and urban 

areas. (EC, 2020c). Like concluded in chapter 5.2.1, drawing on, learning from and integrating biological 

solutions and processes in technically-controlled production systems (Miehe et al., 2020) provides a 

very promising approach for the SI of agriculture. Hence, for SI of agricultural biomass production an 

interdisciplinary research approach is required to explore and develop systems-level solutions based 

on natural principles and the integration of natural processes into the agricultural sector to enhance 

and make efficient use of ecosystem services.  

 

The main lessons drawn from the past for the future of innovations for a sustainable increase of the 

biomass production for the bioeconomy are that (i) there is no technical reason for economic welfare 

growth and equal distribution to slow down (Mokyr, 2018), but at the same time (ii) there are no 

innovations anticipated in the areas of digitalisation or molecular biology that are able to boost 

(agricultural) productivity like the second industrial revolution between 1920 and 1970 did (Gordon, 

2018), despite the fact the number of agricultural researchers working today on the major crops 

increased 23-times (Bloom et al., 2020).  

Therefore, the SI pathway has to focus on the intelligent integration of already existing and soon-to-

come innovations from digitalisation and breeding into agricultural systems. Furthermore, NBS derived 

from natural ecosystems provide key-solutions to re-connect agriculture with the surrounding 

(natural) landscapes. The introduction of perennial (biomass) crops into agricultural systems increases 

diversity and environmental services of agricultural systems, with the latter providing benefits for the 

production systems (e.g. soil fertility increase) and the society (Cossel et al., 2019; Möndel, 2007; 

Rosati et al., 2020). For the implementation of new technologies, practices and crops in the local 

context, case-based and participatory research is required as proposed for sustainability transition 

research (Köhler et al., 2019; Lang et al., 2017)   

 

Furthermore, the focus of SI research on the uptake of agricultural practices and technologies that 

increase resource-use efficiency and sustainability, while reducing GHG emissions, require 

collaborative governance and long-term agricultural policies (OECD, 2019). The EU has recognised the 

great potential of NBS and intends to invest considerably in research and development of tangible 

pilots and demonstrations that increase well-being and welfare at lower monetary and environmental 

costs than technical solutions (Maes and Jacobs, 2017).  

Bridging the gap between agriculture and nature is central to the European Green Deal and the current 

reform of the Common Agricultural Policy (CAP) of the EU in order to cope with and identify solutions 

for the fundamental societal challenges of the 21st century (BMEL, 2020; EC, 2020f).   
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5.3.2.  CAP reform for sustainable agriculture in the European Union 

The reform of the EU CAP aims at strengthening the link between agriculture and natural ecosystems. 

The new CAP (which is during the writing of this thesis at the stage of the trilogue between the 

European Parliament, the Council of the European Union and the European Commission) is based on 

the Green Deal and the related new strategies including the ‘Farm-to-fork-strategy’, the ‘EU 

Biodiversity strategy for 2030’, the ‘Updated Forest Strategy’ as well as the upcoming ‘Zero Pollution 

Action Plan’ and an ‘EU climate law’ (EC, 2020a, 2020b, 2020f). For agriculture, the main goals are  50% 

reductions in the use of pesticides and the use of antibiotics in animal husbandry (including 

aquacultures) as well as a 20% reduction in mineral fertilizer use (EC, 2020a, 2020f). The fertilizer 

reduction aim can be attributed to the Nitrate Directive and the EU Water Framework Directive, which 

came into law already in 1991 for ensuring good ecological conditions of the water bodies in the EU 

(EC, 2020e). The EU aims are thus very similar to those presented by the US-based researchers 

Cassman and Grassini (2020), also referring to the protection of water bodies and biodiversity, when 

proposing 50% less environmental impacts by agriculture until 2050.   

For achieving these aims, the CAP builds on a ‘green architecture’ and includes a new ‘conditionality’ 

of direct payments, combining cross-compliance and greening measures as mandatory rules for direct 

per hectare payments (pillar one), and a new ‘eco-scheme’ that is backed up with 20% of this first 

pillars’ budget. With these new key-measures, the EU ties the direct payments to environmental 

actions of farmers (BMEL, 2020; EC, 2020d). Consequently, farmers have to fulfil higher environmental 

standards for receiving the direct payments of the first pillar (80% of budget), while 20% of the first 

pillars’ budget is shifted to the new eco-schemes (BMEL, 2020) promoting sustainable agricultural 

practices and measures that explicitly enhance environmental services (BMEL, 2020; EC, 2020d).  

However, multiple environmental organisations (including Greenpeace, WWF Europe, Birdlife Europe, 

Agricultural and Rural Convention, and Friends of the Earth Europe (Matthews, 2020), as well as over 

3600 scientists (Pe'er et al., 2020) argue that the ambitious aims of the Green Deal are by far not 

reflected in the CAP reform and that the current targets and budget allocation schemes are basically 

continuing business-as-usual (Matthews, 2020; Pe'er et al., 2020). In the proposed form, the new CAP 

still pays 80% of the budget to the 20% largest farms (and land owners) claiming minimum 

environmental standards, while marginalising the large number of the EUs’ small farms (Pe'er et al., 

2020). The allocation of 20% of the pillar one budget is insufficient and at least 30% are required to 

increase environmental sustainability of agriculture in the EU (Pe'er et al., 2020).  

On political level the CAP reform as well as the new strategies mentioned above provide a break-

through for sustainable agriculture in Europe. On practical level the newly introduced eco-schemes 

provide the farmers at least with some financial incentive to test and evaluate sustainable practices 

that increase biodiversity, enhance environmental services and mitigate climate change.  
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For taking environmental service provision really into account the goal has to be based on direct 

payments on the monetised values of environmental services on farm level, like argued in Chapter 4.  

Nevertheless, until 2027 the measures that are supported by the eco-scheme, including agroecology, 

agroforestry and high nature value farming (e.g. semi-natural habitat creation and enhancement) (EC, 

2021) provide a starting point to bridge the gap between agriculture and nature. The recent update of 

the Ecosystem Services Valuation Database (ESVD) complemented “The Economics of Ecosystems and 

Biodiversity” (TEEB) database to a total number of 4,042 monetary values for ecosystem services, 

including environmental services in agricultural landscapes (Groot et al., 2020). For environmental 

services from agriculture a dedicated database needs to be developed as basis for incentivising 

payments to farmers either from public budget like the EU CAP or from consumers e.g. in form of an 

ecosystem service certificate.  

Therefore, the new CAP can be considered a starting point for the SI of agriculture in Europe triggering 

the sustainability transition on farm level. Inputs such as mineral fertilizers and pesticides need to be 

considerably reduced (e.g. through integrated pest management, leguminous crops, residue 

management) and subsequently be replaced by organic agricultural practices, ecosystem services and 

other nature-based solutions.  

 

5.3.3.  Sustainable agroecologic intensification  

The agricultural measures of the new CAP rely on the scale-up of well-known existing solutions, like 

suggested by Cassman and Grassini (2020) for the development of the SI research agenda. Until 2030, 

the arable land under organic agriculture should rise to 30% (EC, 2020b) from 7.5% in 2018 (Eurostat, 

2020). However, organic and conventional agricultural systems are both intensive and highly-

specialised. Both rely on to a large extend on monocultures for the cultivation of predominantly annual 

crops or the husbandry of one or a few animal species (Rosati et al., 2020). The difference between 

the two systems is the kind of input. Organic farming is thus an input substitution approach to 

conventional agriculture without striving for real diversification (Andrade et al., 2020). For solving the 

societal challenges of the 21st century, however, a fundamental re-design of the agricultural system 

appears to be required (Altieri and Nicholls, 2012; FAO, 2014b; McIntyre, 2009; OECD-FAO, 2009; 

Rosati et al., 2020). Therefore, new and alternative approaches that are based on natural principles 

and environmental services become more and more in focus in the sustainability transition of 

agriculture. Such systems include already quite well-known agroforestry systems (Damant and Villela, 

2018; Möndel, 2007; Reeg, 2009; Rosati et al., 2020) and agroecology (Altieri and Nicholls, 2012; Pretty 

and Bharucha, 2014) as well as the emerging field of regenerative (Gosnell et al., 2019; LaCanne and 

Lundgren, 2018; Lal, 2020; Newton et al., 2020) and syntropic agriculture (Andrade et al., 2020; Cossel 

et al., 2020; Schulz et al., 1994).   
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Agroecology: Environmental service based agriculture in countries of the South 

To date, agroforestry is still the main land-use in the tropics and has been in Europe for centuries until 

it got replaced by conventional farming systems. Considering all forms of agro-forestry, including 

silvopastoral, silvoarable and agrosilvopastoral systems, it is currently practised on about half of the 

global agricultural area (Rosati et al., 2020). Agroforestry is considered an agroecological approach that 

is based on diversification as well as temporal and spatial stratification of the agricultural system 

(Rosati et al., 2020). Agroecology draws on natural principles and processes in order to develop and 

apply nature-based solutions adapted to the local conditions with high resource-use efficiency instead 

of external inputs (Altieri and Nicholls, 2012). Agroecologic approaches aim at minimizing water, 

energy and nutrient losses from the system through enhancing the natural cycles of biomass growth 

and decomposition through biotic activity for increasing soil fertility. Diversity, interactions and 

biological synergies provide the basis for diverse environmental services and resilient agricultural 

systems (Altieri and Nicholls, 2012; Pretty and Bharucha, 2014).  

The development and performance of agroforestry and agroecologic systems is based on agro-

biodiversity and the inclusion of perennial crops (Altieri and Nicholls, 2012; Rosati et al., 2020; Wanger 

et al., 2020), such as trees, shrubs, grasses (e.g. industrial biomass crops). Perennial crops fulfil multiple 

functions for several years and thus considerably enhance environmental services, including:  

habitat provision for a wide range of animals, insects and birds; alteration of microclimate through 

shading (thus lower evaporation and higher dew formation), reduction in wind speed (and thus less 

wind erosion), less temperature fluctuations and protection against climate extremes; permanent soil 

cover through canopy layers leading to higher water infiltration and less surface run-off (thus reducing 

water erosion of top soil and nutrient losses); litter fall of deciduous crops and root biomass turnover 

provide nutrient and water inputs that circulated within the system; nutrient uptake from different 

and deeper soil layers; allopathic effects of litter and root exudates (Möndel, 2007; Reeg, 2009; Rosati 

et al., 2020).  

Agroforestry systems typically have a higher abundance and diversity of insects, soil arthropods and 

birds thus improving natural pest and disease control as well as pollination (Rosati et al. 2020). These 

beneficial effects also lead to higher yields of adjacent crops. For example in Germany, a 6% higher 

grain yield of winter rye was obtained on 5% less cropping area, due to the environmental services 

provided by a tree/hedge row on the field (Möndel, 2007). In addition, also the trees or shrubs 

generate a yield (depending on species) while the reduction in inputs and labour due to a smaller field 

improve the overall system productivity and financial profitability (Möndel, 2007).  

In another example from the US the pest abundance in insecticide treated maize fields was 10-times 

higher than in maize fields managed agroecologically. Whereas the grain yield on agroecologic farms 

was found to be 29% lower, the overall profit of these farms was 78% higher compared to conventional 
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maize farming. Reason are the substantial reductions in labour, energy, machinery and input costs 

after adopting agroecologic practices. The study further showed that the profitability of the ten 

agroecologic farms assessed, was correlated with particulate organic matter and not with yield 

(LaCanne and Lundgren, 2018). Hence, agroecology tends to be profitable, despite of lower yields, 

because the costly inputs are replaced by the enhancement of ecosystem services and soil fertility.  

Farming plots with agroecologic practices face less erosion and have 20-40% more topsoil with higher 

soil moisture content than adjacent conventional plots, as it was shown by a large data set of 360 

communities in Guatemala (Altieri et al., 2012). Aertsens et al. (2013) reviewed the carbon 

sequestration potential of agriculture in the EU-27 and found agroforestry to be most effective with a 

technical potential of 2.75 tonnes of carbon per hectare and year (1.5 to 4.0 t C ha-1 a-1), compared to 

cover crops (0.16 t C ha-1 a-1), hedge-rows and no till (each 0.1 t C ha-1 a-1) (Aertsens et al., 2013). The 

C-sequestration of agroforestry has a value of 282 € per hectare and year (Aertsens et al., 2013), which 

is lower but within the range of the value estimated for miscanthus (217 € ha-1 a-1) in chapter 4. The 

extrapolation of the average C-sequestration value of agroforestry (2.75 t C ha-1 a-1) to the agricultural 

area in Europe (about 140 million hectares), reveals a technical C-storage potential in biomass and soils 

of on average 1566 million tonnes CO2-eq annually (Aertsens et al., 2013). This would account for more 

than half (55%) of the total emissions of CO2 equivalents in the EU in 2019 (IEA, 2020a), while at the 

same time increasing soil fertility.  

Agroecologic approaches have great potential to mitigate climate change while enhancing 

environmental services (e.g. CO2 sequestration) and biodiversity for the production of diverse yields at 

minimum negative environmental impacts (Hathaway, 2016; LaCanne and Lundgren, 2018; Möndel, 

2007; Reeg, 2009; Wanger et al., 2020).  

However, the lower corn yields reported by LaCanne and Lundgren (2018) are in line with the argument 

against organic agriculture, considered unable to produce sufficient food for the growing world 

population. The organic yield of the major cereal crops (wheat, wheat, maize, rice, barley, rye and oats) 

are about 81% of the cereal yield achieved in conventional farming (Tittonell, 2014). Therefore organic 

farming could benefit greatly from the inclusion of agroecologic approaches and practices that 

enhance environmental services, while retain the benefits of modern agriculture including 

mechanisation and high labour-efficiency (Rosati et al., 2020).  

Organic as well as agroecologic approaches focus on building up soil fertility over time. Consequently, 

also the crop yields are likely to increase gradually with improved soil fertility. Like shown by LaCanne 

and Lundgren (2018), in agroecologic farming the productivity is strongly correlated with soil organic 

matter, which takes years and decades to build up. A meta-analysis of agroecologic approaches 

implemented by 10.4 million African smallholder farmers revealed on average a 2.13-fold productivity 

increase (Pretty et al., 2011). Brazilian maize farmers increased the yield level by 60% through 



 

168 

 General Discussion 

agroecologic practices (Altieri et al., 2012). A large-scale example for yield increases through 

agroecologic practices is Cuba, where the use of agrochemicals got reduced by 77% due to the US-

embargo in the 1980s. Initially the productivity dropped between 1988 and 1994 (vegetables -65%,  

roots and tubers -45%), but re-increased considerably for both crops until 2007 to 145% of the 1988 

levels through the adoption of agroecologic practices (Rosset et al., 2011).  

This example shows that it takes time until agroecologic practices come to fruition fully, as the soil, 

flora and fauna needs to adapt and build up under new management forms.  

Another important aspect is the energy efficiency of the production system. Smallholder farmers in 

Cuba feed 10 to 15 people from one hectare based on manual labour. The energy efficiency of the 

agroecologic production system is about 10:1 (output : input) (Altieri et al., 2012). When animal power 

is used the energy efficiency drops to 3.1 : 1 to 4.3 : 1, like reported from smallholder farmers in Mexico 

and Guatemala. The application of mineral fertilizers and pesticides further decrease the energy 

efficiency to less than 2.5 : 1 (Altieri et al., 2012). Consequently, the higher the inputs of a farming 

system, the less energy efficient it is. For mitigating climate change, however, the energy efficiency of 

the biomass production needs to increase in order to reduce energy-related GHG emissions.  

These references on the productivity and energy efficiency of agroecology (for more see e.g. (Altieri et 

al., 2012; Pretty et al., 2011), however, originate from smallholder farming in countries of the South, 

where the highest agricultural productivity gains can be achieved (Bruinsma, 2009). There 

agroecological production methods prove to substantially enhance biomass productivity, biodiversity 

and soil fertility while reducing external inputs to a minimum. Therefore, a transfer and adaptation of 

agroecologic principles, best-practice examples and environmental service management knowledge to 

temperate climates is required (Cossel et al., 2020; Rosati et al., 2020).  

 

Regenerative agriculture: Sustainable intensification in Countries of the North  

In recent years the term ‘regenerative’ agriculture emerged in countries of the North. In the book 

‘Growing a revolution’ US-Geologist David R. Montgomery stated that regenerative agriculture will be 

5th agricultural revolution that transforms the unsustainable conventional agricultural system of today 

into sustainable biomass production systems for the future (Montgomery, 2017). Starting from the 

domestication of plants and animals (1st revolution), soil management and crop rotations (2nd 

revolution), industrialisation and mechanisation (3rd revolution) and the ongoing 4th biotechnological 

revolution, now the focus of the 5th revolution is on restoring soil fertility and setting agriculture within 

ecosystems based on a holistic perspective (Montgomery, 2017).  

To date the term ‘regenerative agriculture’ is used inconsistently in literature and remains undefined 

(Newton et al., 2020). According to Newton et al. (2020), who reviewed 229 scientific articles and 25 

practitioner websites that refer to regenerative agriculture, concluded that it comprises approaches 
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that aim on the reduction of negative and the enhancement of beneficial (net positive) environmental 

and/or social impacts (Newton et al., 2020). Regenerative agriculture basically refers to the broad field 

of agroecologic agriculture, including biodynamic agriculture, carbon farming and alternative 

agriculture. Specific emphasis is on storing carbon from the atmosphere in biomass and soil (Lal, 2020).    

The number of studies on regenerative agriculture increased since 2015 and practitioner websites 

emerge to provide information about regenerative agricultural practices (Newton et al., 2020). This 

can be considered the beginning of agroecologic farming and the research-based assessment of 

agroecologic practices and agroforestry systems in temperate climates in the Countries of the North 

(Cossel et al., 2020; Rosati et al., 2020).  

Today, however, it is difficult for farmers to find research-based information about individual measures 

and their implications on their particular agricultural system. The newly established eco-schemes can 

support practical application of agroecologic measures and agroforestry by providing a financial 

backup to support farmers with the exploration of agroecologic practices at a comparably low risk. At 

the same time research into regenerative agriculture increases and thus supports the development of 

new production systems and practices in countries of the North.  

Recently, a five-year project, funded by the Federal Agency for Nature Conservation, was initiated in 

the Federal State of Brandenburg in Germany. The project aims at the assessment of the biodiversity 

and scalability potential of five different agroecologic forest-garden systems on total area of 11 hectare 

(BfN, 2020). Another project was co-initiated by the author of this thesis in 2019, to assess the potential 

of ‘regenerative’ syntropic agriculture (explained below) as renaturation measure for a stone quarry 

site in the Federal State of Baden-Württemberg. On two demonstration plots with stony soil, a 

management plan is under development that aims at guiding natural successional processes in 

direction of accelerated soil fertility improvement and environmental service provision thus allowing 

for food production at this marginal land in few years only. The approach is published as 

communication article to engage with the wider scientific and practitioner community (Cossel et al., 

2020).     

 

From entropy to syntropic agriculture for the bioeconomy     

Syntropic agriculture, a specific form of agroecologic farming, gained in popularity after the 21st United 

Nations Framework Convention on Climate Change (COP21) in Paris in 2016. Syntropic agriculture 

applies agroecologic principles (Altieri and Nicholls, 2012) and embeds them in a management path of 

temporal and spatial stratification striving for maximising photosynthesis and thus biomass 

productivity per area (Andrade et al., 2020). The syntropy approach has been developed by the swiss 

farmer Ernst Götsch over 45 years in Brazil (Andrade et al., 2020; Götsch, 1995; Schulz et al., 1994).  
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The guiding term ‘syntropy’ refers to the natural process complementary to entropy. In 

thermodynamics the law of entropy refers to energy dissipation, while syntropy is the accumulation 

and concentration of energy (Andrade et al., 2020). The mathematician Luigi Fantappie found, while 

studying the equation that unites quantum mechanics and special relativity that the positive 

mathematical solution to the equation is entropy, while the negative solution to the equation is 

syntropy. The properties of the law of syntropy are concentration of energy, differentiation, order and 

organisation. Syntropy thus basically describes the fundamentals of life and all living systems (Vannini 

and Di Corpo, 2011). The term ‘bioeconomy’ was formulated as antonym to the economic system 

based on unlimited growth, which exceeds the planetary boundaries and is contradictory to the natural 

law of entropy (Bonauiti, 2015). The counteracting natural law of syntropy may provide the guiding 

principles of natural order and organisation of agricultural systems for a sustainable increase in 

biomass production for the bioeconomy.  

Applying syntropy to agriculture means to focus on natural succession and stratification in order to 

concentrate energy in form of biomass within the production system (Andrade et al., 2020). In practice 

this refers to the selection of diverse plant species (perennial and annual) and the arrangement of 

these plant species in canopy layers (like in agro-forestry) mimicking the natural strata. An optimal 

layer distribution gets denser from top to bottom for optimising photosynthesis and thus biomass 

growth. This also leads to a temperature gradient with the lowest temperatures at the bottom. 

Combined with continuous soil cover (e.g. litter fall, harvest residues and dedicated mulch plants)  

evaporation, erosion and weed pressure is considerably lowered, while nutrient cycles, soil life and 

biodiversity are enhanced (Andrade et al., 2020). Syntropy is about the concentration of radiation 

energy from the sun within the production system for fuelling all biological processes and “placing 

each cultivated plant in their ‘just right’ position in space (strata) and in time (succession)” (Andrade et 

al. 2020, p. 22). The abiotic conditions and thus the natural resource base at each location will be 

utilised optimally through its biological parts that also build up and organise (self-)regulating 

environmental services.  

The syntropy approach complements the agroecologic principles by aligning the focus from 

‘minimizing’ losses of water, nutrients and energy (Altieri and Nicholls, 2012) towards maximisation of 

photosynthesis and thus biomass productivity based on the location-specific, optimal arrangement of 

the crops in space and time (Andrade et al., 2020; Schulz et al., 1994). Syntropic agriculture is based 

on the following three basic principles:   

(i) Optimisation of photosynthesis: Regular pruning and cutting enhances light penetration into 

the multi-story cropping system (Götsch, 1995; Schulz et al., 1994). Plant removal should take place 

immediately before their maturity, because afterwards allopathic growth reducing effects hamper the 

growth of neighbouring plants. In turn, a production system should contain young plants, which can 
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accelerate vegetative growth of adjacent crops (Schulz et al., 1994). Further, native plant species 

should be incorporated. These usually perform optimally under the local conditions, thus increasing 

overall biomass productivity and energy accumulation. This enhances biodiversity and various biotic 

processes that provide environmental services for the agricultural system (Götsch, 1995; Schulz et al., 

1994);  

(ii) Constant soil coverage: Regular mulch application avoids erosion and enhances water 

infiltration, soil fauna, nutrient cycling and humus formation. Pruning material and residual biomass is 

typically coped and applied to the soil, woody trunks are additionally split in half. All biomass and its 

nutrients, water and energy remains within the system, except the harvest for consumption, based on 

the premise to keep and circulate as much as possible within the production system in order to 

accumulate energy (Damant and Villela, 2018; Schulz et al., 1994).  

(iii) Species selection and temporal and spatial stratification: The selection and arrangement 

of the main perennial crops are based on the use (harvest) period in temporal species succession. After 

the species’ high-yield period, it should be cut (and used as mulch) to allow for the emergent species 

to come to fruition subsequently (Götsch, 1995; Schulz et al., 1994). Neighbouring plant and crop 

species are arranged based on allelopathic effects, e.g. pest and disease control, nutrient and water 

demand. This enhances the environmental services including nutrient cycling, pest and disease control, 

pollination and habitat creation in order to make use of them and gradually increase diversity, 

resilience and productivity of the system (Götsch, 1995).  

 

Syntropic agriculture can be considered process-based approach, instead of input-based conventional 

and organic agriculture (Andrade et al., 2020). Organic farming taking up agroecologic processes to 

increase sustainability (Rosati et al., 2020), as proposed by the CAP reform in the EU, is a step-wise or 

incremental procedure to enhance and make use of environmental services within the given 

agricultural production system. Case studies introducing syntropic principles to smallholder 

agroforestry systems in the Cerrado and the Atlantic Forest regions in Brazil report substantial yield 

increases of vegetables and fruits (1.6 to 8-times) (Andrade et al., 2020).  

However, most of the agricultural management steps in syntropic production systems are performed 

manually. For the scale-up of syntropic agriculture, new technologies and machinery are currently 

under development with the label ‘peace farming technology’ (Andrade et al., 2020). The focus is on 

mechanisation of soil preparation, sowing and harvesting as well as cutting / pruning and mulching 

with minimal disturbance. The first machine developed is the ‘Tree line preparer’ (rhenusTek GmbH, 

Switzerland), a combination of rotary hoe and cultivator for sowing and planting with minimal 

disturbance of the soil horizons (Pasini, 2019).  
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For the transfer and adaptation of syntropic agriculture and its principles to temperate climates, some 

case study experience exists. According to Andrade et al. (2020), there are already about 5000 family 

farms that adopted syntropic principles. From there it spread across other Latin American countries, 

and more recently also to Europe with individual farms in Spain, Portugal, Italy, France and Germany 

(Andrade et al., 2020). Gosnell et al. (2019), who analysed the transition of conventional farming 

towards climate-smart, regenerative agriculture in Australia, concluded that this transition is much 

more than climate change induced adaptions of agricultural practices through innovation, education 

and supporting policies (Gosnell et al., 2019).  

Several regenerative agricultural approaches exist (Newton et al., 2020), including syntropic 

agriculture (Andrade et al., 2020), permaculture (Mollison and Jeeves, 1988; Rosati et al., 2020) and 

agroecology (Altieri et al., 2012; Pretty and Bharucha, 2014) for supporting the SI of agricultural 

biomass production based on environmental services and nature-based solutions. These agricultural 

approaches promote a fundamental change in the human-nature perspective and the consumer-

producer relationship (Andrade et al., 2020; Rosati et al., 2020), including non-material factors like 

culture, values, identity, emotion and ethics (Gosnell et al., 2019), while bridging the gap between 

agriculture and nature, which is required for the sustainability transition towards the bioeconomy.  

 

5.3.4.  Summary: Assessment and monetization of environmental services in agricultural 

systems supports the sustainable biomass production in the growing bioeconomy 

The assessment and monetization of environmental services in agricultural systems is a key-solution 

for intensifying the sustainability of concurrent agricultural production systems:  

• The value of nature can be expressed through the valorisation of environmental services in 

monetary units, which are basically understandable by every person worldwide (TEEB, 2010). 

This supports the human-nature relationship necessary for the sustainability transition  

(Andrade et al., 2020; Rosati et al., 2020).   

• Sustainable intensification sets the premises and frames the goal of future agricultural 

development. Interdisciplinary collaboration of multiple sectors, including computational 

science and molecular biology (Cassman and Grassini, 2020), is required to explore, 

understand and utilise nature-based solutions and environmental services as integral part of 

the sustainable intensification of agricultural biomass production for the bioeconomy.    

• The sustainability transition in agriculture requires a fundamental shift from input-based 

towards process-based agriculture that manages natural succession and enhances the 

productive use of environmental services (Andrade et al., 2020; Rosati et al., 2020).  

• Agroecologic approaches have been developed over the past decades in countries of the 

South. There substantial productivity and energy efficiency increases have been achieved in 
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smallholder farming systems by enhancing and utilising environmental services instead of 

synthetic inputs (Altieri et al., 2012; LaCanne and Lundgren, 2018; Pretty et al., 2011). 

Substantial research is required for adapting these promising practices to temperate climates 

in countries of the North in order to provide robust information and know-how to the farmers.   

• The new EU CAP intends to make agriculture in the EU sustainable (EC, 2020f). The new eco-

scheme provides European farmers with a financial backup for exploring and adapting 

sustainable practices like e.g. agroecology and agroforestry (EC, 2020f). For the sustainability 

transition of European agriculture being effective, however, the eco-scheme of the new CAP 

requires a substantially higher share of the first pillars budget (least 30%) (Pe'er et al., 2020).  

• Syntropic agriculture complements agroecology with the principles of energy concentration 

and optimal organisation and stratification of agricultural production systems. The syntropic 

principles show substantial productivity increases in multiple case studies in smallholder 

farming systems in countries of the South. Syntropy provides a natural law to guide and 

manage the sustainable intensification of agricultural biomass production for the growing 

bioeconomy (Andrade et al., 2020; Götsch, 1995; Schulz et al., 1994). 
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5.4. Integrated rural and urban agricultural production systems for the sustainability 

transition towards the bioeconomy 

Agriculture has to re-focus on its social, environmental and economic multifunctionality to transform 

towards sustainability based on a holistic, cross-sectoral value chain perspective (McIntyre, 2009). The 

Sustainable agricultural production systems and a sustainable natural resource-use provide the 

backbone for the development of the bioeconomy, while contributing to solving the societal challenges 

of the 21st century (EC, 2018; Gawel et al., 2019).  

Based on the interdisciplinary research of thesis, it can be concluded that ‘integration’ is central for 

the development of sustainable agricultural systems and the involvement of relevant stakeholders 

from the producer and consumer side in the growing bioeconomy. Therefore, a systemic bioeconomic 

concept (Fig. 4) is introduced in Chapter 5.4.1., comprising suitable agricultural production systems as 

well as producers and consumer along the rural-urban gradient. Finally, the main findings and 

conclusions of this thesis are summarized in Chapter 5.4.2 based on the Multi-Level Perspective for 

system innovation (Geels, 2005).  

 

5.4.1.  Integrated rural and urban agricultural systems  

The systemic integration of agricultural production systems along the rural-urban gradient provides a 

pathway for the sustainable production of biomass for the 4F’s, RE and environmental services for the 

society while at the same time connecting both producers and consumers as well as humans and 

nature. The following concept provides an example for an integrated rural and urban agricultural 

system (Fig. 4):  

Figure 4: Integrated agricultural systems () and their functions () in urban, peri-urban and rural areas  
for the decentralised and sustainable supply of biomass for food, feed, fibre and fuel and renewable energy 
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Rural areas: Integrated Food and Renewable Energy Systems (IFRES) allow for an efficient 

utilisation of land and natural resources for the combined production of sufficient biomass for the 4F’s 

and RE (areas additionally include roofs of farm buildings) for the sustainable intensification on existing 

arable land.  

The planning of IFRES has to take into account the local social, environmental, technical, institutional 

and economic factors in order to determine appropriate technologies, practices and management 

systems as well as relevant stakeholders along biobased and RE-based value chains. This allows for the 

creation of decentralised systems with a close consumer and producer relationship for matching 

demand and supply in terms of quantity and quality of biomass and RE, while recycling organic waste 

and residues within the system. Participatory, bottom-up approaches, like IREPA, are required that 

integrate stakeholder as well as expert knowledge in the planning and implementation process of 

locally appropriate sustainability solutions (Fischer et al., 2020; Köhler et al., 2019; Wittmayer and 

Schäpke, 2014; Zeweld et al., 2017).  

For the sustainable supply of agricultural products, agroecologic practices and syntropic principles 

guide the organisation of different sub-production systems based on natural ecosystem cycles. 

Agroecologic practices have proven to substantially increase productivity in countries of the South, 

while substantially enhancing and efficiently utilising environmental services (Altieri et al., 2012; Pretty 

et al., 2011). In addition, large quantities of carbon can be sequestrated in the soil, with the highest 

sequestration rate (measured in Europe) under agroforestry systems (Aertsens et al., 2013). In 

countries of the South, access to modern and clean energy provides multiple benefits supporting the 

creation of sustainable rural livelihoods (FAO, 2014a; Kaygusuz, 2012; Mangoyana and Smith, 2011).   

In countries of the North, however, little research exists about agroecology and agroforestry under 

temperate climatic conditions (Cossel et al., 2020; Rosati et al., 2020). Therefore, these regenerative 

agricultural systems (Newton et al., 2020) require more research to provide farmers with information 

and guidance in the selection and implementation of locally suitable practices and measures. In the 

EU, the new CAP provides (some) incentive for farmers to apply agroecologic practices and produce 

RE (EC, 2020f) for the development of IFRES that enhance and utilise environmental services.    

Therefore, the assessment and valorisation of environmental services in agriculture is an important 

measure (i) to assess and include external costs into the accounting, (ii) make consumers aware about 

the multiple non-material outputs of agricultural systems for the society, (iii) incentivise payments for 

the public good provision to farmers (based on the amount of services provided) as well as make 

farmers accountable for avoidable negative environmental impacts, and (iv) to attract more farmers 

to apply agroecologic practices based on syntropic principles for the sustainable supply of biomass for 

the 4F’s and RE in decentralised IFRES for the growing bioeconomy.  
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Peri-urban areas: Circular production systems produce fresh and diverse food as well as RE 

embedded in decentralised production systems based on locally available resources. Circular 

production systems can rely entirely on organic household and municipal wastes (separated), using 

e.g. (vermi-)composting and biodigestion for its decomposition into nutrients and bioenergy (Al-

Kodmany, 2018; Stoknes et al., 2016). Recovered nutrients can be applied in liquid forms to (semi-

)soilless cultivation systems such as digeponics (Stoknes et al., 2016), terrabioponics (chapter 2.1 and 

3), aquaponics (Goddek et al., 2019) and algae production (Al-Kodmany, 2018). Solid compost, 

digestate and other residues provide the cultivation substrate for vegetable (terrabioponics) and 

mushroom production (Stoknes et al., 2016). Circular production systems are capable of attaining the 

same or higher vegetable yield compared to conventional greenhouses, while minimizing the external 

inputs and environmental impacts (Stoknes et al., 2018; Stoknes et al., 2016).  

As part of a student project (Humboldt reloaded) an integrated urban farming was conceptualised (Fig.  

5). Based on initial experiments the integrated production system showed various options for 

synergistic resource use, e.g. by transferring biomass, nutrients, feed, water and various forms of 

energy between the systems (Cichocki et al., 2018).  

Circular production systems in peri-urban areas provide fresh and diverse food directly to the 

consumers, while at the same time raising awareness about sustainable agricultural practices and a 

sustainable consumer behaviour. The benefits of circular production systems support green marketing 

strategies to attract local customers. In the peri-urban area farm shops (e.g. attached to the production 

system), local markets, delivery services (e.g. weekly vegetable box) as well as food cooperatives and 

community-supported models are suitable options for selling the produce directly to the consumers 

Figure 5: Concept for an integrated urban production system on the basis of organic waste including crop, mushroom, 
insect and fish as well as soar energy production (adapted from Cichocki et al. 2018)) 
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(Sanyé-Mengual et al., 2019). Direct engagement of food producers and consumers increases social 

awareness of unsustainable food production (Artmann and Sartison, 2018). Therefore, circular 

production systems can familiarise the growing urban population, and in particular children, with 

sustainable agriculture and circular food production in order to promote a sustainable consumption 

behaviour for supporting the societal transition to the bioeconomy.  

 

Urban areas: Urban agricultural activities provide and fulfil a wide variety of functions for 

sustainable city development. Substantial amounts of fresh food (especially vegetables, herbs, fruits, 

pharmaceutical plants) can be produced in vertical farms under controlled environmental conditions 

with very high area productivity. Vertical farms can potentially produce food for about 1000 people on 

2000m² (Despommier, 2011; Zeidler et al., 2013), which is on global average currently the area needed 

to feed one person (Schutter and Lutter, 2016). With further technological development vertical farms 

may achieve financial viability within the next years (Al-Kodmany, 2018; Shamshiri et al., 2018).  

Roof-top farming can utilise un-used flat roofs for food production and enhance the overall resource- 

and space-use efficiency of existing buildings (Sanyé-Mengual et al., 2015). Existing modern 

greenhouse technology can be applied for producing substantial amounts of fresh food, like in vertical 

farming, but at much lower investment costs (Sanyé-Mengual et al., 2015; Toledano, 2019).  

Open roof-top agriculture as well as urban community gardens additionally enhance the provision of 

a wide variety of environmental services important for sustainable city development and climate 

change adaptation. Urban environmental services include air quality regulation, cooling effect (leaf 

transpiration and shading), water retention (important after heavy rains) and re-use, habitat for floral 

and faunal biodiversity, pest and disease control and pollination (Sanyé-Mengual et al., 2019). 

Currently, the value of environmental services from green areas in cities ranges from $88 to $164 

billion globally (Clinton et al., 2018).  

In addition to productivity-centred urban farming approaches and the reduction of food miles (Al-

Kodmany, 2018; Sanyé-Mengual et al., 2019; Zeidler et al., 2013), urban gardening fulfils ample 

sustainability functions, including social communities and exchange across social classes, 

environmental service provision and the productive utilisation of unused spaces based on public-

private partnerships (Chatterjee et al., 2020; Clerino and Fargue-Lelièvre, 2020; McEldowney, 2017). 

Urban gardening increases well-being of the inhabitants (Ambrose et al., 2020), which is a major driver 

for attracting further inhabitants to participate. Urban community gardens can be considered 

transformative social groups (Kropp and Müller, 2018) that foster pro-environmental behaviour by 

(unintentionally) applying several methodologies that are typically applied for fostering pro-

environmental behaviours, including education and awareness, social influence, nudges and outreach 

and relationship building (Grilli and Curtis, 2021). Urban community gardening thus entails great 
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transformative potential towards more sustainable consumer behaviour in the growing urban and 

metropolitan areas. A sustainable consumer behaviour can considerably reduce consumer food waste, 

thus subtracting 25% (van den Verma et al., 2020) from the estimated 70% food demand increase until 

2050 (FAO, 2009a). Urban gardening connects the consumer and the producer perspective and thus 

plays a crucial role for increasing agricultural sustainability.  

 

Short food supply chains with short nutrient cycles allow for highly efficient resource use. This lowers 

the  carbon footprint of urban and metropolitan food supply systems considerably (Al-Kodmany, 2018; 

Sanyé-Mengual et al., 2015), while at the same time increasing its resilience and security in case of 

external shocks.   

For the interconnection and the management of the integrated agricultural system digital technologies 

are suitable for monitoring and managing product, resource and waste flows. IoT and sensor-based 

applications control the growing conditions in indoor farms, while smartphone apps and local online 

shops allow for direct producer and consumer relationships for matching demand and supply for an 

optimal resource-use efficiency and minimal waste.  

Integrated rural and urban agricultural systems can strongly support the sustainability transition 

towards a the bioeconomy through multiple social, environmental and economic benefits and re-

connecting producers and consumers.    

 

5.4.2.  The multi level perspective of the sustainability transition towards the bioeconomy 

In the Multi-Level-Perspective (MLP) of system innovation (Fig. 6), individual socio-technical 

innovations emerging from (protected) niches are important driving forces of transitions (Geels, 2005). 

The three approaches investigated and developed further in this thesis can be considered such socio-

technical innovations. Socio-technical innovations are being developed in protected niches (e.g. like 

here as part of scientific research) and may breakthrough when the window of opportunity, a co-

existence of enabling processes on different socio-political levels (e.g. supportive societal trends), 

allows for the reinforcement of these enabling processes (Geels, 2005). 

The subsequent transitions (referring here to the sustainability transition towards the bioeconomy) 

are conceptualised as a shift from one socio-technical system to another. A socio-technical system 

consists of several elements including technology, infrastructure, supply networks, markets, 

regulation, user-practices and cultural meaning. The complex interactions of these elements fulfil 

multiple social functions and thereby generate the current realities (considered as regimes) on local, 

national and international level (Geels, 2005). Transitions are “the outcome of multi-dimensional 

interactions between radical niche-innovations, an incumbent regime and an external landscape” 

(Verbong and Geels 2010, p. 1215).  
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The global bioeconomy developments provide very encouraging political conditions for innovation 

creation through research and development funds, aiming at rapid market deployment of innovative 

processes and biobased products (EC, 2018; Gawel et al., 2019). Recently, the foci of the German and 

the EU bioeconomy strategies were widened from technical innovations to the uptake of innovative 

processes and biobased products by society (BMBF & BMEL, 2020; EC, 2018). The uptake of socio-

technical innovations can be fostered through supportive trends (Verbong and Geels, 2010). In this 

case the ongoing RE transition, the emerging sustainability transition, the urban gardening trend, the 

increased awareness in society about biodiversity losses and the ongoing digitalisation can be 

considered here as supportive trends for the uptake of socio-technical innovations investigated and 

developed further in this thesis (Fig. 6). A change in the current socio-technical regime, however, will 

only come about, if the socio-technical innovations, the current trends and (political) strategies 

reinforce at all three levels (Geels, 2005)  

Currently, the political bioeconomy landscape is very conducive, while the ongoing trends can take up 

the three socio-technical innovations, leading to adaptation and finally the breakthrough for 

supporting the sustainable bioeconomy (Fig. 6): 

 

IREPA has proven its methodological applicability in case study research with rural smallholders in 

South Africa and India:  

 The case studies revealed the need of participatory, bottom-up approaches for the integration 

of local stakeholders in project planning and decision making, thus supporting sustainable rural 

Figure 6: Socio-technical solutions elaborated in this thesis supporting system innovation towards a sustainable 
bioeconomy based on the dynamic Multi-Level Perspective (based on Geels 2005) (icons from pixabay.com; CCO) 
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livelihoods and an increase in agricultural production in smallholder farming systems for the 

growing bioeconomy. 

 Local insights and stakeholder perspectives, obtained from participatory case study research, 

are crucial for the targeted formulation of agricultural development policies and the 

involvement of relevant stakeholders in the sustainability transition towards a bioeconomy. 

 

Urban agriculture has multiple roles in sustainable city development and the sustainability transition:  

 Vertical and rooftop farming are highly productive and allow for urban food production, 

however questionable sustainability and financial viability require further research and 

development, especially in case of vertical farming. 

 Urban gardening provides multiple social, environmental and economic benefits for 

sustainable city development and fosters sustainable consumer behaviour, thus involving the 

growing urban population in the sustainability transition towards the bioeconomy.  

 

The assessment and monetization makes the multiple environmental services provided by agricultural 

systems tangible and increases their recognition on farm, societal and political level: 

 The assessment of environmental services in agricultural systems reveal the multifunctional 

roles of agriculture. Their monetization can incentivise payments to the farmers for the 

provision of public goods, supporting the enhancement of the environmental services in 

agriculture for societal and environmental benefit.  

 The enhancement and intentional utilisation of environmental services can foster the 

sustainability transition in agriculture from input-based towards process-based production 

systems. Agroecologic practices and the syntropic principles of energy concentration, natural 

order and organisation provide a promising pathway for the sustainable intensification of 

agricultural production systems. 

 

The three approaches investigated and developed further in this thesis address the societal challenges 

of the 21st century on social, environmental and economic level, based on an interdisciplinary, bottom-

up and systemic perspective. Portraying these three socio-technical innovations in the Multi-Level 

Perspective (Geels, 2005), illustrates their potential for supporting the system innovation towards the 

sustainable bioeconomy. 
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