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Preface 
 

The Circular Food Systems (CFS) Network is a network under the Global Research Alliance on Agricultural 

Greenhouse Gases and was launched in 2021. The Dutch Ministry of Agriculture, Nature and Food Quality 

provided funding to support the CFS Network, as focus of the Ministry was to increase circularity in the 

Dutch agricultural system. Through the network, international collaboration and research could increase 

knowledge on CFS and its members could bring together and disseminate insights and lessons learned 

from different CFS around the world. 

For the launch of the network, different case studies and abstracts were send that illustrated vast 

examples of CFS and how these systems change throughout different regions of the world. Eleven of 

these abstracts were selected to write a short communication and present a video during the launch of 

the network. These short communications form the basis for this white paper, wherein we explore the 

different concepts of CFS, how CFS change from region to region and which opportunities are present to 

further develop CFS to contribute to sustainability in the agri-food system. 

We would like to thank all authors of the abstracts and short communications for their contributions to 

this white paper and the network as a whole. 

 

On behalf of the CFS Network team, 

Flavia Casu, co-chair 
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1. Circular Food Systems: supporting food security 

and combatting climate change 
 

1.1 Background  

 

1.1.1 More food, less emissions 

Sustainable global food and nutrition security is one of the main challenges of today. Food and nutrition 

security exists when all people at all times have physical, social and economic access to food, which is 

safe and consumed in sufficient quantity and quality to meet their dietary needs and food preferences 

(Committee on Food Security, 2012)i. The United Nations’ has stated in its Agenda 2030 for Sustainable 

Development to end poverty and hunger everywhere between 2015 and 2030 (UN, 2015). At the same 

time, the Agenda 2030 calls for the widest possible international cooperation aimed at accelerating the 

reduction of global greenhouse gas emissions and addressing adaptation to the adverse impacts of 

climate change, and to conserve the planet’s natural resources (UN, 2015).  

Currently, however, global food systems are threatening both human health and environmental 

sustainability (EAT-Lancet, 2019). While global food production provides sufficient calories on average, 

the unequal division of food and nutrients around the globe still causes more than 820 million people to 

have insufficient food. Even more suffer from malnutrition because of low-quality diets (EAT-Lancet, 

2019). In 2020, the FAO concluded that the decades-long decline in hunger in the world has ended. 

Since 2014, the number of people affected by hunger even started to increase. Latest estimates suggest 

that 9.7% of the world population (slightly less than 750 million people) was exposed to severe levels of 

food insecurity in 2019 (FAO et al, 2020). The COVID-19 pandemic is expected to worsen the world’s 

level of food insecurity. 

Food systems are a well-known contributor of greenhouse gas (GHG) emissions. Food systems contribute 

to 19%–29% of global anthropogenic GHG emissions, releasing 9,800–16,900 megatons of carbon 

dioxide equivalent (Mt CO2 eq.) in 2008. Agricultural production, including indirect emissions associated 

with land-cover change, contributes to 80%–86% of total food system emissions, with significant 

regional variation (Vermeulen et al., 2012). In addition, food production is related with issues of 

biodiversity loss, land-use change, social inequality and local pollution. Springmann et al. (2018) state 

that if the expected demand for food will be produced with our current production approaches, its 

projected GHG emissions are expected to increase by 87% in 2050.  

We may not be able to produce enough food nor reduce the GHG emissions from agriculture, if we do not 

change our way of producing and consuming food. The FAO stated in 2015 that agriculture, forestry, 

fisheries, and aquaculture can be transformational forces in the global response to climate change. A 

paradigm shift towards agriculture and food systems that are more resilient, more productive, and more 

sustainable is required (FAO, 2015). The EAT-Lancet Commission (2019) concluded that food systems 

potentially provide healthy diets in a sustainable way, but that an urgent and radical transformation of 

the global food system is needed. 

1.1.2 Circular food system as approach to increase food security and mitigate GHG?  

The search for global food security and climate change mitigation has resulted in tremendous efforts of 

researchers, policy-makers, business and development workers to develop innovative approaches such 

as the Circular Food Systems (CFS) approach. CFS may contribute to increase food security and GHG 

emissions reduction by increasing the resource security (use of waste streams reduces need for inputs 

such as land, water, fossil energy, nitrogen and phosphorus). Additionally, CFS can reduce net 

greenhouse gas emissions from CO2, N2O and CH4 during the different stages of the food system: via 

direct mitigation interventions such as reduction of methane emissions through increasing nutrient 

cycling and indirect mitigation interventions such as through additional carbon sequestration in soils and 

biomass.  
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Are circular food systems the holy grail to tackle the challenge? What is a circular food system? How do 

CFS differ per region? How to measure or monitor the impact of CFS? And can it contribute to food and 

nutrition security while reducing emissions of greenhouse gasses? 

This report aims to provide an overview of, as well as sharing, the different ideas that exist on circularity 

in food systems worldwide. The report constitutes eleven short communications by scholars from all over 

the world, that have been submitted to the kick-off workshop of the Circular Food Systems network in 

2021 (see box). Together they provide an overview of current state-of-the-art research and practice of 

circularity and identify the knowledge questions to further advance our knowledge and understanding on 

CFS. Core questions that this compilation report addresses are:  

1. What do Circular Food Systems (CFS) mean in different parts in the world?  

2. What are the opportunities? What are foreseen benefits for GHG mitigation and other benefits or 

trade-offs? 

3. What are the next steps to advance CFS and how do they benefit future sustainable food 

systems? 

 

Report outline 

This introduction chapter will first dive into the theoretical concept of circularity and circular food 

systems. The second chapter presents the eleven short communications, all addressing circularity 

aspects of food systems in a specific region. Chapter 3 concludes with a reflection on the short 

communications and aspects of circular food systems in different regions. 

 

 

 

 

The Circular Food Systems Network 

The Global Research Alliance on Agricultural Greenhouse Gases (GRA) brings countries together to find 

ways to grow more food without growing greenhouse gas emissions. The Circular Food Systems (CFS) 

network is part of the GRA’s Integrative Research Group.  

The CFS network is a growing group of international researchers and policy-makers working on exploring 

opportunities for GHG emissions mitigation by introducing circularity in food systems. The objective of the 

CFS network is formulated as: to contribute to food security with mitigation of GHG emissions by circularity 

across the entire agri-food system. We do that by: 

• Bringing together, developing, and disseminating knowledge about circular food systems; 

• Mobilising agricultural scientists to explore circularity within different agricultural systems focusing on 

GHG emissions 

• Providing policy makers with methodologies and system designs for a climate-smart, circular food 

system 

In June 2021, the network organised its (online) kick-off meeting. Eleven short communications have been 

prepared for the kick-off meeting, to present a variety of views on circularity in different regions. The short 

communications are presented in this report.  

For more information on the work and activities of the CFS network, please visit the webpage. 

https://globalresearchalliance.org/
https://globalresearchalliance.org/research/integrative/networks/circular-food-systems-network/
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1.2 Introducing the concept of Circular Food Systems 

 

1.2.1 Circularity: resource and nutrient use efficiency 

Circular food systems are food systems in which waste streams are minimised and inevitable waste is 

utilised in processes of production of food, energy, or non-food products. Losses of raw materials in the 

production of biomass are kept to a minimum by pursuing a closed loop in which all produced biomass is 

utilised to a maximum extent. Such circular food systems apply practices and technologies that minimise 

the input of finite resources (e.g. phosphate rock, fossil fuel and land), encourage the use of 

regenerative ones (e.g. wind and solar energy), prevent leakage of natural resources from the food 

system (e.g. nitrogen (N), phosphorus (P)), and stimulate recycling of inevitable resource losses in a way 

that adds the highest value to the food system (De Boer and Van Ittersum, 2018; Van Zanten et al., 

2019). The benefits resulting from circular food systems are expected to go beyond mitigation of GHG-

emissions and food security, so moreover may also include increased biodiversity, and development of 

opportunities for ecosystem services.  

CFS specifically focus on the whole food system, rather than using an on-farm or value chain approach. 

It is a whole-system approach that looks at the individual parts of the food system as elements of an 

integrated entity. Such a food system approach is more than the sum of its parts, as interaction between 

the different parts of the food system results in additional resource efficiency. Box 1 further introduces 

the food system approach.  

An example of how circularity in food systems can be achieved was described by adhering to the 

following four principles (De Boer and Van Ittersum, 2018; Van Zanten et al., 2019):  

1. Use arable land and water bodies primarily to produce food for direct human consumption.  

2. Avoid or minimise food losses and wastes.  

3. Recycle by-products (such as crop residues, co-products from processing, manure, excreta) and 

inevitable food losses and waste streams in the food system.   

4. Use animals for unlocking biomass unsuitable for human consumption into value food, manure 

and other ecosystem services.  

These principles are indicative for strategic developments towards circularity and need operationalisation 

in local contexts. For instance, with respect to the 3rd principle, biomass in residues and waste streams 

may be used to improve soil quality or to feed livestock. Organic matter in such plant and animal 

residues, but also in waste produced further downstream in the food cycle may also be converted to 

valuable products such as bioplastics, protein, volatile fatty acids or other platform chemicals, or as 

organic soil amendments or as an energy source. Nutrients (both macro- and micro-nutrients) in the 

waste streams may be recovered and re-used in food production.  

De Boer and Van Ittersum (2018) suggest an order of prioritisation for the use of biomass streams in 

circular food systems (i.e. plant production first, followed by soil quality improvement, animal feeding, 

and finally for use as fertiliser and energy source; see Figure 1). 
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Figure 1  The concept of circularity with priority given to production of crops for direct human consumption. Biomass 

unsuited for direct human consumption prioritised as animal feed, with secondary use for soil improvement and 

fertilisation (Source: Van Zanten et al. 2019). 

1.2.2 Contextualisation of the concept 

The proposed order of prioritisation by De Boer and Van Ittersum (2018), however, depends on local 

contexts. The prioritisation of higher-level objectives in a region plays a role, for example mitigating 

greenhouse gas emissions vs increasing food and nutrition security. Also, the scale at which circularity is 

best operationalised is context specific and depends on objectives.  

For many Western countries, optimal circularity and sustainability of the total food system can only be 

achieved by reducing population size of farmed-animals (Oosting et al., 2021). Though, this differs in 

developing countries. Looking at the healthy dietary guidelines presented by the EAT-Lancet Commission 

(2019), an increase of animal protein consumption will contribute to more nutritious diets in these 

countries. Besides providing useful protein and micro-nutrients, animals play a key role in circular food 

systems: waste stream biomass can be used as feed, and farmed animals provide manure and pond 

sediment which can be used as fertiliser to maintain or improve soil quality. The use of waste streams for 

feed may reduce the need for feed production with associated GHG, land and water use, and N and P 

pollution (Van Zanten et al., 2019). Hence, this requires different higher-level objectives per region.   

While concepts such as circularity, circular economy, and bioeconomy are receiving more attention in the 

global North in the past decades (FKBP, 2020), the concept as such is not new. In many low- and 

middle-income countries (LMICs), circular approaches to economic and agricultural activity are still more 

common today, though they are often born out of economic necessity (Preston et al., 2017). Preston 

(2017) found that the evidence base for the existing practices, norms, and behaviours in LMIC’s remains 

weak and higher-value opportunities for ‘reducing, reusing and recycling’ are relatively unknown. 

Though, the concept could potentially contribute to solving various economic, environmental, and social 

challenges in LMICs and existing processes can be learned from to address the challenges in local food 

systems in a systemic way. 

1.2.3 Knowledge gap 

The nexus of circularity, food security and greenhouse gas emission reduction is a complex playing field 

and it requires a broad representation of stakeholders to address. Depending on local conditions and 

local policies, the concept of circular food systems may be defined differently, and practices and 

outcomes may vary.  

De Boer and Van Ittersum (2018) discuss the variety in concepts and practices that exist, as well as 

possible synergies and trade-offs within the various concepts. Finally, they also discuss about strategies 

on how to implement circular food systems. This implies need for a science-based development of the 

concept of circularity in a wide variety of food systems across the world, fitting to local environmental 
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and social conditions. But also the need for practical extension of these concepts, for example in living 

labs as good practice hubs.  

Hence, the exchange of global knowledge is key, and collaboration between institutions globally, with a 

focus on sustainable food security, is essential to have impact on a larger scale. This report is an attempt 

to contribute to knowledge sharing of circular food systems concepts, and to contextualise practices and 

solutions. 

 

1.3 CFS in practice: a first exploration of the concept across the world 

 

To explore the concept and formulate a common ground as to what CFS are, a first step was made by 

sending a survey on CFS and agricultural greenhouse gases to members of the Global Research Alliance 

in April 2019. GRA members are national governments, sometimes represented by researcher institutes.  

Thirteen countries1 responded to the survey. Although the number of thirteen is limited, and it can be 

expected that the high number of non-respondents may imply that circularity is not on their agenda, the 

responses do provide an interesting first overview of the diversity of circularity thinking, policies and 

practices around the world. 

All thirteen stated that the concept of circularity in food production is recognised by their government, 

and circularity is mainly focused on: (1) producing food with a minimum of resources, (2) recycle and 

reuse waste streams (i.e. create zero waste systems) and (3) reducing GHG emissions. To a lesser 

degree, increasing biodiversity through circularity is included as well, but mainly by countries that have a 

strong focus on CFS already and where governments are actively promoting such systems for future food 

production.   

All countries stated that research on CFS is increasing. Focus of this research is mainly on recycling and 

processing of waste streams (e.g. manure, by products) into use as organic fertilisers, feed for animals 

or energy. However, research on circularity is not yet a substantial part of agricultural research in most 

countries and is limited to recycling and processing of waste streams. This first exploration thus 

emphasised the need for further research on the broader concept of CFS. 

 
1 Argentina, Colombia, Denmark, France, Indonesia, Ireland, Netherlands, New Zealand, Spain, Norway, UK, USA, Viet Nam. 
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Box 1: Food System Approach  

Food systems comprise all activities, processes, infrastructure, institutions that relate to feeding the 

human population: growing, harvesting, storing, processing, packaging, transporting, marketing, 

consumption and disposal of food and food-related waste streams and the outputs of these activities, 

including socio-economic and environmental outcomes. (High Level Panel of Experts on Food Security 

and Nutrition (HLPE, 20212 High Level Task Force on Global Food and Nutrition Security (HLTF) 

(un.org))). 

A Food System Approach takes the intended outcomes as starting point and comprises all the 

processes associated with food production and food utilisation. The key benefits of using a food 

system approach is that it aims to take the full complexity into account and that it pays explicit 

attention to the interaction among various elements of the system. In other words: a food system 

approach considers trade-offs and synergies, interaction among technological and behavioural 

change, multi-stakeholder interests and interactions, issues of scale and scope, and alternative 

options (Van Berkum and Dengerink, 2018). It helps to find leverage points within the system that 

can trigger changes or transformation of the whole system. When looking at circularity, a food 

systems approach is especially helpful as it takes into account the complexity and therewith the 

opportunities of the whole food system to improve circularity. The interactions between these 

elements of a food system are depicted in Figure 1. 

Figure 1. Drivers, activities and outcomes of food systems (Van Berkum et al. 2018). 

https://www.un.org/en/issues/food/taskforce/wg3.shtml
https://www.un.org/en/issues/food/taskforce/wg3.shtml
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2. Circular Food Systems around the world 
 

In the quest for sustainable development of our societies, the concepts of bio economy, circular 

economy, biobased production, circular agriculture are getting more and more attention throughout the 

world. The concept of circular food systems is rather new, and does not yet have a vast definition. Also, 

the complexity and context-specific developments across the globe ask for a broad application of the 

concept. A common ground on how CFS could contribute to food security and combatting climate change,  

will be a helpful basis to further develop understanding of the approach. 

This chapter presents a diversity of examples of circular food systems 

around the world. It is constituted by X short communications that were 

developed for the CFS network kick-off meeting in June 2021. The short 

communications present a wide variety of challenges, practices and 

solutions, fitting to local environmental and social conditions. All short 

communications are accompanied by online presentations. The link to 

these online presentations can be found in the world map below.   

  

The short communications are all prepared as individual papers. They are brought together in this report 

to provide an overview of the diversity and opportunities of CFS. The following short communications can 

be found in the next section: 

1. Zambia & Malawi: Using a living lab approach to promote nutrient cycling from crop-livestock 

integration in rural Malawi and Zambia  

2. New Zealand: Circularity in pastoral agricultural systems in New Zealand 

3. Mediterranean: Achieving carbon neutral and resilient Mediterranean agro-food systems through 

the circular management of organic resources 

4. Peru: Challenges, opportunities, and research needs to improve circularity in the Peruvian food 

system 

5. Rice systems USA: Rice husk soil amendments as a GHG-mitigating piece of the circular rice 

production system 

6. Bangladesh: Winter cultivation of legume beans instead of rice to reduce field methane 

emissions and use legume by-product for low methane emitting livestock and fish production in 

Bangladesh 

CFS in Bangladesh 

CFS in Germany 

CFS in Zambia & 

Malawi 

CFS in 

Nigeria 

CFS in New 

Zealand 

CFS in the 

Mediterranean 

CFS in rice systems in 

Arkansas USA 

CFS in Southern 

India 

CFS in Reunion 

Island 

CFS in Peru 

Improving CFS by 

upgrading by-products 

(various regions) 

What a circular food system is, 

or could be, in different regions 

is shown in this short movie: 

https://youtu.be/nO0-NTX3lhU 

https://youtu.be/RQTdEJ0FyGQ
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2FARZ33jGyK6I&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704180174%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=Ai3FeDZvq9pLimQgfofMwexqRf9W%2B7rWPP2ahSQgy4g%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2Fv8LFh0-bD04&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704180174%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=vBomC9O6P2aqIAyIJUcM6%2BXCQmx6IYA6zQLw1RiL6EU%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2Fv8LFh0-bD04&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704180174%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=vBomC9O6P2aqIAyIJUcM6%2BXCQmx6IYA6zQLw1RiL6EU%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2Fnz_M9CsqW0s&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704200078%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=tWSZ2JTRDxLDKBhO1zQd2NrsQ3RH0V5R7v8ysZi7snA%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2F8fuYKi8eoCw&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704190132%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=horGK8JN7Uby%2B9sLd8knpFevUrv2MNfUxlSU5GJB3gA%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2F8fuYKi8eoCw&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704190132%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=horGK8JN7Uby%2B9sLd8knpFevUrv2MNfUxlSU5GJB3gA%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2FmQLUeVwNLjc&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704190132%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=lyctHDpkqB9%2F1%2BuPv2qBjCs%2BHkxbj5HwIF3HJjfD6B8%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2FmQLUeVwNLjc&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704190132%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=lyctHDpkqB9%2F1%2BuPv2qBjCs%2BHkxbj5HwIF3HJjfD6B8%3D&reserved=0
https://youtu.be/XLuk7ZcYLn8
https://youtu.be/XLuk7ZcYLn8
https://youtu.be/b1cbcUTfJxI
https://youtu.be/b1cbcUTfJxI
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2F8asSvsjJ4tI&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704210047%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=SL%2BQS9Yt9Lkl8aJ1XkIifSqv%2BL0v9XkEHtRsxO4TkmY%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2F8asSvsjJ4tI&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704210047%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=SL%2BQS9Yt9Lkl8aJ1XkIifSqv%2BL0v9XkEHtRsxO4TkmY%3D&reserved=0
https://eur03.safelinks.protection.outlook.com/?url=https%3A%2F%2Fyoutu.be%2FL0VpqDL39Pc&data=04%7C01%7Ccfsnetwork%40wur.nl%7Cf892607d3a1d4f78c25f08d92fd2ce22%7C27d137e5761f4dc1af88d26430abb18f%7C0%7C0%7C637593404704200078%7CUnknown%7CTWFpbGZsb3d8eyJWIjoiMC4wLjAwMDAiLCJQIjoiV2luMzIiLCJBTiI6Ik1haWwiLCJXVCI6Mn0%3D%7C1000&sdata=lxgv1GNX5lwrcTbLSehMsVPPeJZgKMItJLO5RwHQB%2Fk%3D&reserved=0
https://www.youtube.com/watch?v=T7DPd4p9sfM
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7. Germany: Regional opportunities to mitigate GHG emissions in the capital region Berlin-

Brandenburg, Germany 

8. India: Circular Food Systems: The Economic and Environmental Benefits of Integrated Farming 

System under Small-Scale Farm-Holdings of Tamil Nadu, Southern India 

9. New Zealand: Circularity in pastoral agricultural systems in New Zealand 

10. Nigeria: Use of Cassava Waste in Circular Food Systems in Nigeria 

11. Southern Asia: Advances in converting cereal straws and stovers into concentrates: implications 

for the circular economy 

 

2.1 Using a living lab approach to promote nutrient cycling from crop-

livestock integration in rural Malawi and Zambia 

By Asaah Ndambi, McLoyd Banda, Margaret Chiipathenga, Chrisborn Mubamba, Monica 

Sanga, Kabemba Mwambilwa and Simon Mudenda 

 
Description of the food system in the region, current developments and trends.   

The production elements in the food system in Malawi and Zambia are characterised by smallholder 

mixed farming systems with an average land holding size of 1.2 ha per household in Malawi (FAO, 2017) 

and 1.4 ha in Zambia (Zulu et al., 2007) and low yields. Poorer households are less diversified and 

usually cultivate less than one hectare annually. The ability to cultivate is based on the capacity to access 

farm inputs hence poorer farmers cultivate a hectare or less annually while richer farmers may reach 5 

ha, annually. Major crops grown are maize as a staple food, legumes such as groundnuts, and soybean 

for both consumption and income while tobacco is solely a cash crop. The main livestock species kept by 

the smallholder farmers in a mixed farming system are indigenous cattle, a small proportion of exotic 

dairy cattle, local goats, pigs and chickens for social values, income and manure. A household owns one 

or more livestock species in relatively small numbers. Manure is used as fertiliser in crop production, 

however, because of poor manure management there is low-quality manure that is utilised in the farming 

system (Ndambi et al., 2019). Productivity in most agricultural commodities is far below potential yields 

(obtainable if soils are well fertilized and irrigated), for example, maize yield average at 2 t/ha against a 

potential 5t/ha, and the average milk yield of 10 liters/cow/day against the potential of 25 liters/cow/day 

(NAP, 2016; FAO, 2017).  

At harvest, a reliable grain storage system for grain in the sub-sector is the use of sacks while some use 

traditional silos. Huge losses at the post-harvest stage are also experienced, estimated at an average of 

5 to 12% annually (Amber et al., 2017). Produce from livestock sub-sectors such as milk are also prone 

to losses. Post-harvest losses in milk and dairy products of up to 40% have also been experienced 

in sub-Sahara Africa including Malawi and Zambia due to poor handling at the farm level, distribution 

network, unregulated marketing channels including poor access to export markets (Kasirye, 2003).  

Some important socio-economic drivers of the food system with influence on circularity in the proposed 

initiative include government policies, science and technology, social organisations, markets, and 

transportation. For instance, National Agriculture Policy for Malawi emphasises the promotion of manure 

utilisation among farmers and the advancement of science and technology in agriculture (NAP, 2016), 

which is similar to Zambia's agriculture policy (NAP, 2012-2030). The most common means of 

transportation is by roads, mostly earth roads to reach markets using ox-carts, bicycles, and 

vehicles. Social organisations such as farmer cooperatives that bring producers together in both 

countries are opportunities to promote implementing innovations in circularity. The lead farmer concept, 

which is promoted in farming communities as an extension tool in both countries makes an impact in the 

dissemination of agriculture technologies developed by national agricultural research systems (NARS) 

and international research organisations. The concept is also used for the refinement of 

technologies through on-farm studies.    

Important environmental drivers that impact food systems include climate change, water, land and soils 

and biodiversity, among others. Climate change has significantly reduced the performance of the 

agriculture sector as the smallholder farming system is heavily dependent on rainfall. Because of the 
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reliance on rainfall, the region only has a single cropping season in a 12-month period, running from 

December to March with annual average rainfall varying from 725 mm to 2,500 mm in Malawi and 500 to 

1,400 mm in Zambia. Due to inadequate investment, irrigation accounts for less than 10% of agricultural 

GDP in Malawi and Zambia, despite potential resources and technologies for irrigation (SMEC, 

2015, Mendes et al., 2015). One notable loss of biodiversity is through deforestation. Cutting down of 

trees due to the demand for fuelwood accelerates soil erosion and loss of soil fertility, as well as reduced 

carbon sequestration. The underlying factor is low access to electricity and poverty (World Bank, 2017; 

2019). Through research initiatives, various renewable energy innovations such as biogas, and briquettes 

have been explored as potential for promotion in rural communities in Zambia and Malawi.   

Literature on soils has shown that soil nutrient content has suffered a lot of mismanagement with >40% 

observable signs of soil degradation. The degradation has been a result of a number of factors among 

which are inadequate soil fertility management, limited extension services, poor adoption of soil 

conservation technologies, and weak implementation of environmental and resource management 

policies, among others, (Mbata and Westman, 2018). As such the soils have failed to sustain adequate 

agricultural productivity. The assessment on critical soil nutrient limits done both in Malawi 

and Zambia has shown that the majority of the soils do not meet key nutrient levels such as pH, K, Ca, 

P, N, Zn and OC (Solomon et al., 2018; Chirwa et al., 2016; Chapoto et al., 2016). In addition, an 

average annual loss rate of the main plant nutrient due to topsoil loss of 108g/ha of total N, 350g/ha of 

available P and 16.16g/ha of exchangeable K has been reported in Malawi (Omuto et al. 2018). Hence, 

soil nutrient improvement is highly dependent on fertilisation using inorganic fertilisers in both Malawi 

and Zambia.   

Problem statement 

The agriculture sector contributes about 39% to the country’s GDP, employs 85% of its workforce, and 

contributes 90% to its foreign exchange earnings, and acts as a source of savings and investible funds in 

Malawi. Zambia’s agriculture sector makes a significant contribution of 22% to GDP and is a source of 

employment for a large sector of the population. Agriculture employs 67% of the labour force in the 

formal sector, and is the main source of employment for rural women who account for 60% of the rural 

population. An estimated 60% of Zambia’s population depend directly on agriculture for their livelihood 

(NAP, 2016). Smallholder farmers are major players in the sector in both countries, who practice mixed 

farming systems. The mixed farming system in Malawi and Zambia is characterised by low productivity in 

crops and livestock, for instance, maize yields currently are less than 2 t/ha against a potential of 5 

t/ha. Agricultural production is highly dependent on rainfall, which is erratic and with little attention to 

potential water harvesting innovations. The farming system relies on inorganic inputs, which are 

detrimental to soil and aerial environments. This is despite the potential of recycling huge volumes of 

farm by-products between enterprises in the prevailing mixed farming system. Despite 

agriculture being the backbone of Malawian and Zambian economies, the rural poor smallholders that 

dominate farm activities, live on less than a dollar per day (FAO, 2019). Consequently, these 

smallholders incur high production costs on inputs, are further prone to post-harvest losses and the 

majority live in chronic hunger. Practices like recycling of farm wastes (crop residues) into livestock 

production and livestock wastes (dung) into crop production have not been explored sufficiently due to 

poor management by the farming communities, despite their potential to optimise nutrient cycling and to 

reduce the dependence on expensive synthetic fertilisers. Efforts in promoting manure composting 

techniques is however challenged by (i) labour demand to produce required demand among the farmers 

and (ii) poor storage methods of fresh manure. There is also a lack of testing and promotion efforts on 

water harvesting and post-harvest losses opportunities to elevate production and storage components of 

the food system. 

Opportunities to increase circularity in the food system  

There are opportunities to increase circularity in mixed farming systems in developing countries through 

utilisation of existing underutilised resources and approaches. The living lab approach, which is user-

centered, iterative, open-innovation ecosystem, is considered vital in learning, developing and promoting 

new innovations among players in development (Higgins and Klein, 2011). The project adopts the living 

lab by using lead farmers. The lead farmer concept was adopted by both Malawi and Zambia 

governments over 10 years ago in agriculture research and development in which an individual farmer is 

elected by the village to voluntarily assist in the delivery of good agricultural practices/technologies that 

https://www.researchgate.net/profile/Allen-Higgins?_sg%5B0%5D=QopZAYRx8xero13gAoRy9eFo4ZnoB_SATrYyMSWwi2ot21xrN_YZ9jJIhdYAyGzLTVaE6fw.uXfy0PW2kETpUDTawUJ8AR8nEuKpvog9fipHzSd3n2gpJD4s8Xij5IxthS0nSEqc4X2Cp58pZHhJ21_QAl39lA&_sg%5B1%5D=6VHZLVWSzZSSZ4iwd4SF8FQEAqwNgNzyvD3K_t-e26AK5jB82YfbsuaKQ7WxaEmgs23ka1Q.EpQte_ALKdOB93XaLNfiARlmR2TyHQa9G5d-Jo_jzuKWjdYuY9axWVOqQgohR1WZFHzxu9ByGXRoV4wHqOvgzg
https://www.researchgate.net/profile/Stefan-Klein-4?_sg%5B0%5D=QopZAYRx8xero13gAoRy9eFo4ZnoB_SATrYyMSWwi2ot21xrN_YZ9jJIhdYAyGzLTVaE6fw.uXfy0PW2kETpUDTawUJ8AR8nEuKpvog9fipHzSd3n2gpJD4s8Xij5IxthS0nSEqc4X2Cp58pZHhJ21_QAl39lA&_sg%5B1%5D=6VHZLVWSzZSSZ4iwd4SF8FQEAqwNgNzyvD3K_t-e26AK5jB82YfbsuaKQ7WxaEmgs23ka1Q.EpQte_ALKdOB93XaLNfiARlmR2TyHQa9G5d-Jo_jzuKWjdYuY9axWVOqQgohR1WZFHzxu9ByGXRoV4wHqOvgzg
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are enterprise specific and is trained in those technologies. The lead farmers also become the focal point 

for technology refinement through on-farm experimentations. The previous project, Crop-Livestock 

Integrated Project (CLIP), on which the current proposal is built on, also used the lead farmer concept. 

CLIP efforts were to contribute to food security while reducing greenhouse gas 

emissions, through recycling actions of farm by-products in an integrated approach in smallholder 

farming systems in Mchinji and Mzimba Districts in Malawi and Chipata District in Zambia using lead 

farmers from 2014 to 2018. The major elements in the recycling actions were: (i) soil management 

through use of compost and manure, (ii) increase crop yield while reducing cost of production by 

substituting inorganic fertilisers with compost, (iii) processing and utilisation of crop residues as feed for 

cattle in lean months, (iv) use of pig or cattle waste (dung) for preparing compost and for generating 

household energy through biogas production. Introduction of biogas energy into smallholder mixed 

farming system considers huge volumes of livestock wastes as estimated in Table 1 below and (v) 

utilisation of bio-slurry as manure in crop production.   

Table 2.1.1: Livestock populations and quantification of manure production in Malawi and Zambia.   
Livestock species  Livestock population (APES, 

2019 and LAC, 2017)   

Estimated annual manure 

(dung) production, tones  

References on manure (dung) 

quantification per species  

Cattle - Malawi  1,834,845  3.7 million  
Font-Palm, 2019; NRCS, 1995  

Cattle - Zambia  3,654,668   7.3 million  

Pigs - Malawi  7,924,432  3.0 million  
Chastain et al., 2003; NRCS, 

1995  Pigs - Zambia  996,390   0.4 million  

 

Under the CLIP, elements become more connected in the cycle illustrated in Figure 1 below, which 

motivates producers and benefits the environment. Main CLIP outputs were: (i) increased manure 

production and utilisation through use of household biogas innovation among biogas beneficiaries, (ii) 

increased crop yields through use of bio-slurry based compost at reduced production cost, (iii) reduced 

feed deficit for cattle in dry months by 40% through fodder (crop residue) conservation techniques. 

However, due to its short duration and limited funds, some shortcomings were met. These include: (i) 

limited geographical coverage of the project and a limited number of farmers involved, (ii) selection of 

suitable crops per location and nutrition (ii) lack of scientific quantification on changes in GHG emissions 

as well as in nutrient use efficiency, (iii) the project lacked incorporation of fodder treatment techniques 

to improve utilisation of crop residues at farmer level, (iv) water harvesting innovations and (v) post-

harvest losses. Furthermore, the installation of household biogas digesters was too costly for average 

small-scale farmers. Since then, more affordable low-cost designs, water harvesting innovations, and 

post-harvest losses have been developed and could be introduced to farmers.  

 

 

 

 

 

 

 

 

 

 

Figure 2.1.1: Illustrative model of interdependence of interventions in crop-livestock integration  
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To continue with CLIP efforts the proposed project strives to implement the following objectives: (i) 

create living labs centered on lead farms that were established during the CLIP project, as knowledge 

generation tools and dissemination centers in circularity, (ii) identify appropriate fodder treatment 

techniques for small scale farmers for efficient utilisation of crop residues as fodder in the farming 

system, (iii) identify and test low cost bio-digesters and also train farmers and extension workers on 

their management (iv) identify and promote post-harvest and water harvesting technologies for 

circularity in the food system (v) create awareness and demand on the socio-economic-environmental 

benefits in the circularity to policymakers and stakeholders (vi) apply scientific methods to quantify GHG 

emissions and nutrient use efficiency associated with the project interventions. 

Effects of the opportunity to improve circularity on mitigating greenhouse gas emissions.   

Deteriorating soil fertility is one major contributing factor to low yields among smallholder producers, 

which has attracted widespread use of synthetic fertilisers. Application of these synthetic N fertilisers is 

recognised as the most important factor contributing to direct N2O emissions from agricultural soils 

(Rahman et al., 2019). Comparatively, Rahman et al., (2019) reported that in soil amendments with 

organic fertilisers, soil nitrous oxide (N2O) emissions are recorded to be 66%–86% lower than those from 

inorganic fertilisers. Hence, in circularity there is assurance of lower soil N2O emissions from organic 

fertilisers. Therefore, in addition to economic benefits of low manure costs and improved soil water 

retention the circularity will mitigate greenhouse gas emissions. 

When looking at the potential and current practices on circularity of farming in the two countries, there is 

a notable but unquantified flow of biomass, nutrients and energy. In the fixed farming system, it is 

observed that biomass and nutrient flows are related to livestock production, which implies that they play 

a key role in circularity in food systems. However, due to poor livestock feed production, utilisation 

techniques and manure management, greenhouse gas emissions are presumably high from the livestock 

sub-sector (FAO, 2017; Grossi, et al., 2019). Therefore, improved fodder production and 

utilisation have the potential to reduce methane release from ruminants. Furthermore, improved manure 

management at the smallholder level, and recycling animal manure through biogas innovation for 

household energy needs will reduce greenhouse gas emissions from livestock manure. The promotion of 

biogas innovation at the household level for cooking will contribute to a reduced rate of cutting down of 

trees, supporting carbon sequestration. Also, training on water harvesting and water use during the dry 

season will increase farm output hence reducing emissions per unit of output. 

Other socio-economic-environmental benefits of circular food systems beyond GHG emission 

mitigation.   

Other socio-economic-environmental benefits of the proposed circular food systems project include (i) 

saving forests. The integration of household biogas innovation into circularity food systems among 

smallholder producers will in turn benefit the environment as it becomes an alternative energy source to 

forest products. Hence saving trees that are a predominant source of cooking energy amongst low-

income households in Africa. (ii) Household savings. High dependence on expensive inorganic fertilisers 

becomes costly in production for farmers. Enhancing recycling of farm by-products such as bio-slurry 

from biogas would substantially replace a considerable proportion of the inorganic fertilisers and reduce 

production costs resulting in household savings, (iii) Soil restoration through the use of manure in food 

systems is also an additional environmental benefit that improves soil structures and microbial 

activities (iv) and through crop rotation, there is assured enrichment of soils by fixing nitrogen in the soil 

particularly when in rotation with leguminous crops which in turn reduces the use of 

inorganic fertilisers.   

Knowledge development to further improve circularity in the food system and GHG 

mitigation:   

The proposed project will implement research components to generate knowledge for further 

improvement of circularity in the food system by providing responses to the 

following research questions:   

1 Can innovations through living labs contribute to improved circularity and reduced GHG emissions in 

predominant food systems in Malawi and Zambia?   
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2 What are the most appropriate treatment techniques that promote efficient utilisation of crop 

residues as fodder in smallholder farming systems?   

3 What low-cost but durable alternative bio-digesters could be used by smallholder farmers?   

4 To what extent can improved circularity contribute to reducing greenhouse gas emissions?  

5 What methods are suited for GHG emissions assessment in such crop-livestock integrated systems?  

6 What are the best capacity-building approaches for farmers in implementing 

innovations (e.g. fodder preservation and use, manure management, water harvesting, post-

harvest handling) that promote circularity?  

7 What are the best capacity-building approaches for local implementing partners on developing 

programs that encourage circularity, data collection, and assessment of greenhouse gas emissions 

from farming systems? 

8 What is the role of policymakers and key value chain players in creating an enabling environment 

for promoting circularity in the food system?  

 

2.2 Multiple on-going industrial symbiosis initiatives for a transition to a 

circular agri-food system on a tropical insular territory 

By Vivien Kleinpeter, Jonathan Vayssières, Pascal Degenne, Jean-Philippe Choisis, Tom Wassenaar, 

Danny Lo Seen, Mathieu Vigne 

 
Introduction 

Réunion is a French insular territory situated in the Indian Ocean. Like several tropical islands, Réunion 

has a high and growing human population (342 inhabitant /km2, +0.5% per year) that fuels two 

conflicting dynamics: an increasing need in food and a decreasing availability in agricultural land due to 

urban sprawl. Pushed by resource and land limitations, Réunion chose to both import human food and 

set up high-input agricultural production systems that rely on imports of mineral fertilisers and raw 

materials for animal feed. The food system relies mostly on the imports of about 430 000 tons fresh 

matter (tFM) of human food, including 70 000 tFM of drinks (French customs, 2019). The local 

agricultural area (41 940 ha) is mostly export-oriented: 54% is sugarcane, intended for the export of 

sugar, 29% is grassland (grazing and production of hay and wrapped hay), intended for the local 

livestock production systems and 13% is fruit and vegetable, mainly intended for the local market (Table 

1). The local agricultural production itself relies heavily on imports: about 30 000 tFM of mineral fertiliser 

and 200 000 tFM of cereals and soybean meal to produce animal concentrate feeds (French customs, 

2019). No mineral fertiliser production or extraction are performed in the territory, the use of local 

agricultural inputs only consists of the use of biomass. The local production covers the demand and 

consumption at 40 % for meat and 70% for fruits and vegetables (Table 2.2.1). Réunion being a 

European ultra-peripheral region, and a large part of the imports coming from continental Europe, long 

transportation distances are required (9 000 km by air, 14 000 km by sea). 

This globalised agri-food system (AFS) has numerous negative externalities such as nutrient surpluses, 

resources depletion and greenhouse gas (GHG) emissions. A transition to a circular AFS can potentially 

increase the island autonomy, partially mitigate these negative externalities and foster local economy. 

Biomass-based circular economy (CE) is particularly relevant for tropical volcanic islands, like Réunion, 

endowed with rich soils and higher crop yields. 

Research question and methodology 

We studied the opportunities associated with local biomasses used as agricultural inputs to increase 

circularity within the Réunion AFS and make the agricultural sector less dependent on imports. We also 

include in our study the local biomasses (by-products and wastes) potentially usable as agricultural 

inputs, although currently used by other sectors or eliminated (landfill or discharge to the sea). We put a 

focus on technical and logistical levers, e.g. those involving the technical and economical stakeholders 

holding the biomasses, as well as on material flows between local stakeholders at inter-firm level, i.e. on 

industrial symbiosis (Chertow, 2000) within the industrial metabolism (Ayres, 1989a, 1989b; Wassenaar, 

2015). 
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The methodology used coupled a material flow analysis (MFA) (Kleinpeter et al., 2019) with a multi-

stakeholder participatory approach (Vigne et al., 2021). The participatory approach consisted of an 

inventory of on-going industrial symbiosis initiatives, and for some of the latter a support for solving 

technical and logistical issues was provided using spatially-explicit modelling. The supported initiatives 

were chosen depending on the quantity of biomasses at stake, the potential benefits for farmers and the 

pertinence of the use of territory-level modelling. 

Results of the MFA 

Results of the MFA show that 585 000 tons dry matter (tDM) of biomass used or usable as agricultural 

inputs are produced in Réunion (figure 1). Except for grassland productions, all biomass is by-products 

and waste. The agro-industry sector is predominant, representing 58% of the production, followed by the 

agricultural (29%), urban (12,5%) and forestry (0,5%) sectors. Of these 585 000 tDM produced, only 

325 000 tDM are used in agriculture (83 %) or urban sectors (4%), or eliminated (13%) (figure 2.2.2). 

The rest, which corresponds to 44% of the local biomass production used or usable as agricultural inputs, 

is lost (i.e. 260 000 tDM). These losses correspond mostly to important atmospheric nitrogen and carbon 

emissions due to intermediary processes like biomass combustion, anaerobic digestion or composting. 

88% of the emissions consist in the combustion of bagasse to produce electricity, from which the ashes 

are then used as fertiliser on agricultural soils. Intermediary processes include economic activities such 

as the business of recycling waste material into soil input and/or animal bedding. 

The biomass is used by the agricultural sector as animal feed, animal bedding, fertiliser, amendment, 

soilless substrate, mulch and substrate to levelled land. Inter-firm biomass flows include the transfers 

between farms. 

In Réunion the transfer of biomasses within the agricultural sector is usually not restricted to on-farm 

level. While production systems are highly specialised, large flows are observed between farms such as 

for instance cane straws for feeding and bedding herds or off-farm manure spreading. 

This MFA leads us to identify three main levers to increase circularity at territorial level: i) A large part of 

eliminated materials could be used in agriculture, e.g. urban biowaste as fertiliser, food industry waste as 

animal feed; ii) Atmospheric emissions could be reduced to increase nutrient conservation and carbon 

sequestration; iii) The efficiency of agricultural processes at both plot and herd levels could be increased 

by better matching available inputs (fertilisers and feeds) with plant and animal needs. 

Results of the participatory approach 

Results of the participatory approach show that the main stakeholders of the AFS in Réunion (farmers, 

cooperatives, industrials, energy producers, public and private waste management organisations and 

policy makers) are already involved in the transition to a CE. About twenty on-going industrial symbiosis 

initiatives were identified. All are expected to lead to a reduction in imports and an increase in the 

recycling of biomasses within Réunion. Four are in the design phase and were studied to co-build 

scenarios with the technical and economical stakeholders involved in order to choose the most realistic 

ones. Among the four, two were designed at the scale of the island and two on sub-territories. Three 

originated from difficulties in resource or waste management. The fourth originated from a changing 

legislation declaring mandatory the recycling of biowastes that are today deposited in landfills. They are 

thus mostly pushed by the need for solutions to technical and economic problems. The environmental 

benefits, such as climate change mitigation, are however also drivers in this transition, as funding 

institutions do take them into account when orienting funds to projects. In Réunion, reducing GHG 

emissions is especially relevant for the stakeholders, being themselves in a tropical area and thus 

particularly vulnerable to climate change (Mendelsohn et al., 2012). 

Description of four industrial symbiosis initiatives 

The first initiative, led by the Réunion Pastoralism Association, is to implement collective fodder storage 

units (Lorré et al., 2020). Fodder is produced in Réunion within a large diversity of pedo-climatic zones 

and there is a spatial heterogeneity between production and consumption zones. The current problem is 

a fodder deficit during the dry season. More (imported) concentrates are then used and/or sometimes 

hay is imported during the driest years. However, grass is still available on grassland during the wet 

season but some are not cut due to the lack of anticipation and storage capacity. According to experts, a 
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part of the cane straw left today in the field could also well be extracted from the field without affecting 

yield. Spatially-explicit modelling showed that the surplus fodder could be collected and stored during the 

wet season, to make up for the fodder deficit during the dry season. The resulting import reduction of 

feed concentrates would be an economic benefit for the livestock farmers. 

The second initiative, led by the Regional Chamber of Agriculture, is to spatially rearrange manure 

spreading plans (Jarry, 2019). Since about 2000, most livestock farmers (depending on the herd size) 

have had to set up a spatial manure spreading plan for each of their herds. Nitrogen and phosphorus 

thresholds per area spread are for example determined according to crop needs in order to avoid nutrient 

leaching. Spreading plans were set up over time by looking for plots that were not already in any 

spreading plan. New spreadable plots are needed when: i) new herds are being set up, ii) famers are 

willing to increase their herd headcount and iii) plots of spreading plans are being taken by urbanisation. 

The current problem is the difficulty for those farmers to find agricultural areas to spread manure close 

enough to reduce travel costs. Nearby plots are indeed often already in a spreading plan. However: i) 

some spreading plans were first defined with a supply of nutrients under the threshold, ii) some plots are 

not spread with manure anymore, or less than defined originally (e.g. the herd headcount has been 

reduced) and iii) some nearby plots are today spread by remote livestock farmers when they themselves 

have spreadable plots close to their stabling. Spatially-explicit modelling showed that spreadable areas at 

short enough distances could be used by livestock farmers. It also shows that the spreading today is 

unbalanced as farmers sometimes avoid the remote plots and over-fertilise the nearby ones. The 

economic benefits for the farmers are the reduced transportation costs and the savings due to less 

imported mineral fertiliser. 

The third initiative, led by ILEVA, a public structure in charge of the treatment of urban waste, consist in 

establishing co-composting platforms that mix urban green wastes with manure to produce an organic 

fertiliser (Darras, 2019). Today, the structure treats urban green waste on several platforms by making 

shredded green waste. This is then sold as amendment, mostly to farmers but also to private individuals 

for their garden and the municipality for its urban green space. The current problem is that the product is 

not attractive. To clear the stocks when the storage capacities are full, the platforms often need to give 

them away for free. They also sometimes ask farmers to spread on any lands even when agronomic 

needs are already satisfied. After cyclones especially, the storage capacities are quickly reached. With 

low or null prices, the product can also be used for land levelling instead of as amendment to feed the 

soil and the plants. Co-composting the shredded urban green wastes with manure brings added value 

and matches the needs of vegetable farms for organic fertiliser. It also matches the need of livestock 

farmers as no spreading plan is required when the manure used is composted and marketed. It also 

frees up spreadable plots for other farmers as non-composted manure is not allowed on vegetable plots 

during the vegetative phase (for sanitary reasons). Spatially-explicit modelling showed that the decision-

making rules of the public structure, the livestock farmers and the vegetable farmers are compatible with 

the production of co-compost. Economic benefits for the livestock farmers are a cost and time saving due 

to less distance travelled when the co-composting platform are closer than their spreadable plots. 

Composting of manure also means less quantity transported. Economic benefits for vegetable farmers 

are the availability of local organic fertiliser instead of expensive imported ones. 

The fourth initiative, led by the Regional Council of Réunion (in charge of the elaboration of the Regional 

Waste Prevention and Management Plan), is to set up a door-to-door separate collection of organic 

wastes from households, collective restaurants, retailers and food industries, and to transform the 

wastes into fertiliser to be used in agricultural fields (Hatik et al., 2020). Today most of them are 

collected mixed with other non-organic wastes and deposited in landfills. This does not include the 

organic wastes already collected separately such as urban green waste and paper. The most ambitious 

process considered for obtaining a product adapted for use as fertiliser is anaerobic digestion (also 

producing biogas). In particular, it anticipates the necessity to organise the collection and reuse of such 

organic waste which will become legally mandatory by 2025. Spatially-explicit modelling was used to 

show possible scenarios that involve composting, shredding and anaerobic digestion plants. Benefits for 

farmers are the increased availability of locally produced organic fertiliser. 

Does recycling biomass mean increasing circularity? 

With these four initiatives, an increase in circularity is expected in terms of material flow. The initiatives 

plan to use more locally available un-used material and an increase in the material recycle rate (recycle 
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material/ total wastes) can be expected. However, other results could be found when looking at the 

nutrient flows due to new processes in the system that could globally lead to more nutrient losses. For 

example, an uncertainty is to be considered for the third initiative where the composting process is a 

source of nitrogen emissions to the atmosphere (Ba et al., 2020). Also, these four independently 

designed initiatives might in reality interfere and the expected recycling could in reality take place only 

partially. For example, the manure-green waste compost may compete in the same market segment as 

the digested food waste based fertiliser. 

Does increasing circularity reduce GHG emissions? 

In order to evaluate the real potential benefits on climate change mitigation, a territorial carbon balance, 

including C storage and both direct and indirect emissions, e.g. using a “territorial life cycle analysis 

(LCA)” approach (Loiseau et al., 2018), is needed. For instance, all four on-going initiatives could 

decrease or increase GES emissions, depending of the emission segment. 

On one hand, the reduction in imports of feed (initiative 1), fertiliser and amendment (initiatives 2, 3 and 

4) means a reduction in indirect GHG emission due to their transport and fabrication. The reduction in 

local distance travelled (initiatives 2 and potentially 3) means less direct CO2 emissions due to transport. 

The reduction in the spreading of fertilisers (initiative 2) means less direct N2O and NH3 emissions (and 

then secondary N20 emission). The production of energy (initiative 4) means less indirect GHG emissions 

due to the production and imports of fossil fuel (Table 1) and less direct emissions due to combustion. 

The use of compost instead of minerals (initiatives 3 and 4) also means less post-application GHG 

emission (Walling and Vaneeckhaute, 2020). The use of biowastes (initiative 4) means less GHG 

emission on landfill sites (Bogner et al., 2008). The use of more organic amendment (initiatives 3 and 4) 

means more carbon storage (Edouard Rambaut et al., 2021). 

However, on the other hand, the potential increase of local distance travelled (initiatives 1 and 4) means 

more direct CO2 emissions due to transport. The increase of the forage-to-concentrate ratio in the diet 

(initiative 1) could increase the CH4 emission from enteric fermentation (Aguerre et al., 2011). The 

composting process (initiative 3) means more GHG emission during the pre-application (Ba et al., 2020). 

Conclusion and perspectives 

In conclusion, the agricultural sector in Réunion already participates in the AFS circularity from a material 

point of view(i.e. the recycling of wastes and the reduction of imports). The trend of the carbon balance 

is more uncertain as the desired modifications of the system could, depending on the emission segment, 

either increase or decrease GHG emissions. 

The research is now continuing on three fronts: i) A nutrient flow analysis and an ecological network 

analysis of the whole island economy will be performed to assess the efficiency and the integration of the 

different sectors, including agriculture; ii) An integrated spatially explicit simulation model of the island 

AFS is under-development, using the Ocelet modelling platform (www.ocelet.fr). The four initiatives in 

the design phase will be simulated. A multi-criteria analysis of the potential benefits will be performed, 

including both circularity indicators and the carbon balance of the modelled system. We found it 

necessary to use a spatially-explicit model. It allows to calculate distance travelled by materials using the 

road network in order to: a) implement in the decision making the distance between the suppliers and 

the receivers; b) quantify the local GHG emissions due to local transport; iii) The coexistence of the four 

initiatives over time will be simulated to consider potential interactions (positive or negative) between 

them. Indeed, the four initiatives were designed separately but some are willing to change the same 

material destination and/or are willing to create new products with the same use. The expected effects 

(technico-economic benefits, circularity and carbon balance) could thus be different for each initiative if 

other initiatives are put in place at the same time. Also, the sum of the expected effects of the individual 

initiatives considered separately could be different from the overall effect of simultaneously putting in 

place the initiatives due to possible interferences. So an integrated, multi-criteria, territory level, and 

simulation based assessment of the multiple on-going initiatives is needed. 
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Table 2.2.1. Main characteristics of Réunion island 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sources: INSEE 2020, DAAF La Réunion 2020, DAAF La Réunion 2010, Horizon Réunion 2019. 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.1: tons dry matter of local biomass used or usable as agricultural inputs produced in Réunion. 
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Figure 2.2.2: tons dry matter of local biomass used or usable as agricultural inputs in Réunion according to the 

destination: agriculture (soils, feed, animal bedding), urban (soils, feed) or eliminated (landfill or discharge to the sea) 

 

 

 

 

 

 

 

 

 

 

Figure 2.2.3: Hypothesis on consequences of the four industrial symbiosis initiatives individually (i1 to i4) and 

combined (i1+2+3+4) on circularity and the Carbone balance of the modelised system among the AFS agri-food 

system. 

 

2.3 Achieving carbon neutral and resilient Mediterranean agro-food 

systems through the circular management of organic resources 

By Ngonidzashe Chirinda, Mohamed Louay Metougui, Amine Ezzariai, Mohamed Hafidi, Naoufal Mahdar, 

Youssef Berriaj, Alberto Sanz Cobeña, Shamie Zingore, Hichem Ben Salem, Hazelle Tomlin, Richard 

Eckard  

Description of the Mediterranean food system   

A food system includes all the elements and activities linked to production, processing, distribution, 

preparation, and food consumption (HLPE, 2014). The traditional Mediterranean food systems in 

Southern Europe and North Africa are based on local agricultural products and emphasise the 

connections between biodiversity, local food production, culture and sustainability. Nevertheless, despite 

the traditional Mediterranean food systems having deep socio-cultural roots, increased globalisation and 

dramatic changes in regional food production systems and supply chains increasingly disrupt it with dire 

consequences on local production and more impoverished rural communities (González de Molina et al., 

2020). On the other hand, recurrent droughts, resource depletion, increased health consciousness and 
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rising inequalities necessitate a return to less intensive (in terms of resource use) and locally-

based production systems. Moreover, the traditional Mediterranean diet is presently gaining increased 

attention due to its health benefits and the Mediterranean culture and traditions (Saulle and La Torre, 

2010; Springmann et al., 2018). From an environmental perspective, Saez-Almendros et al. (2013) 

estimated that a return to a traditional Mediterranean diet would result in a >70% decrease in the agro-

food system-based greenhouse gas (GHG). Despite local variations, the traditional Mediterranean diet is 

frugal and plant-based, with daily consumption of vegetables, fruits, legumes, nuts, whole grains, and 

unsaturated fats' food such as olive oil; a low (weekly) consumption of eggs and dairy products (mainly 

cheese); moderate but variable consumption of fish (depending on the local distance from the sea), and 

a low level of meat consumption (Trichopoulou et al., 2014). Most of the Mediterranean fruits and 

vegetables were traditionally consumed fresh and, in some cases, preserved by natural preservation 

means. However, since the last quarter of the 20th century, fruits and vegetables have been subjected to 

highly mechanised processing to produce juices, sauces, and other products. 

Problem statement  

In the previous decades, the agricultural industry has become the main driver for urbanisation, economic 

development, and fast growth. In the Mediterranean region, the human population went from 281 million 

in 1970 to 472 million in 2010. It is currently estimated that from the ~500 million persons living in the 

region, more than 60% are living in the burgeoning cities. Currently, urban population growth is based 

on a linear food system supplying the necessary calories, albeit with enormous costs to human health 

and the environment. Population growth and higher incomes increase the flow of food from rural to 

urban areas. However, poor synchrony between food supply and demand and agro-

processing creates massive amounts of organic waste in unconsumed or spoiled food or unused agro-

processing by-products. For example, in Spain, France and Italy, more than 7.6 million, 9 million and 8.8 

million tonnes of food are wasted each year (Charalampopoulou et al., 2014; Capone et al., 2016). In 

North African countries, an estimated 32% of the food is wasted, mostly in urban centers, with 

significant amounts of food wasted during social events and festivities (FAO, 2014). In the Mediterranean 

region, food waste is disposed of on dumpsites or landfill, where they present several challenges, 

including high landfill maintenance costs and greenhouse gas emissions of 4.4 Gt CO2-eq per annum 

(Capone et al., 2020) and health risks. However, since only a small fraction of the produced waste is 

currently valorised, there are considerable opportunities to valorise waste and increase circularity leading 

to sustainable use of nutrients, energy and matter. The Mediterranean area is also vulnerable to climate 

change due to recurrent and extended drought periods, water resource depletion, emerging plant and 

animal diseases and biodiversity loss.   

Opportunities to increase circularity in the Mediterranean food system  

The Mediterranean Circular Food Systems (Med-CiFoS) network will focus on increasing the visibility of 

organic waste production, the related management options and promoting environmental biorefinery and 

circular management of the agro-food component of Municipal Solid Waste (MSW). The network's goal is 

to explore opportunities for decreasing the amount of organic material deposited at dumpsites and 

landfills and increase the share of recycled by investing in the valorisation of organic waste. Reducing 

losses of carbon and nutrients in MSW and increasing their cycling in food systems is one of the critical 

imperative investments for building a sustainable food system at multiple levels and creating positive 

economic, social and environmental benefits. A possible way forward is to accelerate and scale circular 

economy strategies. The first step towards achieving this goal will be to map organic waste sources, 

drivers and attitudes responsible for organic waste generation in at least eight cities in Mediterranean 

countries. A combination of desktop studies, surveys and stakeholder workshops will be used. The 

resultant in-depth understanding of local production-consumption-waste management patterns 

will facilitate the exploration of benefits of circular management on local food security and determine 

carbon (C), nitrogen (N) and phosphorus (P) flows from agricultural lands to cities and potential flows 

from the selected cities to local farms. Focusing on local systems will enable us to identify the potential 

of various types of organic waste to produce bioenergy, livestock feeds and biofertilisers and also unlock 

opportunities for sustainable growth. A detailed assessment of components (crop, livestock, household) 

and overall system-level C, N and P balances at various spatial scales will be conducted to assess 

the critical intervention points that offer the highest prospects for reducing losses and enhancing the 

cycling of C and nutrients. Furthermore, the potential for recycling MSW to reduce the leakage of 

nutrients in the local food systems will be addressed using four key steps (i) estimating the quantity of 
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MSW of potential agronomic value; (ii) determining the nutrient value for replacing external nutrient 

sources; (iii) assessment of potential undesirable quality traits for crop nutrition and animal feed, 

including biochemical (e.g. secondary compounds, fungi, mycotoxins) and heavy metal contaminants and 

(iv) developing guidelines for integrated agricultural management practices that prioritise the use of local 

recycled waste products and optimised supplementary use of external resources. Organic waste 

treatment options will depend on the local context, the type of available organic waste and the local 

demand for different waste treatment by-products in the different regions.   

Effects of improved circularity on mitigating greenhouse gas emissions.   

Disposal of organic waste in landfills is an essential source of GHG emissions in the Mediterranean region. 

For example, a study conducted in Italy suggested that 14.3 million tonnes of CO2 equivalent were 

related to food waste in 2012 (WWF-Italy 2013). The IPCC (2019) gives the regional defaults of 

municipal solid waste that originates from food as 36% and 50% in the Southern Europe and North 

Africa region, correspondingly. The fraction of municipal solid waste disposed of in open dumpsites is 

79% in North Africa (IPCC, 2019). According to the IPCC (2019), almost none of the MSW generated in 

Southern Europe is disposed of in open dumpsites. On the other hand, 17% and 76% of MSW generated 

in North Africa and Southern Europe are correspondingly disposed of in landfills (IPCC, 2019). However, 

since those data are based on limited studies, they are associated with high uncertainties. These 

uncertainties influence the estimations of current emissions and an accurate assessment of the 

mitigation potentials of circular management of organic waste. Nonetheless, based on current 

understanding of GHG science, avoiding disposal of organic waste on open dumps and landfills results in 

the avoidance of GHG emissions, and the circular management of organic resources reduces fertiliser 

requirements and, consequently, GHG emissions associated with fertiliser production, which vary based 

on the production technology, feedstock and energy sources. For example, emission factors for urea 

production (1.3 to 5.5 kg CO2-eq./ kg of N) are lower than those for ammonium nitrate production (3.5 

to 10.3 kg CO2-eq./kg of N) due to higher N2O emissions from nitric acid production during the 

production of ammonium nitrate (Brentrup et al., 2004; Walling and  Vaneeckhaute, 2020).   

Though studies are limited, a French report (ADEME, 2012) showed that GHG emissions from the 

composting of MSW vary widely (0-106 kg CO2-eq./tonne of waste) based on the feedstock and the 

various parameters influencing microbial processes. In a recent study on food waste emissions, Jeong et 

al. (2019) reported CH4 and N2O emission factors of 0.17–0.19 g-CH4 kg-waste−1 and 0.10–0.13 g-

N2O kg-waste−1 for the composting process. In the same study (Jeong et al., 2019), for anaerobic 

digestion, emission factors for CH4 and N2O were reported to be 1.03 g-CH4 kg-waste−1 and 0.53 g-

N2O kg-waste−1, respectively. The by-products of controlled aerobic or anaerobic treatments are also 

valuable soil amendments that increase C storage and provide nutrients to supplement crop growth. 

Other waste treatment processes that support circular food systems, such as feeding waste to insects 

and feeding insects to livestock, are expected to have lower GHG emissions than conventional livestock 

production systems (Oonincx et al., 2010).   

Increasing circularity would reduce waste transportation to landfills typically done using heavy vehicles, 

representing a source of GHG emissions. Also, within landfill sites, additional GHG emissions result from 

waste movement and the use of bulldozers and compactors to manage waste heaps. At 

dumpsites, the open burning of organic waste results in different greenhouse gas emissions, including 

CO2, N2O and CH4. The appropriate use of food wastes in livestock feeding could also contribute to the 

decrease of GHG emissions. The emission reductions could be achieved through balanced diets 

containing food wastes, mixing with tannin or saponin-containing feed sources or additives. Therefore, 

unambiguously, innovative recycling of organic waste resources will support low-carbon development.  

Other socio-economic-environmental benefits of circular food systems   

Circular food systems can lead to waste minimisation, increased economic benefits, reduced price 

volatility, increased revenue streams and employment growth (Ghisellini et al., 2016). Production models 

that replace the concept of "end of life" with circular food systems based on the reduction, alternative 

reuse, recycling, and recovery of materials contribute to improved livelihoods, economic growth, human 

health and the environment (Kirchherr et al., 2018). For example, new sources of income and jobs can 

be created when building the processing infrastructure, improving waste collection systems, waste 

processing, by-product packaging, and marketing, among other activities in the organic waste value 

chain. In the case of tomatoes, which are an essential component of the Mediterranean diet, those that 
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do not meet food quality standards may be used as animal feed and feedstock for vermicomposting and 

other aerobic and anaerobic treatment processes (Fritsch et al., 2017). This implies the creation of more 

value and economic activity around what is currently considered waste.   

At dumpsites and landfills, organic waste creates conditions conducive to the survival and growth of 

microbial pathogens and may also be a food source for enteric pathogen carriers such as rodents, 

insects, birds and large wild mammals (Mavropoulos, 2015). In addition, biodegradable waste represents 

a source of odors that increase the risk of illness (i.e., nausea, headaches, drowsiness, fatigue, and 

respiratory problems) for communities living near landfills or dumpsites (Steinheider, 1999). 

Therefore, reducing the amount of organic waste will mitigate the adverse health effects on communities 

living near dumpsites or landfill. Circular food systems also improve mutually rewarding linkages 

between rural and urban communities by fostering socially innovative, efficient and sustainable food 

systems that increase food security, create new by-products and jobs, reduce input costs, and create 

new and versatile markets for both high and low-quality farm produce.   

Key knowledge or experimentation questions   

Nitrogen (N) is both essential for food production but also the element most inefficiently recycled in 

agricultural systems, with >60% of the N in grazing systems and >30% N in cropping systems not 

recycling back into plant growth (Whitehead 1995). This N can be lost through nitrate leaching, organic 

matter leaching, denitrification and ammonia volatilisation, the latter two processes contributing to direct 

and indirect N2O emissions, respectively. These losses have been exacerbated through cheap industrial 

sources of N, like urea fertiliser, which also comes with a relatively high embedded carbon footprint from 

manufacturing. Therefore, research aimed at improving the circularity of N in agriculture has both 

productivity and greenhouse gas benefits, with whole-system N balances being a handy indicator of the 

overall efficiency of circularity. The research to be conducted through Med-CiFoS will inform strategies 

to reduce reliance on highly labile inputs of N through improved recycling of organic waste streams. The 

research will also focus on comparing nutrient balances along more linear supply chains with local food 

systems and exploring these systems' options for improving circularity. Based on scientific experiments 

aimed at identifying suitable options and key elements to treat and/or valorise various types of organic 

waste to obtain biofertilisers, bioenergy and livestock feed (e.g. ensiling, pelleting, solid-state 

fermentation, introducing mixed animal diets). Aligning with the concept of feed-food safety, Med-

CiFoS will also invest in checking the nutritive value and the availability of secondary compounds and 

toxins like mycotoxins in food wastes that will be distributed to animals. The potential transfer of these 

undesirable compounds to animal products will also be assessed, and better integration of food waste in 

livestock feeding will be recommended. Thus, Med-CiFoS will align with the concept of feed-food safety 

and show how food waste could be an alternative feed source to alleviate livestock feeding costs 

and reduce the water footprint of livestock-based systems and animal products. This intercontinental, 

multi- and inter-disciplinary and multi-sectoral network will generate information and evidence 

on the valorisation of organic waste and support the development of circular food systems in the 

Mediterranean region.    

 

2.4 Challenges, opportunities, and research needs to improve circularity in 

the Peruvian food system 
By Alejandro Parodi, Ian Vázquez-Rowe, Kurt Ziegler-Rodriguez, Gustavo Larrea-Gallegos, Ekatherina 

Vásquez 

Main 

Peru is the third largest and the fourth most populated country in South America. Its varied 

geography (i.e., coastline, highlands, and tropical rainforests) has shaped the cultural diversity of 

Peruvians since ancient times and has led to the use and domestication of a broad variety of crop 

and animal species. Food and agrobiodiversity are important elements of Peruvian identity and 

cuisine, allowing Lima to be currently recognised as the gastronomic capital of Latin America. 

Peru has also been an important player in global food trade. During the 19th century, Peru was the 

major exporter of guano, a highly demanded agricultural fertiliser. Since the mid-20th it has been 

the main supplier of fish meal and, nowadays, has become the leading exporter of a wide range of 

fresh agricultural products such as green asparagus, blueberry and avocado. A large-scale and 



26 
 

export-oriented agricultural sector has flourished in recent decades, but still a great contrast exists 

with smallholder farmers, who occupy most of Peru´s agricultural land, safeguard the 

agrobiodiversity that Peruvians feel proud off, but are in most cases poor and food insecure. The 

aim of this short communication is to describe the current trends and challenges in the Peruvian 

food system and to identify opportunities and research needs to foster the transition towards more 

circular food systems. 

 

1. Trends and challenges in the Peruvian food system 

 

1.1 Fisheries 

In the Pacific Ocean, both industrial and small-scale Peruvian fisheries coexist in an upwelling 

area which sustains one of the world’s largest fisheries (FAO, 2020). Most of the fish biomass caught 

consists of anchoveta (Engraulis ringens), a low-trophic level fish species, which is fished by industrial 

vessels, and reduced to fishmeal and oil in different processing factories along the Peruvian coast. 

Most fishmeal is exported as feed (Figure 1), with China being the importer of nearly 90% of Peruvian 

fishmeal exports (PRODUCE, 2018). Small-scale fisheries are responsible for 10% of the reported 

landings, but unlike industrial fisheries, most of the catches are destined for direct human consumption 

in the national market (Figure 2.4.1). Even though small-scale fisheries play a key role for food security 

and 

employment in the fisheries supply chain (Christensen et al., 2014), the increasing fishing effort of small 

vessels is unsustainable and uneconomic for most artisanal fishermen (De la Puente et al., 2020). 

With the aim to increase the inclusion of fish in Peruvian diets and improve the income of small-scale 

fisheries, the Peruvian government has been promoting the consumption of anchoveta and 

other fish species for direct human consumption since 2011 via the program “A comer pescado” (i.e., 

let’s eat 

fish!) (PRODUCE, 2019). Nonetheless, the existence of perverse legal incentives and informal networks 

that encourage the use of anchoveta landings for fishmeal reduction are blocking the mainstream use 

of this vast resource as human food (Majluf et al., 2017). 

 

1.2 On-land agriculture 

 

1.2.1 The Coastal region 

Coastal agriculture, being close to seaports and the main urban settlements, has been characterised 

by being export-oriented and highly capital-intensive (Banco Mundial, 2017). The Peruvian coast is 

located in a warm and mainly hyper-arid region where agriculture is practiced in the valleys that cut 

through otherwise desert areas and in irrigated areas in which water is obtained from aquifers and 

recently constructed trans river basin diversion infrastructure. This region only represents 23% of Peru’s 

agricultural land (Figure 2.4.2a & 2.4.2b), but contributes to nearly half of Peru’s agricultural GDP (Banco 

Mundial 2017). The region produces crops for different markets, including high-value export-oriented 

crops (e.g., asparagus, table-grapes, mango, artichokes), industrial crops (e.g., sugar cane) and crops 

destined for food and feed purposes (e.g., maize, rice, sweet potato). Although highly productive, 

Peruvian coastal agriculture depends on an intensive use of external inputs (Bartl et al., 2012). The high 

application rates of (mostly imported) inorganic fertilisers have been identified as one of the main 

contributors to greenhouse gas (GHG) emissions of food products produced in the region (Vázques-Rowe 

et al., 2016; Morales et al., 2018). This high-input agriculture occurs near to Peru’s most populated 

urban settlements. In big cities such as Lima-Callao, where one third of the Peruvian population lives, 

huge amounts of food loss and waste are sent to landfills or dumped (i.e., see section 1.3) and nutrients 

contained in human excreta are not reutilised in the food system (Vázques-Rowe et al., 2021). 
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Figure 2.4.1. Biomass flows (thousands of metric tons) of the Peruvian fisheries and aquaculture sectors in 2018. Data 

were obtained from 2. 

 

1.2.2 The Andean region 

Andean agriculture is dominated by mixed crop-livestock smallholder farming in small agricultural units 

commonly smaller than 2.5 ha (MINAGRI, 2019). In 2012, nearly one third of the agricultural land in the 

Andes was destined for self-consumption (see Figure 2B). Nonetheless, Andean small-scale agriculture 

plays a key role for the provisioning of vegetables, fruits and animal products for Peruvian cities. Andean 

farmers use and maintain a vast crop genetic diversity (Torres-Guevera et al., 2017), produce foods with 

low use of external inputs (Bartl et al., 2011), and manage highland resources to obtain food and 

materials (Verzijl & Quispe, 2013), but many of them live below the poverty line (Eguren & Pintado, 

2015). In addition, the slow onset effects of climate change pose an extra challenge, threatening their 

livelihoods and future food supply (Perez et al., 2010). To reduce poverty incidence in the region, the 

Peruvian government has been trying to involve small-scale farmers in the production of high economic-

value crops for international and national markets (i.e., Sierra y selva exportadora program). High 

transaction costs, poor infrastructure for connectivity to markets, limited water reservoirs for irrigation, 

and high post-harvest losses are some of the main challenges to success on this aim (Banco Mundial, 

2017; Díaz-Valderrama et al., 2020; Bedoya-Perales & Dal' Magro, 2021; Escobal & Cavero, 2012). The 

inclusion of small-scale Andean farmers in an export-oriented economy has potential to improve 

livelihoods, especially when participatory approaches are used to involve farmers in the supply of crops 

to added-value food chains (Devaux et al., 2021). However, if their inclusion is not implemented 

properly, it can cause significant changes in land use patterns, farming practices, and diets (Bedoya-

Perales et al., 2018a; Bedoya-Perales et al., 2018b). 
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Figure 2.4.2. A). Land-use patterns in Peru by area (i.e., rectangle size), region (i.e., colour), and 

agricultural or non-agricultural use (i.e., background pattern). Most of the area under non-agricultural 

use corresponds to natural ecosystems (i.e., deserts, mountains and forests). The land use 

of the “crop” area of each region is shown in panel B. 2.4.2B). Use of the agricultural cropland per 

region, destination and type of food. All flows are based on cropland area (i.e., thousands of 

hectares). Data for both figures correspond to 2012 and were obtained from INEI (2012). 

 

1.2.3 The Amazon region 

The Amazon concentrates the highest biological diversity. Although population density is low, it is Peru’s 

largest geographical region (Figure 2A). Despite its remoteness, most Amazonian cropland is used to 

produce food crops for the market rather than for local subsistence (Figure 2B). Local indigenous people 

have practiced for millennia a complex and long-term system of slash burn agriculture known to have 

influenced today’s Amazonian tree communities (Levis et al., 2017; Roosevelt, 2013). However, they are 

commonly and sometimes unfairly blamed to be the main drivers for deforestation in the Peruvian 

Amazon (Ravikumar et al., 2016). Recent assessments have shown that in the past 20 years, the main 

deforestation drivers in the Peruvian Amazon were associated with medium and large-scale monocultures 

of cacao and palm, cattle ranching and illegal gold mining (Finer & Novoa, 2015; Finer & García, 2017). 

Recently, the Peruvian government promoted the implementation of agroforestry-based systems (Law N° 

29763) as a way improve to improve the livelihoods of small-scale farmers, stimulate land restoration 

and halt deforestation to meet Peru’s carbon reduction targets (Robiglio & Reyes, 2016). Coffee and 

cacao agroforestry systems have the potential to improve the livelihoods of Peruvian farmers (Pokorny et 

al., 2021) and ensure the provisioning of forest ecosystem services (Jezeer et al., 2019; De Leijster et 
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al., 2021). However, without the adoption of good agroecological practices, land tenure measures and 

the consideration of farmers’ interest and capabilities, deforestation due to land-use expansion is a 

permanent threat (Pokorny et al., 2021; Hotz & Guarín, 2014; Boeckx et al., 2020). 

 

1.3 Solid waste management 

Peru has a rudimentary waste management sector, mostly dominated by illegal open dumping. 

However, landfilling of all types of waste, including household organic waste and even agricultural 

residues, is recently overtaking open dumpsters as the main final disposition route throughout the 

country. Even though landfilling has the potential to alleviate some of the environmental and 

social impacts associated to open dumpsters (Ziegler-Rodriguez et al., 2019), most Peruvian landfills lack 

gas or energy recovery systems, which can lead to overall increases in GHG emissions. High levels of 

food waste and loss (FLW) that can reach 45% of the total food produced (Díaz-Valderrama et al., 2020; 

Bedoya-Perales & Dal’ Magro, 2021), population growth, expected increases in organic waste share due 

to improvements in the average Peruvian diet (Larrea-Gallegos & Vázquez-Rowe, 2020) are all critical 

issues to be taken into consideration to establish a transition towards robust waste management 

systems. Recent Peruvian waste management evaluation studies have focused on mitigating GHGs via 

energy-recovery in landfilled systems. Nevertheless, even though this transition is thought to be gradual, 

it might be inefficient as it acts in detriment of the waste management hierarchy, where residue 

valorisation should be maximised (Margallo et al., 2019). Thus, it remains vital to quantify the GHG 

mitigation potential of existing and prospective circular practices that target the use of organic waste 

before it reaches the landfill. Examples of existing circular practices include the informal (but unsafe from 

a public health perspective) (Rosario & Miñano, 2014) and formal (Sinba 2021) use of food waste as pig 

feed. The recovery of food loss in the agro-export sector to develop value added products (e.g., 

pharmaceuticals, biomaterial) is a pending issue that will require further investment. 

 

 

2. Problem statement 

The Peruvian food system is highly heterogeneous and faces different challenges. Even though 

anchoveta is a highly abundant edible fish which could ensure a high-quality human nutrition in a 

country where malnutrition persists, nearly all biomass is reduced to fishmeal and exported to 

China to be used as livestock and fish feed in a clear case of food-feed competition. On land, the 

high-input and linear-oriented agricultural systems of the Coastal region have high yields, are 

profitable, but are carbon-intensive due to their high reliance on mineral fertilisers. This occurs in 

a context where there are limited incentives and intentions to adopt fertilisation practices based on 

the use of recovered nutrients from crop residues, urban waste streams or nutrients recovered from 

human excreta. In addition, due to the lack of investments to produce fourth range, value added 

products that can be exported through marine freight, some food products produced in the Coastal 

region are airfreighted abroad on a fresh basis, skyrocketing GHG emissions. In the Andean region, 

most smallholder farmers safeguard a high agrobiodiversity, use circular practices embedded in 

multifunctional crop-livestock systems, and obtain animal-based food and materials from natural 

grasslands, but many of them live below the poverty line. Andean farmers are being motivated to 

join an export-oriented economy but without proper implementation this could lead to negative 

outcomes for their traditional livelihoods. In the Amazon, the government has proposed the 

adoption of agroforestry-based systems to halt deforestation and improve farmer´s livelihoods. 

However, farmers operating under agroforestry systems use good agricultural practices and, in 

some cases, envision land-use expansion as a more likely alternative to improve their livelihoods, 

compared to increasing the productivity of current plantations. Lastly, the Peruvian waste 

management system is transitioning from the use of open dumpsters to landfill systems. While this 

is a positive move, most of the implemented landfills lack gas recovery systems and no further 

technological improvements have been considered (e.g., anaerobic digestion or incineration). This 

could lead to overall increases in GHG emissions, especially considering the upcoming trends in 

dietary changes. So far, most of the attention on mitigating GHG emissions from FLW has been 

on formalising the waste sector and using gas and energy recovery systems, while alternative waste 

valorisation strategies have had limited representation in the technical and political agendas. 

 

3. Opportunities to improve the circularity of the Peruvian food system 

Peru´s Ministry of the Environment (MINAM, using its acronym in Spanish) launched a new 

initiative in late 2019, named Plataforma Perú Circular, which aims to build agreements between 
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the private and the public actors, especially in food-related sectors such as fisheries and agriculture. 

In parallel, other national ministries related to the primary sector (e.g., production, agriculture) 

have recently initiated conversations with stakeholders to establish a roadmap on circularity. 

Additionally, the recent creation of environmental management schemes, such as the nationally 

determined contributions (NDCs), include a set of mitigation actions for organic waste treatment, 

agriculture and forestry. The abovementioned initiatives show that there is a desire from public 

actors to incentivise circularity in the Peruvian food system. However, it is crucial that all these 

initiatives come together into an integrated national circular vision that tackles key challenges that 

the country is facing (see section 2), including food insecurity. Such vision should not only involve 

governmental and private actors, but also include farmers, academia and civil society. 

Recent successful examples have shown the importance that market participatory approaches can 

have on the livelihoods of smallholder farmers when local and added-value food chains are created. Such 

chains disrupt the existing model established since colonial times based on the production 

and export of raw products and focus on the commercialisation of added-value food products for 

new markets (e.g., not only export raw potatoes or cacao seeds, but also export potato chips and 

chocolate!). Recently, an increasing number of local start-ups are becoming new actors in the food 

system by aiming to process locally added-value products for local and international niche 

markets. This scenario creates an opportunity to foster the utilisation of by-products in the circular 

economy, increase the competitiveness of the Peruvian food sector, foster innovation and 

recognise the value of traditional circular practices performed by smallholder farmers. 

 

4. Research actions needed 

To improve and foster the circularity of the Peruvian food system, we propose the following 

research actions: 

▪ Evaluate at a food system level the effect that the inclusion of anchoveta for human 

consumption would have on dietary GHG emissions. Such assessment should not only focus on the 

impacts that this measure will have at the Peruvian level but should also 

consider consequences in the existing supply chains (i.e., rebound and ripple effects) that 

currently depend on imported Peruvian anchoveta fishmeal and oil. 

▪ Quantify the environmental mitigation potential (i.e., GHGs, nitrogen and phosphorus 

eutrophication, water use) of the use of crop residues and urban-waste streams recovered 

from nearby cities (i.e., compost, nutrients extracted from human excreta) to reduce the 

high dependence on mineral fertilisers in the Peruvian coastal agriculture. Considering that 

circularity does not guarantee reductions in environmental impacts (Schaubroeck, 2020), such 

assessments are key to foster a transition from linear to circular agricultural practices in the region 

and to 

keep the sector competitive by meeting future environmental demands of international markets (i.e., 

US, EU). 

▪ Assess on a quantitative and qualitative basis the current use of on-farm traditional circular 

strategies used by Peruvian farmers and their contribution to the national food supply. A 

national benchmark is crucial to recognise the dimension that these practices have for 

national food security, to value them, and to implement participatory approaches to 

optimise them via the implementation of local added-value supply chains. 

▪ Evaluate the current yield gap of crops produced under agroforestry-based systems in the Peruvian 

Amazon and estimate how much it could be reduced by treating and reusing postharvest waste and 

improving the use of fertilisers and nutrient recycling. 

▪ Quantify the mitigation potential of existing and potential alternative waste valorisation strategies 

(i.e., composting, animal feed, production of insects) that target the recovery of 

nutrients from waste streams to be reused in the food system and compare their 

performance with energy-focused waste management strategies. 
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2.5 Rice husk soil amendments as a GHG-mitigating piece of the circular 

rice production system  

By Benjamin R. K. Runkle, L. Seyfferth, Matthew C. Reid, Matthew A. Limmer, Beatriz Moreno-García, 

Colby W. Reavis, Michele L. Reba, M. Arlene A. Adviento-Borbe, Jasquelin Peña, R.M. Pinson 

 
Introduction: Thorough description of the food system in the region, plus current 

developments and trends in the food system.  

The Lower Mississippi River Basin in the mid-south United States grows over 60% of the US’s rice output 

(USDA-NASS, 2021). The states in this region (Arkansas, Louisiana, Mississippi, and Missouri) rely 

heavily on the agricultural sector for employment, income, and identity. As an example, in 2019, 

agriculture was responsible for nearly 10% of Arkansas’ gross domestic product; of this amount, 1.5% 

and 5.9% were from agricultural production and processing respectively (English et al., 2020). The 

sector will also likely be asked to play a role in generating “natural climate solutions” through build-up of 

soil organic matter and avoidance of greenhouse gas (GHG) emissions such as methane (CH4) and 

nitrous oxide (N2O). Such initiatives will be built among a backdrop of active conservation efforts – many 

farmers in the region are working to reduce groundwater consumption and deliver biodiversity, wetland, 

and water quality ecosystem services (Reba et al., 2013).  

Typical rice production practice in this region is highly mechanised and productive, where average county 

yields range around 8.3 t ha-1. (USDA-NASS, 2021). Widespread practices include planting hybrid seed 

(~60%), drill seed planting into dry soil (84%), and delayed flood irrigation (Hardke, 2020). Innovations 

in irrigation management include precision leveling (even to zero grade), multiple-inlet irrigation via 

polypipe, furrow irrigation, and alternate wetting and drying, where each is incentivised to varying 

degrees through public and private conservation programs (Reba and Massey, 2020; Shew et al., 2021). 

Most rice is then stored, handled, processed, and milled in the state where it is grown; and 

approximately 50% of rice produced in the US is exported.  

Despite the advances in production, there remains space for improving yield outputs (Espe et al., 2016; 

Yuan et al., 2021). There are also opportunities for increased implementation of sustainability practices; 

for example alternate wetting and drying irrigation (AWD), which can reduce field CH4 emissions by 64% 

(Runkle et al., 2019) and water use by 39% (Atwill et al., 2020) is applied on less than 3% of rice fields 

in Arkansas (Hardke, 2020) despite being economically competitive (Nalley et al., 2015). There are also 

economic opportunities to reduce water use, herbicides, diesel, and labor to increase the competitiveness 

of rice from this region (Watkins et al., 2021). After harvest, rice production also generates significant 

leftover material, including the 20% of the harvested rice weight that is husk, removed in the milling 

process.  

In this region there is developing interest from across the rice sector (including consumers, farmers, 

millers, and supply chain partners) to enhance the sustainability of rice production. There are interests 

that vary from climate change mitigation and adaptation, economic feasibility, soil health and biodiversity 

promotion, and grain quality improvements. Fortunately, we see several opportunities to improve in 

many of these areas through implementation of practices that also reduce the loss of raw biomaterials, 

namely rice husk amendments into rice field soils. We hypothesise that these amendments will enable a 

suite of beneficial, sustainable production practices. 

 
Problem statement  

There are multiple sustainability needs in rice production, including to: (1) minimise the climate impacts 

of rice production; (2) reduce irrigation water use; (3) limit toxic metal(loid) accumulation in rice; (4) 

improve nutrient use efficiency; (5) close the Si cycle in paddy environments; and (6) reduce the waste 

products associated with rice processing systems. We propose a focus on the reuse of rice husk as a field 

amendment to simultaneously resolve these and other rice production challenges and as a step forward 

in the circularity of the rice production system.  
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Opportunities to increase circularity in the food system, as was addressed in the abstract.  

Rice husk comprises approximately 20% of the harvested grain by mass, and globally ~5 Tg are 

produced annually. Presently, rice husk is largely regarded as a nuisance or worse; its disposal can be a 

challenging waste stream for millers (Kumar et al., 2016). When burned as a low-value fuel, it can even 

create ash that is carcinogenic due to the respiratory silica particles (Okutani et al., 2018) and still 

requires landfill of the residue. We argue that the present use of rice husk is relatively inefficient and 

difficult to scale. Indeed, many uses for rice husk have been explored (Sun and Gong, 2001), including 

for sorbency properties in wastewater treatment (Daifullah et al., 2003; Ahmaruzzaman and Gupta, 

2011) or oceanic oil spills (Kumagai et al., 2007), an energy source (Pode, 2016), animal bedding 

(Corrêa et al., 2009) or a source of silica for nanomaterials (Shen, 2017). However, we argue that these 

uses all represent extractive uses of the husk, and that its return to the field may offer compound 

benefits, in GHG terms and in delivering many more co-benefits for sustainable production. This view 

aligns with Principle 2 of circularity in agricultural production (de Boer and van Ittersum, 2018), that by-

products of production should be recycled back into the food system, for soil quality and other benefits.  

The return of husks to the fields on which they were grown offers an attractive approach amenable to 

bio-circularity. The silicon (Si) content that makes them unappealing for use as animal fodder is an 

essential nutrient for grasses, including rice (Savant et al., 1997b, 1997a). Application of Si-containing 

materials can boost yields through physiological mechanisms like improved posture and agronomic 

benefits such as improved fertiliser efficiency (Pati et al., 2016; Cuong et al., 2017; Mohanty et al., 

2020) and resistance to abiotic and biotic stresses (Seebold et al., 2001; Tubana et al., 2016). Husk 

amendments specifically provide a plant-available Si that improves yield (Teasley et al., 2017) and act as 

a slow-release fertiliser (Linam et al., 2021). They also provide a degree of resilience against drought 

stress (Chen et al., 2011) and increase water use efficiency (Agarie et al., 1998; Nwugo and Huerta, 

2008).  

The mills and other parts of the rice production system may need some modification to enable the return 

of husks to the farm. For example, mills would need to separate the husk waste stream from other 

wastes, including weed seeds separated from the harvested grain. Additionally, work is needed to 

incentivise transport back to the farm (for example, by trucks that would then bring stored grain to the 

mill) and study husk application methods and timing on the field. 

The effects of the opportunity to improve circularity on mitigating greenhouse gas emissions.  

Husk additions have the potential to enable practices that reduce field emissions of CH4 and N2O while 

also building up stores of soil organic matter. The increased drought resilience and fertilisation effects of 

husk Si may enhance the agronomic effectiveness of AWD irrigation, which can significantly reduce CH4 

emissions while reducing water use (Linquist et al., 2015; Carrijo et al., 2017; Runkle et al., 2019). 

While AWD is known to increase N2O emissions (Lagomarsino et al., 2016; Kritee et al., 2018), the 

increased nitrogen use efficiency of husk additions may enable reduced inorganic N applications, thus 

reducing one source of N2O. In terms of soil carbon storage, the slower dissolution of husk and higher 

lignin content provide encouraging lines of evidence that husk can effectively build carbon stocks. There 

may be minor GHG costs associated with husk addition, such as increased microbial respiration of husk-

derived carbon in the field and the CO2 cost of transport from the mill to the farm. However, these costs 

must be evaluated in the systemic context that includes the eventual CO2 costs of husk respiration or 

pyrolysis of current disposal strategies.  

Off the field, husk addition may enable reduced agronomic inputs (of water, which requires pumping 

energy, and fertiliser and other agrochemicals, which require substantial energy for synthesis and 

transport). Thus, the energy reductions from these sectors can be associated with the husk addition, 

further reducing the net CO2 cost of rice production.  

 
Other socio-economic-environmental benefits of circular food systems that go beyond GHG 

emission mitigation.  

Husk additions will also enable a reduction in toxic metal(loid) accumulation in rice grain. This challenge 

is most closely associated with arsenic (As) and cadmium (Cd). This public health threat includes arsenic 

and cadmium that can accumulate in rice grain via plant extraction from the field soils (Arao et al., 
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2009). These processes are greatly affected by water management, as anoxic, flooded conditions enable 

increased grain As concentrations (Ma et al., 2008) while oxic, drained soil conditions enable an increase 

in grain Cd (Li et al., 2019). These elements present a public health risk (Hojsak et al., 2015; Meharg et 

al., 2008) and are both toxic at low concentrations; the polished rice maximum level values are 0.2 mg 

kg-1 (As) and 0.4 mg kg-1 (Cd) (FAO/WHO, 2013).  

Fortunately, there is evidence that husk additions can help reduce both elements from accumulating in 

rice grain. For As, its mobilised form is chemically similar to Si, so Si additions can outcompete As into 

the plant – on pathways developed by rice to facilitate Si intake (Ma et al., 2008; Meharg and Meharg, 

2015). Husk has been successful in reducing grain arsenic levels through higher soil pore Si:As ratios 

(Seyfferth et al., 2016, 2019). Si additions can also reduce grain Cd levels through increased biomass 

that dilutes plant Cd concentrations and increased soil pH that retains Cd in the soil (Seyfferth et al., 

2016, 2019). Other biochemical mechanisms also work to inhibit Cd ion uptake in the presence of Si (Liu 

et al., 2013; Ma et al., 2015). As noted earlier, husk also provides some resilience against drought and 

other stresses; therefore its addition may create greater confidence for implementing AWD management, 

which induces toxic soil conditions and so is also a method to decrease As mobilisation (Maguffin et al., 

2020).  

Beyond these benefits, soil amendments provide a key step towards producing a regional culture of 

regenerative agriculture (Schreefel et al., 2020). This type of agriculture can be incentivised by public or 

private sector groups (Lal, 2020) and may enable a price premium for products grown that way (Yang et 

al., 2021). This economic incentive will likely be attractive across the supply chain, from farmers to mills 

and brands, provided these benefits are equitably distributed among the sector’s partners (LeBaron et 

al., 2017; Borsellino et al., 2020).  

 
What knowledge should be developed to further improve circularity in the food system and 

GHG mitigation by circularity principles: key knowledge or experimentation questions.  

There are a number of future research aims to consider prior to implementing husk amendments on a 

large scale:  

First, agronomic consequences should be weighed. Relevant questions include the rates, timing, and 

manner of implementation, and how this amendment boosts growth and interacts with other farm 

decisions. Since husk contains other nutrients, how can its use reduce other fertiliser applications? It is 

particularly important to do field-scale research in areas without a history of Si amendment to discover 

how effective this approach is in soils not traditionally considered Si limited. Previous research on Si 

amendments has tended to focus on Si-poor organic histosols (Deren et al., 1994; Savant et al., 1997b).  

Second, environmental implications should be examined. For example, how does husk fare as a source of 

long-term soil carbon sequestration? How does it change the emission of CO2, CH4, and N2O, particularly 

in concert with AWD water management? How does soil chemistry change, and do those changes in 

redox or pH conditions alter the relationship between metal(loid)s and grain chemistry? We also note 

that here we have focused on husk amendments rather than straw: straw has less accessible Si than 

husk (Penido et al., 2016), more labile carbon that could drive CH4 emissions (Naser et al., 2007; 

Contreras et al., 2012), and is less effective in attenuating metal uptake (Penido et al., 2016). However, 

a beneficial use for straw, whether on-field or off-field, should be better developed and researched 

(Goswami et al., 2020).  

Third, systems needs should be analyzed. What are the logistical shifts and economic incentives needed 

to close the loop between farmer and mill? How can regenerative practices be recognised and rewarded 

within the supply chain in an equitable manner? Implementing systemic changes in agriculture requires 

partnerships among researchers, civic-society organisations, and supply chain partners to develop 

science-based conservation practices with predictable outcomes (Thomson et al., 2017). We also 

anticipate that while this work comes from a perspective of the US Mid-south production region, much of 

the ideas are transferable to other parts of the world where rice is grown. Research and experimentation 

is encouraged to discover and articulate the benefits and drawbacks of husk amendments and their role 

in the shift to a circular bio-economy.  
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2.6 Winter cultivation of legume beans instead of rice to reduce field 

methane emissions and use legume by-product for low methane emitting 

livestock and fish production in Bangladesh 

By Ashraf Biswas and Arjan Jonker 

Bangladesh is a country in the Southeastern part of Asia with a subtropical climate where agricultural 

production follows an integrated approach. Since hundreds of years, rice is a main food staple 

in Bangladesh and boiled rice is eaten at lunch, dinner and even at breakfast. The rice is generally eaten 

with some vegetables and as protein source pulses, meat, dairy or fish.  

The production of rice requires water logging of fields during winter season, and it is well documented that 

this practice results in field methane emissions (IPCC, 2000). By-products of rice cultivation, including rice 

polish and rice straw, are commonly used for ruminant livestock production, combined with unscientific 

feeding and manure management resulting in large enteric and manure methane emissions (NZAGRC, 

2017). Fish production is another important component of agricultural production in Bangladesh which can 

result in methane emissions from the pond (Ma et al., 2018; Rosentreter et al., 2021) because of the lack 

of proper fish feeding and management procedures. The objectives of this project are to reduce methane 

emissions with an integrated approach of legume beans, livestock and fish production.   

Rice production in winter (dry season in Bangladesh) needs huge amounts of irrigation which facilitate 

methane emission through the anaerobic decomposition of rice stem and leaf in the water logged 

field. Instead of rice production, we propose to grow legume crops like French bean and Soya bean 

in the winter season.  

Growing soybean and French bean crops instead of rice will reduce methane emissions emitted from the 

field as these crops do not need irrigation. Soyabean and French bean-based production systems produce 

more protein relative to rice which consists mainly of carbohydrates. Bean by products such as bean stem, 

leaf and covering offer a good source of high protein legume hay, which could be used as a feed for 

livestock. Soyabean oil is the main cooking oil used in Bangladesh, which is mainly from imported 

sources i.e. approximately 0.75 million metric tons in the year 2020 (Indexmundi 2021). Furthermore, 

soybean meal is used as the main protein source for livestock, poultry and fish feed and Bangladesh 

imported 0.235 million metric tons in the year 2020 (Indexmundi 2021). Growing bean-based crops 

during the winter season, instead of rice, could fulfil the demand of soybean oil and soybean meal in 

Bangladesh in addition to other crop by-products that can be used to feed ruminant livestock.   

Livestock farming in Bangladesh is largely based on intensive housing systems and cow manure is 

transferred to a dumping pit, which is associated with CH4 and N2O emissions (IPCC, 2000). The climatic 

conditions in Bangladesh are suitable for establishment of simple biogas production plants at each 

livestock farm household to produce biogas from waste streams like manure (Singh, 2012). The biogas can 

be used as energy source for electricity generation or fuel for cooking, and will reduce CH4 emissions from 

manure storage and spreading. The residue of the biogas plant is a slurry, which could be used 

as a organic fertiliser for crop production and it could be used as a nutrient source for plankton production 

in the pond for aquaculture. Usually, mustard oil cake is used for the plankton production in the pond in 

Bangladesh. Mustard oil cake is costly and ferments in the pond, resulting in CH4 emissions. Using 

the biogas slurry will be an economic and environment friendly fish culture method for Bangladesh.  

Therefore, replacing winter rice production with bean crop production and integration of biogas plant at 

each livestock farm will reduce methane emissions from the field, from ruminant livestock eating bean by-

products, from manure using bio-fermentation and from fish ponds using bio-fermenter slurry. In addition, 

soil fertility will increase with legumes bean production and bio-gas slurry application.  Furthermore, the 

need to import bean products (soybean meal, soybean oil) into Bangladesh and it associated transport 

greenhouse gas emissions will reduce. Finally, this  circular system will reduce production costs of the 

agricultural commodity. 
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To proof that this circular system of bean based production system and bio-gas fermentation is a low  

cost environment-friendly technology, establishment of methane concentration estimation system by the 

portable gas detector is required at every level of production system  i.e. field, manure storage, bio-gas 

plant, fish pond and enteric animal emissions, which will be a first for Bangladesh.  

Increasing methane emission along with increasing population of Bangladesh is alarming for a climate 

change vulnerable country. There is a need to address this issue with technology that is economically 

viable. 

 

2.7 Regional opportunities to mitigate GHG emissions in the capital region 

Berlin-Brandenburg, Germany 

By Barbara Amon, Federico Dragoni, Anja Hansen, Cornelia Weltzien, Thomas Amon, Annette Prochnow 

 
Problem statement: The region Berlin-Brandenburg  

The region of Berlin-Brandenburg combines rural areas with the capital city of Germany. The proximity to 

a large city allows investigating the whole food production chain, from agriculture to food processing, 

consumption and waste recycling. The metropolis of Berlin generates demand and market trends for new 

types of food from regional, environmentally, climate and animal-friendly production. At the same time, 

it is a source region for extensive residual material flows. Agriculture and the food industry are important 

pillars of Brandenburg's economy (BMBF, 2018).  

Brandenburg´s agricultural soils are predominantly low-yield sites, which are characterised by high sand 

content, low humus content and a general lack of nutrients. Such sites are particularly affected by 

climate extremes and are already today characterised by low precipitation. The region of Lusatia, 

Branden-burg also hosts a post-mining landscape that is currently developed into a model region for 

research into the adaptation of land use to climate change and bioeconomy oriented value creation 

Wirtschaftsregion (Lausitz, 2020). Brandenburg offers very good framework conditions as a real-life 

laboratory for the development of plant cultivation solutions for the adaptation of cultivation systems to 

climate change and thus makes a highly relevant contribution to regional value creation and the 

protection of natural resources. A broad spectrum of solution options open up. This includes, for 

example, the physiological and plant-ecological characterisation of native cultivars adapted to the site 

conditions, the associated development of novel crop rotations, the integrated cultivation of crops and 

trees/hedges in agroforestry systems, and the development of circular mixed crop-livestock systems.  

The region Berlin-Brandenburg has the highest density of agricultural, engineering, life and economic 

sciences research institutions in Germany. Here, we find an optimal showcase at a high readiness level 

for the establishment of circular food systems (CFS) where we integrate the food and the agricultural 

system. The capital region with rural Brandenburg and the central metropolis of Berlin is predestined to 

be a model region for the transformation to a circular food system.  

Vision: The future circular food system in the region Berlin-Brandenburg  

The UN 2030 agenda provides a framework to address the world’s current challenges and the agricultural 

sector is central to the achievement of nearly all of the 17 SDGs (FAO, 2017a; FAO, 2018a). The sector 

is expected to play a bigger role with projections revealing that global population growth to about 10 

billion will increase demand and consumption of quality food (BMEL, 2020). However, the current global 

share of agriculture in total production and employment is declining, growth of yields has slowed, 

transboundary pests and diseases spread faster, a proportion of which are resistant to antimicrobials, 

natural resources are being degraded, biodiversity progressively lost and emissions increased (FAO, 

2017b; Peyraud & MacLeod, 2020). Concurrently, only about 25% of total biomass produced yearly is 

harvested, leaving large amount of crop residues and agro-industrial by-products underutilised. In 

addition, food losses and wastes claim about 30% of agricultural outputs (BMEL, 2020; FAO, 2017b).  
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There is need for transformative processes, using systems thinking approaches, to integrate crop and 

livestock production effectively in the circular economy (BMEL, 2020). The livestock sector can play a key 

role in addressing, directly or indirectly, many of the global challenges (BMEL, 2020; ATF, 2019; ATF, 

2020). Livestock can provide valuable ecosystem services through their direct interaction with land, 

vegetation, soil and habitat (FAO, 2018a).  

However, livestock production has become increasingly de-coupled from crop production (ATF, 2021; 

Ghimire et al., 2021). The increased availability of cheap mineral fertilisers and animal feed, the high 

prices and subsidies in favour of cash crops in accordance with the soil-climatic conditions, the stable 

product prices and incomes and the increased economic competition between production areas (EIP-

AGRI, 2017; Schut et al., 2021) provided the conditions for increased farm size and regional 

specialisation. There is a clear need for more circularity in agricultural systems, and an improved 

economic viability of a crop-livestock integrated systems (Ghimire et al., 2021; EIP-AGRI, 2019; 

European Commission, 2020; Lemaire et al., 2014; Sanderson et al., 2013; Vinholis et al., 2021).  

The EU has resolved to strengthen connections between livestock and cropping systems and outlined 

research and innovation priorities to achieve it (EIP-AGRI, 2017; ATF, 2019). Through the farm to fork 

strategy, the EU strives at a transition to fair, healthy and resilient and economic livestock production 

systems with positive environmental impacts supported by precision farming technologies (European 

Commission, 2020). The EU Green Deal pledges to act to restore natural ecosystems and promote 

sustainable use of resources and improving human health (EU Green Deal, 2018). The deal advocates for 

digital transformation to speed changes in the agricultural sector and for adequate considerations to the 

trade-offs between economic, environmental and social objectives. Many European countries have 

recently installed climate laws where – for the first time – mandatory GHG emission reduction targets are 

set for the agricultural sector (Ecologic, 2020). The methane strategy has called to strike a balance 

between technologies, markets, changes in diets and to provide sustainable business opportunities for 

farmers (EU Methane Strategy, 2020; UN Coalition, 2021).  

Concepts such as sustainable intensification, agro-ecology, agro-forestry, climate smart agriculture, 

nature based farming and conservation agriculture are of importance (FAO, 2016; Rockström et al., 

2017; Van der Wiel et al., 2020; Wezel et al., 2015). They will contribute towards (re)connecting 

livestock and crop productions to achieve synergies and higher performance based on new feed sources, 

fertilisers and biocontrol solutions, and soil fertility (FACCE-JPI, 2020; UN Coalition, 2021). Hence, 

recycling carbon and nutrients, will lead to lower waste and emissions, especially of methane (EU Green 

Deal, 2018; EU Methane Strategy, 2020; FAO, 2017a; FAO, 2018a; FAO, 2018b; FAO, 2019a; FAO, 

2020). Action is also required to support One Health approaches, minimise the use of antimicrobials, 

promote multi-stakeholder dialogue, strengthen regulatory bodies, promote improvement in production 

practices and treat welfare of animals as priority (FAO, 2019b; European Commission, 2020; Peyraud & 

MacLeod, 2020).  

A better system level quantification and identification of mechanisms of transition from linear to circular 

bioeconomy is needed. There is evidence that nutrient exchanges among farms at regional level in-

creases nutrient recycling and crop diversity (Nowak et al., 2015). Integrated modelling approaches 

using multi-criteria assessments, improved life cycle assessment and policy analysis tools will need to be 

strengthened (EU Green Deal, 2018).  

We are currently at the cusp of unimagined opportunities with regard to progress in digital technologies 

to create smarter and circular agricultural systems. The principles of “Precision Agriculture” (PA) will be 

further developed towards a “Diversity by Precision” approach. While currently working towards adapting 

the production system to the environmental heterogeneity, within existing agricultural structures and 

production goals, the new Diversity by Precision (DbP) approach differs fundamentally. It aims to support 

changes of agricultural structures towards a higher level of diversity by cultivating more crops 

sequentially (crop rotation) or in parallel (agroforestry, patch cropping, multi cropping), and by 

integrating livestock into mixed crop-livestock systems. The research goal is to strive for diversity as a 

management goal in agricultural production by applying digital tools for knowledge based, precise, 

dynamic and adaptable process control. 
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Concept: The Leibniz Innovation Farm for Sustainable Bioeconomy 

Concept of the Leibniz Innovation Farm  

In 2021, the Leibniz Institute for Agricultural Engineering and Bioeconomy (ATB) started to coordinate 

the development of the "Leibniz Innovation Farm for Sustainable Bioeconomy". This is a unique model 

farm for circular bioeconomy, where Leibniz institutions and universities will perform joint inter- and 

transdisciplinary research. This network also includes companies and associations, favouring stakeholder 

dialogue to secure the acceptance and implementation of the innovative methods. The aim is to make 

better use of natural resources in the Berlin-Brandenburg region and to jointly develop a holistic 

approach for a sustainable bio-based circular economy where sustainable crop and livestock agriculture, 

healthy food, biobased materials and residue management are optimally linked to each other. The 

objectives of the Leibniz Innovation Farm are resource efficient crop production, animal and environment 

friendly livestock farming, regional production of healthy food, cascade use of a variety of by-products, 

promotion of biodiversity and agro-ecosystem services, and new business models for farmers.  

Innovations in sustainable farming aim to close nutrient cycles, avoid losses, reduce GHG emissions and 

increase C sequestration. Key objectives are firstly a balanced C cycle and a self-sufficient supply of 

nutrients based on a detailed analysis of nutrient streams, secondly the correct dosage and 

synchronisation of nutrient provision for the requirements of the crops, aiming to the best integration of 

crops with food and livestock production. The role of livestock production in circular sustainable Agro-

Food Systems will mainly focus on the conversion of biomass that cannot be eaten directly by humans to 

high value proteins. With livestock production, the most urgent problems are currently the emission of 

nitrogen compounds and GHG, the spread of antibiotic-resistant pathogens and the link between animal 

welfare and environmental protection. The focus here is on livestock-agroecosystem-environment 

interaction.  

The model farm is a forward-looking agricultural research facility in which innovative concepts are 

researched and put into practice through the integration and development of new technologies. The 

model farm encompasses the entire value chain of the bioeconomy (Fig. 2.7.1). 

Figure 2.7.1: The Leibniz Innovation Farm supports a circular food system in the region Berlin-Brandenburg (drawing 

by Karré and ATB) 

Aims of the Leibniz Innovation Farm  

Regional production of healthy food and biobased materials: Circular food systems must produce healthy 

food in quantities and high quality that meet demand, and must also produce biobased materials for a 

wide range of uses as close to the users as possible. This can be achieved through a diverse range of 

crops and livestock, alternative sources of high-quality food and biomaterials, the conversion of diverse 

biogenic raw materials in decentralised biorefineries and the collection, treatment and recycling of 

residues. Digitalisation serves the purpose of monitoring the complex processes more precisely and 

controlling them ever more precisely. Knowledge-based microbiome management contributes to higher 

efficiency and stability of processes and resilience of production systems.  
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Closing nutrient cycles (N, C, P): Operational measures to reduce CO2 emissions include C sequestration 

in soils through crop rotations and organic fertilisation, as well as the implementation of energy self-

sufficient operation based on renewable energies. CH4 emissions can be reduced through adapted 

ruminant feeding and an optimised manure management. To close N cycles, nutrient contents must be 

reliably recorded, fertilisers must be applied according to crop demand, the use of synthetic N fertilisers 

and emissions of nitrous oxide must be reduced, N in the animal diet must match the animals’ needs as 

closely as possible, ammonia and nitrate emissions must be avoided. Digitalisation plays a key role in 

implementing precise fertiliser application in line with demand. To close P cycles, residues must be 

returned to the cycle in a consistent and risk-minimised manner. Innovative residue treatment processes 

play a key role in keeping biomass in the cycle in a way that minimises losses, emissions and risks. Most 

material transformation processes in the bioeconomy are caused or supported by microbial communities. 

The development and establishment of targeted microbiome management is therefore also a key factor 

in closing nutrient cycles.  

Adapting to climate change: As a result of climate change, Brandenburg is expected to experience rising 

temperatures, decreasing precipitation during the growing season and a more frequent occurrence of 

extreme events such as heat, drought, heavy precipitation and storms (Drástig et al., 2011). Adaptation 

measures in crop production consist primarily of the diversification of cultivation systems, including the 

cultivation of heat- and drought-tolerant plant species and varieties, and the efficient use of water. In 

livestock production, the priority is to avoid heat stress, which is detrimental to animal welfare, health 

and performance. Digitalisation supports these adaptation measures by providing sensor-based, spatially 

and temporally high-resolution information on soil, plant, animal and environmental conditions.  

Promote biodiversity: Today's agriculture is considered a major cause of biodiversity loss (German 

National Academy of Sciences, 2020). In order to promote biodiversity, cropping systems and livestock 

species must be diversified, the use of chemical pesticides must be significantly reduced, over-

fertilisation must be avoided and emissions must be reduced. The range of plant species and varieties in 

diverse crop rotations shall be expanded. In animal husbandry, site-adapted mixtures of animal species 

and breeds contribute to a higher diversity not only of the livestock itself, but also of the landscape. 

Precision crop protection, non-chemical weed control, appropriate cropping systems and targeted 

microbiome management reduce the use of chemical pesticides.  

Knowledge to be developed within the Leibniz Innovation Farm to further improve circularity in the food 

system  

Three essential fields of action for innovations will be followed within the Leibniz Innovation Farm: 

diversification, digitalisation and microbiome management. 

Diversification: In crop production, there is a need for far-reaching diversification of the range of species 

and varieties, the temporal and spatial rotation of crops and management. On the innovation farm, the 

existing crop spectrum of maize, cereals and arable grass is to be expanded and diversified. This is done 

in adaptation to the natural conditions, farm resources and requirements of the circular agro-food 

system. Additional crop species include large-grain legumes for the production of protein-rich food and 

small-grain legumes in under sown crops as well as fibre crops with multipurpose use for human nutrition 

and production of biomaterials. The crops are integrated into diversified crop rotations and new cropping 

systems, especially agroforestry systems and cropping systems with flowering plants. In livestock 

husbandry, diversification contributes to improving animal welfare and animal health, optimizing the use 

of regional nutrient resources and thus closing material cycles. On the innovation farm, several breeds of 

dairy cattle, suckler cows, ewes and goats are already kept in different utilisation directions and 

intensities, and barn and grazing management are practised. Diversification in crop and livestock 

production will also lead to a diversification in biomass use, residue management and energy 

management. 

Digitalisation: Digitalisation and precision farming technologies are key in the implementation of circular 

food systems, reduction of GHG emissions and negative environmental impacts (Balafoutis et al., 2017; 

Tullo et al., 2019). Digitalisation in agriculture and biomass conversion offers the opportunity to manage 

and use diversity in a knowledge-based way. Autonomous machines, sensor technology, machine data 

analysis and the net-working of systems make machine information and the knowledge derived from it 

available at any time and any place, thus creating the conditions for implementing a highly flexible, 

knowledge-based control system for farm management measures. In the innovation farm, the latest 
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methods of sensor technology, robotics, data processing and artificial intelligence for precision farming, 

precision horticulture and precision livestock production, digitalised residue conversion and 

comprehensive material flow management are used, investigated, further developed and demonstrated 

on a large scale and in a holistic approach for the entire farm. 

Microbiome management: Microbial communities are the invisible and still largely unknown drivers of 

many material transformation processes on which the bioeconomy is based. Humans, soils, plants, 

animals, food and feed, bioconversion plants and residues harbour diverse and complex communities of 

microorganisms that interact with each other and their environment in a variety of ways and are 

transferred between the aforementioned elements of the bioeconomy. Rapidly developing technologies 

such as meta-barcoding, multi-omics, innovative microscopic methods and high-throughput cultivation 

are opening up entirely new possibilities for understanding and targeting the management of 

microbiomes (Krüger et al., 2020; Gutleben et al., 2018; Lewis et al., 2020; Shendure et al., 2017; 

French et al., 2021; Röttjers & Faust; 2018; Zheng et al., 2018), which are key to closing material cycles 

and promoting biodiversity and the shared health of humans, plants, animals and the environment (Berg 

et al., 2017; Boetius, 2019; D’Hondt et al., 2021; Hutchins et al., 2019; Trivedi et al., 2020). 

 

2.8 Circular Food Systems: The Economic and Environmental Benefits of 

Integrated Farming System under Small-Scale Farm-Holdings of Tamil 

Nadu, Southern India 

By Geethalakshmi Vellingiri, Gowtham Ramasamy, Priyanka Shanmugavel, Natarajan 

Sekkarapatty Kandasamy, Sakthivel Nalliappan, Subash Natarajan 

 

 
Introduction 

India has a population of about 1.3 billion, growing at 1.9% per annum, expected to double 

in 2070s. Currently, around 200 million people are reported to be food insecure. Unexpectedly, 

cultivable and irrigated area are shrinking at 0.5 and 1.3% each year respectively. In the 2050s, 

however, demand for food grains is anticipated to rise by 60%, meat by 173%, and dairy products 

by 158%. 

 

Around 85% of the Indian farming community belongs to marginal and small farmer category 

who are resource poor. Lack of capital investments is a common phenomenon, making it unsuitable 

for single commodity farming that is being practiced in developed countries. It is imperative to focus 

attention on the whole farm approach by integrating various allied enterprises with cropping for 

better security, sustainability and productivity. Location-specific, low-cost farming systems were 

established with the goal of maximising the farm's existing resources and labour. 

 

“Integrated Farming Systems (IFS)”, is an inter-related set of enterprises with crop activity as 

base, integrated with livestock. In IFS, nothing is wasted, by-product of one system becomes input 

for other. IFS enables small and marginal farmers, who has less than one hectare of land for 

cultivation and a few heads of livestock, to diversify farm production, increase cash income, improve 

quality and quantity of food produced. This diversified farming system increases the risk bearing 

ability of the farmer by reducing the physical threat due to weather aberrations, biological dangers 

(pests and diseases), market hazards and to certain extent personal risks, that increases higher level 

of confidence and self-respect among the farming community. IFS also preserves vegetative cover, 

provides consistent supply of organic matter, improves nutrient recycling, and pest control through 

increased bio-control activity. Very importantly, IFS approach addresses sustainable issues of 

agricultural production and it helps in achieving the seven sustainable development goals (SDG- 

2030) of United Nations, i.e., no poverty, zero hunger, good health and well-being, responsible 

consumption and production, climate action, life below water and life on land. 

 

Integration of farm enterprises depends on many factors such as edaphic and climatic 

features; availability of resources such as land, labour and capital; present level of utilisation of 

resources; returns from existing farming system; economics of proposed IFS and managerial skill of 
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the farmer. In India, IFS is practiced under different environmental conditions such as wetland, irrigated 

upland and dryland ecosystems. In this paper, we describe the case studies of most 

common IFS practiced in Southern India in each of these ecosystems. 

 

1. Wetland Ecosystem: Case-study -1 

Wetland farming is practised in areas with assured water supply. Source of irrigation is 

mainly through surface water such as canal irrigation from the dams and other storage structure 

like tanks. Water intensive crops such as rice, sugarcane is grown. In Tamil Nadu, paddy is grown in 

about 1.93 million hectares. A recent study on the climate change and its impact in the Cauvery 

delta districts (known as rice bowl of Tamil Nadu) reveals a disturbing trend of shrinking paddy 

coverage, loss of Kuruvai 2as a season (June – September), Samba crop (September - January) at the 

mercy of monsoon and importantly agricultural concerns turning more intense than ever before. 

Hence, there is a dire need to identify suitable IFS combining related agro-based activities to increase 

the income of the farmers. A case study on wetland ecosystem from the western agro-climate zone 

of Tamil Nadu is presented below. 

 

Components: Rice crop (8000 m2) – Azolla in the rice field + Mushroom (with a production level of 

2 kg / day) + Dairy (2 cows + 2 calves) + Fish-pond (800 m2 - 800 fingerlings) + Duck (100 birds) + 

poultry (40 birds) + Kitchen Garden around fish pond (200 m2) + Boundary trees + Vermicompost 

(50 m2) + Compost yard (100 m2) + Biogas. 

 

Resource Recycling: From the crop, economic produces are harvested and used as food for human 

consumption, crop residue is fed to cattle. Rice straw is used as base for mushroom production, 

provides proteinaceous food for family. Dairy unit gives milk and meat. Manure from cattle goes to 

biogas plant for energy production and used for lighting and cooking purpose. The slurry from biogas 

plant and mushroom spent is fed to vermicompost unit for production of enriched manure for crop 

production. Poultry shed is placed on the fish pond. The droppings from poultry and ducks are feed 

to fish. Broken grains are used as feed for poultry and duck unit. Ducks also eat the larva and 

control the pest in paddy field. Nutritious vegetables from kitchen garden are used for family 

consumption. Coconut trees grown along the border of rice field, sequester carbon and provide 

income. 

 

Economics: From IFS unit, farm income increased by 58% compared to crop alone. Family gets 

income of USD 1470 and generated employment for 1880 man-days per annum (Income (USD) / 

employment generated (man-days) from IFS components: Crop: USD 270/ 900 man-days; Coconut 

trees: USD100/ 25 man-days; Mushrooms: USD270/ 150 man-days; Dairy: USD 330/ 365 man-days; 

Biogas: USD160/ 100 man-days; Vermicompost: USD 90/ 120 man-days; Poultry: USD 60/ 100 man-

days; Fish: USD 100/ 50 man-days; Duck: USD 60/ 50 man-days; kitchen garden: USD 30/ 20 man-

days). By residue recycling, total quantity of nutrient addition was 272:98:235 kg N:P:K/ha. GHG 

emission reduction was 46%. Atmospheric carbon is sequestered with border trees. 

 

2. Irrigated Upland Ecosystem with surplus water: Case Study - 2 

Irrigated upland, known as garden-land, is characterised by growing crops with supplemental 

irrigation. The source of water for irrigation is mainly from underground water. A model of IFS to 

suit to small farmers of western zone for one hectare was analysed by Bhuvaneswari et.al (2020), 

and the result is presented as a case study. 

 

Components: Out of one ha of garden-land IFS, cropping activity occupied 0.8 ha of land area (0.2 

ha each of sugarcane, banana, turmeric and maize), fodder crops occupied 0.18 ha of land area 

(fodder sorghum and Cumbu-Napier grass) and the rest of the area (0.02 ha) is allocated for animal 

components (2 Dairy cows, 50 poultry birds and two units of vermicompost). The IFS model was 

compared with the conventional farming system (Rice, Groundnut, Maize cropping alone) in the 

same one ha of land. 

 

Resource Recycling: Sugarcane, banana and turmeric are economically important commercial crops, 

providing cash income to the family. Maize grains are used as poultry feed and the surplus is sold 

 
2 Kuruvai season, also known as the ‘short-term’ seasons which typically occurs between June and September 
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for income. Maize straw is used as dry fodder and the biomass of fodder crop was used as 

green fodder for cattle. The crop residues are fed into vermicompost unit for production of manure 

using earth worms. Poultry droppings and cattle dung are used as manure for crops. Dairy and 

poultry units provide milk, egg and meat that paves way for regular income to the family, besides 

providing balanced nutrition. 

 

Water Productivity and Economics: By integrating allied enterprises with crop activity, income and 

productivity was enhanced. IFS consumed lower water (14249 m3) compared to conventional 

farming system (22925 m3). The higher gross income of Rs.5,62,044/- was obtained with IFS model. 

Physical water productivity (8.26 kg m-3) and economic water productivity (39.44 Rs.m-3) was also 

higher under IFS compared to conventional farming system. 

 

3. Irrigated upland Ecosystem with limited water supply: Case-study - 3 

In the irrigated upland, water is the major constraint. The share of water allocated to 

irrigation is likely to decrease by 10 to 15 % in the coming decades (CWC 2018). Most of the small 

and marginal farmers have the issue of insufficient water for their cropping activity. To maximise 

the income and to reduce risk, farmers integrate multivarious agro-based activities in their farming. 

 

Components for one hectare: Maize (4000 m2) + Vegetable crops (4000 m2) + Mulberry (1000 m2) 

+ Fodder grass - CN grass (400 m2) + Dairy (2 cows+2 calves)-(40 M2)+ Poultry unit with 2000 broilers 

(400 m2) + Piggery unit - (5 Pigs) (40 m2) + Silkworm unit with rearing house for 40000 worms (50 

m2) + Apiary (20 Beehives) + Vermicompost unit (50 m2) + Biogas unit (20 m2). 

 

Resource Recycling: From maize crop grown in 4000 m2, economic produces are harvested and used 

as feed for broiler consumption and crop residue is fed to cattle. Vegetable crops (Bhendi, Brinjal, 

Tomato, Ribbed guard, Bitter guard) grown in 4000 m2 area, are used for home consumption to provide 

Nutrition, and excess vegetable is sold in the market for cash income. The vegetable waste is fed to 

piggery unit for pork meat production. Piggery unit waste is fed into vermicompost pit. Mulberry 

crop is grown in 1000 m2 area and the leaves are fed to 40000 silkworms. CN grass is fed to cattle, 

milk from the cattle is consumed by the farm family and excess milk is sold. Cow dung is fed 

into biogas plant for biogas production and is used for cooking and lighting. Vermicompost, biogas 

slurry and poultry litter are used as manure for all the crops. Honey bees help in better pollination 

and yield improvement of crops. Valuable honey is also obtained. 

 

Economics: From IFS unit, farm income got doubled compared to crop alone. Family gets an income 

of USD 5260 in IFS system, besides family consumption valued to USD 1101. It was also quantified 

that USD 2140 worth of by-products were recycled within the system, that led to reduction cost of 

cultivation and increased environmental safety. External inputs usage was very minimum and 

generated employment for 2205 man-days. Under conventional system, the net income generated 

including family consumption was USD 1560 with 718 man-days per annum employment generation. 

 

4. Rainfed Ecosystem: Case-study - 4 

About 5.58 million hectares of agriculture land in the state of Tamil Nadu is under dry farming 

which depends mainly on rainfall as its source of water for crop production. Features of rainfed 

ecosystem are characterised by increased drought frequency due to changing climatic conditions, 

leading to rapid soil degradation and loss of soil fertility. Inadequate supply of quality inputs, 

dominance of traditional farming system, poor resources base and weak market linkages of farmers 

leads to a lot of uncertainty in the dry land production systems. Due to limited access to water and 

low soil fertility, farmers struggled to maintain a consistent income throughout the year with 

cropping alone. Hence, farmers integrate the cropping activity with animal rearing to maintain 

continuous flow of income for the family. As an example, common IFS followed in the western 

agroclimatic zone of Tamil Nadu is described below. 

 

Components for one hectare: Agro forestry system including Fodder trees and rainfed Sorghum 

(4000 m2) + Agro Horticulture including fruit trees with short duration pulse crops (4000 m2) + Area 

for open grazing of animal (1000 m2) + Sheep / Goat (25 Nos) + backyard poultry (50 Nos) + 

Biofencing around the farm land + Farm pond. 
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Resource Recycling: Fodder trees like Supapul, Gliricidia, Neem, Surrogate, Agathi, Sithaagathi, 

Achan, Udiyan, Thespesia and Kalyana murungai trees are planned in organised rows. In the interspace 

of the trees, rainfed sorghum crop is cultivated. Protein and mineral content is high in the 

leaves and pods of these trees that are fed to sheep / goat. Cereal grains are also mixed to feed the 

animal, that helps in increasing the productivity by reducing the cost of concentrated feed. In Agro 

horticulture, drought hardy trees such as ber, custard apple are grown and, in the interspace, short 

duration pulse crops are grown. A small area is allocated for open grazing. During monsoon season, 

seeds of cereals, pulses and oilseeds are mixed together to increase quality and a balanced fodder for 

livestock. Animal protein, which is needed for humans, is available and the surplus meat is fetching 

regular income for the farm family. Sorghum seeds are used as feed for backyard poultry and in turn, 

poultry give eggs and meat for the family. It also fetches income for the family. Around the land area, 

bio-fencing with fodder trees like udhiyan, thespesia, kodukkapuli are grown. Such woody species could 

be planted in 4 to 5 m intervals and the small gap between these trees are filled with small trees like 

Supabul, Gliricidia planting. These trees should be pruned at 1.5 m height to generate new lateral 

branches, which can be used as feed for animals. From the bio fence, we can get 3 or 4 tonnes of fodder 

for sheep / goat annually. Sheep and goat penning results in very rich manure, that helps in improving 

the soil health. Water collected from the farm pond is utilised for giving protective irrigation during 

critical stage of the crop growth, which has improved the growth of the trees as well as crops. 

 

Economics: In dryland condition, with conventional system of growing crops alone, realised income 

is only USD 300 and the family consumption is around USD 40 with employment generation of 80 

man-days. With Dryland IFS, realised income is USD 2150, besides the family consumption: up to 

USD 230 worth of products from different components. With the IFS, from one component to 

another component, USD 375 worth of products are getting circulated. Employment generated for 

the family is 565 man-days. 

 

Conclusions 

Adoption of improved farming system models can result in higher food production to equate the 

demand of the exploding population of our nation. In all the ecosystems, it increases the farm 

income through proper residue recycling between the components, besides sustainably maintaining 

the soil fertility. Integration of allied activities also results in making nutritious food enriched with 

protein, carbohydrate, fat, minerals and vitamins available to the family continuously. Integrated 

farming will help in environmental protection through effective recycling of waste from animal 

activities like piggery, poultry and pigeon rearing. Regular stable income is ensured through the 

products like egg, milk, mushroom, vegetables, honey and silkworm cocoons from the linked 

activities in integrated farming. Inclusion of biogas & agro forestry in IFS will solve the 

prognosticated energy crisis. Cultivation of fodder crops as intercropping and as border cropping 

will result in the availability of adequate nutritious fodder for animal components. IFS models are mostly 

self-input generating, seeking minimum requirement of external resources from the market, 

able to generate year-round employment, effectively reduce GHG emission and check soil and 

nutrients erosions. 
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Figure 2.8.1: Resource recycling and economics of wetland Integrated Farming System   
 
 
 
 

Figure 2.8.2: Resource recycling under IFS – irrigated upland ecosystem with surplus water   
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Figure 2.8.3: Resource recycling under IFS – irrigated upland ecosystem with limited water   
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Figure 2.8.4: Resource recycling under IFS –Dryland ecosystem  

Table 2.8.1: Comparison of performance of irrigated upland IFS (Sufficient water) with conventional 

cropping system (Adopted from Bhuvaneswari et al., 2020) 

Note: Physical Water Productivity = crop yield / amount of water consumed; Economic Water 

Productivity = (crop yield x its price) / amount of water used (Bastiaanssen et al., 2003) 
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Table 2.8.2: Comparison of performance of irrigated upland IFS with limited water with conventional 

cropping system 

 
Table 2.8.3: Comparison of performance of Dryland IFS with conventional cropping system 
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2.9 Circularity in pastoral agricultural systems in New Zealand 

By Vicki Burggraaf  

The New Zealand food system    

New Zealand’s primary sector land use is dominated by sheep and beef farms, followed by dairying, 

forestry and then cropping (Table 2.9.1), with over 85% of our total food production exported. Over 100 

varieties of fruit and vegetables are grown in New Zealand, with kiwifruit, apples, potatoes, avocadoes, 

onions, peas and cherries being the largest contributors to export earnings (Horticulture New Zealand, 

2020), whilst vineyards occupy 28,360 hectares of land (New Zealand Wine 2021). In addition, 

approximately 256,000 tonnes of seafood was exported in 2020 (Seafood New Zealand 

2021). This paper discusses circularity and greenhouse gas mitigation for sheep, beef and dairy farming 

systems, which are predominantly based on year-round grazing of perennial pastures.   

Table 2.9.1. New Zealand farm types and land use (StatsNZ 2017).  

Farm type  Farms  Total area (1000 ha)  % of total area  

Sheep and beef  23,403  8,765  63.1%  

Dairy  11,100  2,442  17.6%  

Cropping  2,991  365  2.6%  

Deer  783  261  1.9%  

Pigs  150  8  <1%  

Poultry  162  4  <1%  

Forestry  4,194  1,784  12.8%  

Other  9,510  271  1.9%  

 

A temperate climate with regular rainfall and fertile soils allows for good pasture growth in most regions, 

which reduces the cost of production and lowers the water footprint (Payen et al. 2018). Nutrients are 

cycled back onto the pasture through grazing animals, spreading of dairy shed effluent and nitrogen 

fixation by legumes. This reduces the need for mineral fertilisers, which are added at an average of 14, 

11 and 5 kg/ha of N, P and K, respectively, for sheep and beef farms (Beef + Lamb New Zealand 2020a), 

and 140, 26 and 30 kg/ha of N, P and K, respectively, for dairy farms (Ledgard et al. 

2020, StatsNZ 2021, Fertiliser Association n.d.).   

In 2019/20, 21 billion litres of milk were processed, with production averaging 12,220 L/ha 

or 4,296 L/cow (DairyNZ 2020). Intensification of dairying between 1990 and 2015 has required 

increased use of supplementary feed (Table 2.9.2). In the 1990’s, non-pasture feed largely comprised of 

maize grain and maize silage, along with winter and summer crops such as barley, kale, swedes and 

turnips. Since then, palm kernel expeller (PKE) has become the predominant supplementary feed (36% 

of total supplements), followed by maize silage (31%) and fodder beet (17%). Some by-products of the 

food industry, such as brewers grain, fish meal and fruit and vegetable waste make up a very small 

proportion of total supplementary feed (DairyNZ 2016). 

Since 2000, New Zealand beef cattle and sheep numbers have declined by 13% and 30% 

respectively (Beef + Lamb New Zealand 2017), with conversion of land use to dairying. This has been 

coupled with a larger proportion of these animals being farmed on steeper, lower fertility land. The 

average stocking rate on sheep and beef farms in 2018/19 was 6.1 stock units/ha (Beef + Lamb New 

Zealand 2020a), where one standard stock unit has the feed demand equivalent of one ewe. Beef cattle 

and sheep (and in some cases deer) are usually farmed together as they complement each other in 

terms of pasture requirements at different times of the year. Over 95% of the diet is grazed pasture or 

whole crop, with brassicas and fodder beet the dominant crops.   
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Table 2.9.2. Changes in feed supply and production in the dairy industry between 1990 and 2015. 

From DairyNZ (2016).  

Year  Cows milked 

(millions)  

Stocking 

rate 

(cows/ha)  

Feed 

demand   

(t DM/cow)  

Pasture 

eaten   

(t DM/ha)  

Crop eaten   

(t DM/ha)  

Harvested 

supplement (t 

DM/ha)  

Imported 

supplement (t 

DM/ha)  

1990-91  2.40  2.35  3.94  8.86  0.08  0.20  0.11  

2014/15  5.02  2.85  4.93  11.61  0.52  0.90  1.13  

   

Total meat production (1000’s tonnes carcass weight) in the year ended 30 September 2019 was 361 for 

lamb, 91 for mutton, 697 for veal and 17 for venison (Beef + Lamb New Zealand 2020a). Lambing 

percentages and carcass weights have increased considerably since 1990, whilst beef productivity has 

been relatively steady (Table 2.9.3).  

Table 2.9.3. Change in sheep and beef farm productivity from 1990/91 to 2018/19. From Beef + Lamb 

NZ (2020a).  

  1990/91  2018/19  

Lambing percentage  102%  133%  

Lamb carcass weight (kg/head)  13.9  19.1  

Wool (kg/head)  5.3  5.0  

Steer carcass weight (kg/head)  297  313  

  

Current developments and trends in New Zealand agriculture  

Although pastoral farms have significantly increased food production per hectare of land over the last 30 

years, this has been coupled with increased inputs of livestock, fertiliser and supplementary feed, 

particularly for the dairy industry, and has led to detrimental effects on the 

environment. Agriculture contributes 48% of New Zealand’s greenhouse gas emissions (Ministry for the 

Environment 2021a). Reducing the impacts of agriculture on water quality and greenhouse gas 

emissions have become key goals for the industry. 

To improve freshwater quality, restrictions have been imposed on winter grazing and 

cropping practices and land use intensification, and a manufactured nitrogen fertiliser cap of 190 kg 

N/ha/year will come into effect on 1 July 2021 (New Zealand Government 2020).  In addition, the 

Government has formed an agreement with the primary sector to address greenhouse gas emissions (He 

Waka Eke Noa 2021), whereby in 2025 all farms will require a written plan to measure and manage their 

greenhouse gas emissions, to help reach the Government’s commitment to lower greenhouse gas 

emissions by 30% below 2005 levels by 2030.   

The New Zealand Government has proposed a National Policy Statement to protect and restore 

indigenous biodiversity (Ministry for the Environment 2019). Sheep and beef farms contain 25% of New 

Zealand’s indigenous vegetation, with over 2.8 million hectares (Beef + Lamb New Zealand 2020b). 

Although this assists with off-setting carbon emissions on these farms, it also may impact how farmers 

can use their land in the future.   

Agricultural supply chains are increasingly looking to produce high quality sustainable products and gain 

a marketing edge through provenance stories. This may include environmental footprints (including 

being carbon neutral), reduced plastic packaging, high standards of animal 

welfare or improved consumer experience in terms of product quality, nutrition and health 

attributes (Beef + Lamb New Zealand 2019). Some agricultural producers and supply chains have 

banned the use of PKE on their suppliers farms due to societal concerns about its association with 

deforestation and habitat destruction (PAMU 2016). A range of small supply chains have emerged, 

claiming sustainability attributes. For example, Wholly Cow (Wholly Cow 2021) is a small meat supply 

chain that markets their circularity, recycling waste from meat processing, packaging and local horse 

manure back onto their farm via composting and worm farms.   
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The effects of increased circularity in agriculture on mitigating greenhouse gas emissions, nutrient losses 

and other impacts  

New Zealand pastoral farming achieves a low carbon footprint through the circular practices of relatively 

low use of external inputs, efficient use of resources, and cycling of nutrients on farm, producing more 

food with fewer inputs. Ledgard et al. (2020) showed an average carbon footprint of New 

Zealand milk of 0.75–0.81 kg of CO2eq/kg of FPM (fat and protein corrected milk), or 0.73 to 0.77 kg of 

CO2eq/kg FPCM using the IPCC (2007) global warming potential. The largest contributor to this 

footprint was enteric methane production. 

Energy efficiency and reduced use of non-renewable energy are goals of a circular economy. New 

Zealand farming systems reliance on outdoor grazing systems results in very low fossil fuel and 

electricity consumption, with a combined contribution of <2% of dairy farm carbon footprints (Ledgard et 

al. 2020). Methane may also be captured from dairy effluent in anaerobic ponds as an energy 

source (Leahy et al. 2019). 

The main contributors to CO2 emissions from New Zealand dairy farms, in the study of Ledgard (2020) 

were manufacturing of nitrogen fertiliser and production of bought in 

feeds. However, external fertiliser inputs are minimised by the cycling of excreta back onto pasture, the 

use of legumes and the use of precision agriculture (Leahy et al. 2019). Circularity could be improved by 

using organic waste as fertiliser but there is limited use of organic fertilisers such as pig and poultry 

manure. Manure must be appropriately managed or processed to prevent transfer of pathogens and 

contaminants (Mossa et al. 2020) and to reduce methane and nitrous oxide emissions and issues with 

smell (Bos et al. 2017). 

Ruminant livestock can have a critical role in circular economies through utilising crop residues and 

wastes from human food production and processing, potentially lowering the carbon footprint of livestock 

production. The main brought-in feed on NZ dairy farms is PKE, which is cheap but has a relatively high 

carbon footprint (515 g CO2/kg DM; Ledgard et al. 2020).  Horticultural waste (fruit, vegetables, grape 

marc) and food processing waste (brewers grain, bakery waste) are fed where and when locally 

available and have a low carbon footprint. There is potential to reduce the carbon footprint of milk by up 

to 5% through more selective use of brought-in feeds or by moving further to a pasture-only 

diet (Ledgard et al. 2020), with careful pasture management to maintain quality and utilisation.   

Some feeds such as fodder beet, rape, maize and plantain can reduce greenhouse gas emissions per unit 

of feed intake (Leahy et al. 2019) but require careful animal health management or are difficult to 

integrate into the farm system at the level required to be effective. Nitrogen concentrations in New 

Zealand pastures typically exceed livestock requirements, with excess nitrogen excreted, particularly in 

urine, which contributes to nitrous oxide emissions (Van der Weerden et al. 2016) 

and contamination of waterways with nitrogen. Ensuring supplementary feed is low in nitrogen will 

minimise this waste of nitrogen. Aeration of effluent ponds and strategic spreading of manure and 

fertiliser also minimises nitrous oxide emissions (Leahy et al. 2019) and nitrogen losses. 

Ensuring resources are used efficiently for food production lowers the carbon footprint of milk and meat 

in New Zealand. Animal feeds should have a high energy concentration to ensure high animal production 

per unit of feed intake. This is also achieved by ensuring that a large proportion of the animals on farm 

are highly productive so that animal feed inputs are going towards milk or meat production, rather 

than to maintenance requirements or growing replacement breeding stock. In dairy systems, this is 

achieved by having a low cow replacement rate (22%), maintaining animal health and fertility 

(Ledgard et al. 2020) to reduce animal wastage, optimising stocking rates and increasing the 

genetic gain of livestock. In sheep and beef systems, large gains have been made in lambing percentage 

and production per animal (Table 2.9.3). 

Repurposing surplus calves from the dairy industry and diverting them to beef production systems is a 

circular use of these surplus animals. This practice is common and reduces the need for ‘resource-

hungry’ methane-emitting beef breeding cows, whilst providing better value for surplus calves from dairy 

farms. Van Selm et al. (2021) showed that greenhouse gas emissions per kg beef can be 

reduced29% via using dairy-derived calves rather than calves from beef breeding cows, 

whilst Ledgard et al. (2016) showed the nitrogen footprint of beef can be reduced by 7 -13%. This also 

improves the dairy industries social licence to operate, reducing the slaughter of surplus calves at 4-
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days-old for meat processing. This is best achieved using easy-calving beef sires on dairy farms 

and with collaboration across the dairy and beef industries (Burggraaf and Lineham 2016). 

Integration across the food system can reduce some costs, labour and agrichemical use and increase soil 

carbon, but these responses are highly variable and in some cases are less profitable.  An example is 

the integration of sheep in vineyards. This largely occurs in winter, when pastoral farms are feed limited. 

The understorey control by sheep reduces mowing and agrichemical use in the vineyard (Niles et al. 

2018). Alternatively, sheep may be integrated for short time intervals to pluck grape leaves and open up 

the canopy. The value for the sheep farmer depends on the animal management skills of the 

viticulturalist. 

Unproductive agricultural land may be used for forestry, adding to carbon sequestration, with woody 

vegetation offsetting 33% of carbon emissions on sheep and beef farms (Ministry for the Environment 

2021b). New Zealand soils generally contain high stocks of soil carbon (>100 tonnes per ha to a depth of 

30 cm) and, thus, the scope to increase soil carbon sequestration may be limited (Whitehead et al. 

2018). 

Additional promising research has shown a range of future options to reduce emissions (Leahy et al. 

2019). This includes the use of livestock bred to emit less methane while maintaining 

productivity, rumen methane and nitrification inhibitors and methane vaccines. 

Problem statement   

There is a lack of data on the current state of the flow of wastes and inputs across the food system. This 

is needed to determine how best to reuse or repurpose waste to replace unsustainable inputs, or 

design new food systems with reduced inputs and waste. There is also a lack of appropriate assessment 

frameworks to understand how improved circularity across the food system impacts total greenhouse gas 

emissions and other sustainability goals. 

Knowledge required to improve circularity while mitigating greenhouses gases   

To gain the most benefit from circularity, there is a need to first map the flows of resources into, and 

wastes out of, various parts of the local food system, including volumes, timing and composition. There 

must also be collaboration and communication across the food system to gather and use this knowledge 

to optimise use of waste as a resource and minimise unsustainable inputs. 

To get the best use of biological waste as a supplementary feed or soil nutrient, appropriate storage or 

processing technology may be required to maintain or enhance its quality, remove or prevent odours, 

toxins and contaminants and prevent methane production. Processing will assist with optimal use of 

waste, particularly when the supply of the waste stream occurs at a time when additional nutrients are 

not required on farm. Solutions must be cost-effective and easy to implement for the farmer. 

Alongside this, we need to be able to quantify circularity and the impact of circular inputs, practices and 

systems, ensuring global food production, socio-economic outcomes and the environment are not 

compromised.  This includes not only the impact on global greenhouse gas emissions, but also resource 

depletion, nutrient use efficiency and nutrient losses to water. There is a need to understand any risks to 

animal health, welfare and productivity and pasture and crop performance and resilience under current 

and future climates and farming systems. 

Circularity assessment tools are available (Ellen MacArthur Foundation 2019), but these have 

been developed for non-biological industries. Although circularity assessment is emerging in the food 

industry (Rufi-Salis et al. 2021), there is a need to ensure metrics are suitable across the food system, 

including pastoral agriculture, and that broader impacts are captured. These tools need adaptation and 

testing for future, more integrated farm and food systems. 

Future crop and pasture plant breeding will also require a focus on better capture and use of nutrients in 

the soil, adapted to reduced external inputs of mineral fertilisers that have a high environmental footprint 

or use scarce resources. 
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Food system in Nigeria, West Africa and current developments and trends 

Nigeria, the most populous country in Africa, has a population growth rate of 2.6 per cent annually, 
which is expected to further increase in the coming years. While there is a huge and growing demand for 
affordable food, owing to a fast-growing population, agricultural productivity is low and inefficient in 
many parts of the country. As the food system does not produce enough food to feed everyone, Nigeria 
depends on food imports to help meet the growing demand. Nigeria’s food imports have increased 
considerably in the past 20 years, from a value of 964 million US dollars in 1995 to 4,566 
million dollars in 2016 (FAO 2019), resulting in a substantial trade deficit for the agri-food sector. This 
scenario is owing to several socio-and economic environmental factors with underlying institutional 
drivers.  
Against this background, rising income levels are resulting in a shift towards more protein-rich diets and 

this is driving demand for meat, dairy and eggs. Such demand for animal-sourced foods is projected to 

double by 2050 (FAO 2016). As a result of the expansion of the monogastric sector, the demand for 

maize and coarse grains, already in short supply, is also projected to double by 2050. The food-feed 

competition (especially grains used as animal feed) is becoming intense and closing feed 

demand gaps will require the use of non-food feed resources (human-inedible resources). The circular 

economy (CE) is based on four main principles: (i) controlling finite stocks of natural resources and 

regenerating natural systems; (ii) closing loops; (iii) designing out waste; and (iv) using animals to 

unlock biomass into value-food, manure, and ecosystem services. The main idea of CE is that rather than 

discarding products before their value is fully exploited, they could be re-used within the food 

system. For example, the strategy of using waste products as livestock feed has potential to 

improve the supply of protein as human food without exploiting additional natural resources. Use of 

manure as an organic fertilizer also closes nutrient loops. The Nigerian poultry industry, being the most 

well-organised sub-sector in the agriculture sector and contributing 25% of the total agricultural 

contribution to GDP, is well positioned to benefit from this. Turning crop residues and agricultural 

waste, especially the most abundant cassava peels, into feed ingredients is a key strategy to 

following the circular-economy principles. 

Problem statement 

Nigeria is seen as one of the nine countries where the increase in the world population will be 

concentrated. It is expected that the population will double from 201 million in 2019 to 401 million in 

2050. This population growth is also accompanied by increased demand for animal-sourced food. In 

addition, the contradictions surrounding the production, movement and supply of other sources of 

protein, such as beef, have further awakened interest in poultry as a convenient source of animal 

protein. Nigeria currently has the second largest chicken population in Africa, with a standing stock of 

about 180 million birds. Annually, 454,000 tons of meat and more than 14 billion eggs are produced. The 

poultry industry engages over 20 million Nigerians in direct and indirect employment, providing families 

with cheap protein while sustaining family livelihoods (Ibrahim, 2020).  

The price of maize, which is the main energy source in poultry feed, has doubled over the last 

decade. Price rises are related to scarcity caused by seasonal shortages (tied to the rainy 

season), incidence of pest damage such as fall armyworm and political insecurity in locations where 

maize is grown. About 60% of all Nigerian maize is processed into animal feeds. Imports are needed to 

meet demand. Recently, the COVID-19 pandemic and the ban on access 

to ForEx for maize imports has impacted negatively on its cost; since 2020 the price has more than 

doubled (from $180/tonnes - $400/tonnes) creating a huge problem for the poultry industry in Nigeria.   

Cassava is a staple crop of Nigeria. Production has reached a total of 59 

million tonnes annually (FAOSTAT 2019). More than 90% of cassava processing requires manual peeling. 

As a result, Nigeria generates 15 million tonnes of peels annually, which are usually dumped near 

processing centres to rot or are dried to be burned, releasing methane into the air, and leaving a stinking 
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effluent that pollutes nearby streams and underground water. This is happening alongside situations of 

near perennial animal feed scarcity, and expensive compound feeds. Exploring the potential of cassava 

peel as an energy source in livestock feed, especially at an industrial level, is limited due to drying 

constraints, hydrogen cyanide content and mycotoxin contamination.  

Opportunities from increasing circularity in the food system   

The circular economy model promotes the concept that a product that has been perceived to have 

reached its end-of-life in a particular system might be used as a raw material in another, or the 

same, system. Transforming cassava peel waste into animal feed has the potential to reduce maize 

imports, reduce environmental pollution, minimise post-harvest losses in cassava, create 

employment, generate income and partially replace maize in the animal feed industry. Overall, it 

could elevate farmers’ gross income and increase consumption of poultry-based protein in Nigeria.   

Circumventing the challenge of drying, pilots showed that reducing drying time from 2-3 days to just 6-8 

hours results in a safe and stable product/feed ingredient (High Quality Cassava 

Peel (HQCP) mash (Okike et al., 2015) that can be used as an energy source in livestock feed rations 

(Adekeye et al., 2020). The innovation involves grating and mechanical dewatering by hydraulic 

pressing to facilitate rapid water removal, accelerating the elimination of cyanide. Rapid processing 

reduces the chances of mycotoxin contamination, a toxic compound produced by fungi that can have 

serious health consequence on the people who consume meat, milk or eggs from animals fed on 

mycotoxin contaminated feed. Feeding trials conducted in collaboration with many large- and small-scale 

poultry farms across Nigeria, showed improved feed conversion efficiency, when fine HQCP mash was 

used to replace 20% of the maize in broiler rations resulting in a 10 - 15% reduction in feed costs. Such 

replacement will also release 20% (1.5 million tonnes) of maize going into manufactured feed annually 

for human consumption. The feed industry priced HQCP coarse and fine mashes at $100 to $150 

per tonne, respectively, roughly half the price of maize. Redistribution of activity from managing waste 

to creating wealth (by producing an economically valuable feed ingredient) can reduce the cost of 

livestock production and the import bill nationally. Furthermore, at current extraction rates, 

810,000 tonnes of HQCP fine mash could be obtained from 3.6 million tonnes of fresh cassava peels and 

this could be included at a 20% level of inclusion in livestock diets. Going by the selling price of $100-

150/t, this would open up a $80 - 120 million industry annually that could employ an estimated 20,000 

people. 

The effects of improving circularity on mitigating greenhouse gas emissions  

The continuous increase in supply and demand for cassava in developing countries has accentuated the 

negative impact cassava production and processing has on the environment and biodiversity. To 

remain sustainable, cassava processing must be designed to increase economic, social, and ecological 

resilience (Oladele, 2014). Food waste and residue streams produce methane (Mashavave, 

2019). Removal of peel waste through the HQCP innovation presumably reduces the amount 

of methane gases emitted from millions of tonnes of fermented peels. Replacement of maize with 

HQCP not only releases maize for human consumption but also reduces the emissions linked to maize 

production through the reduction in domestic demand for organic fertilizer and transportation 

logistics. Nitrogen (N) fertiliser can be responsible for most of the greenhouse gas (GHG) emissions 

associated with the production of crops through its manufacture and N2O emissions from the soil 

subsequent to its application (Kindred et al., 2008). Results of trials showed that processed cassava 

peels (HQCP) and leaves, fed in the ratio of 70:30 on a dry matter basis, could be the sole feed for 

cattle, sheep and goats and would reduce feeding costs. This high concentrate diet would 

be expected to decrease enteric methane emission from ruminants due to changes in rumen 

fermentation patterns. 

Other socio-economic-environmental benefits of increased circularity in the food systems that 

go beyond GHG emission mitigation. 

For over 1 million cassava producers, turning cassava peel waste to wealth, would provide opportunity to 

sell cassava peels, offering a new income source that would also spur investment in cassava productivity. 

With 10 persons needed to produce one tonne of HQCP mash (when produced through toasting), 

producing 12 Mt of HQCP from Africa’s estimated 38 Mt of peels would require 120 million man-days per 

year or the equivalent of 400,000 new (direct) jobs at full capacity— with 80% of the jobs going to 
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women. As incorporating HQCP into livestock feed will reduce feed production 

costs, consumers arguably would benefit from cheaper meat, milk and eggs, contributing to diets richer 

in protein and essential micro-nutrients.   

Converting cassava peels into feed ingredients reduces the cost of treating water from contaminated 

nearby streams, wells and underground aquifers with lactic acid-laden, pungent effluent from the heaps 

of peels. Research has been conducted on the negative effects of cassava processing effluent on selected 

aquatic life (Adeyemo, 2005) as well as terrestrial plants (Olorunfemi and Lolodi, 2011).   

The HQCP innovation not only results in increased feed availability but also in by-products that can be 

put to good use. For example using cassava waste for biogas production offers a renewable and clean 

source of energy that could be used for cassava processing and avoids reliance on firewood, a finite and 

diminishing resource. It is estimated that in Nigeria, processing cassava into various food products such 

as garri (a staple food derived from cassava), consumes significant firewood (Fauquet, 2015), leading to 

severe deforestation and desertification (FAO, 2010). 2012 data from Ghana showed 

that garri production alone amounted to approximately 13% of total firewood use (EC, 2013). The figure 

is expected to be higher in Nigeria. Exploring the use of cassava waste for fuel for the production 

of garri could replace firewood and result in social and environmental benefits. Analyzing the 

additional/saved costs allows us to have a sense of the circular economic impact on the energy system. 

Key knowledge and experimentation questions: what knowledge should be developed to 

further improve circularity in the food system and GHG mitigation by circularity principles?  

Further research is required on the cassava peel value chain to support the scaling of the technology. 

Assessments of the geographical distribution of cassava peel production and its relationship with demand 

for high quality livestock feed from commercial livestock producers are needed. Furthermore, scaling 

efforts will require training, advocacy and awareness-raising along with policy support. There is also 

a need for a GHG audit to quantify the GHG emission reductions that could result from HQCP going to 

scale in Nigeria.   

It is equally important that physical and nutritional standard certification protocols be made available to 

relevant regulatory agencies establishing codes of practice and safety limits for the use of cassava for 

animal feed. The document is expected to strengthen commerce between buyers and sellers. 

 

2.11 Advances in converting cereal straws and stovers into concentrates: 

implications for the circular economy 

By Padmakumar V, A. Seshukumar, Alan Duncan, Chris Jones, John Cone, Jan van der Lee, Michael 

Blümmel (late) 

 
Food system in South Asia, current developments and trends 

Food systems are defined as “the entire range of actors and their interlinked value adding activities 

involved in the production, aggregation, processing, distribution, consumption, and disposal of food 

products that originate from agriculture, forestry or fisheries, and food industries, and the broader 

economic, societal, and natural environments in which they are embedded” (Joachim et al., 2020). The 

traditional approach to achieve food security was to concentrate on agricultural production so that access 

to affordable food could be enhanced. But this production-centric approach neglects the economic, social 

and environmental dimensions of food security and nutrition for future generations (FAO 2020). Food 

system approaches use a more holistic conceptual framework aimed at sustainable solutions for the 

sufficient supply of healthy food. 

When we look at the food system in South Asia, we will see that it is dominated by cereals. If we 

take the example of Nepal to analyse the food system, rice is the principal crop in terms of area and 

yield. Other cereals are wheat, maize, millet, and barley. Cereals and pulses are produced partly for 

markets. Landholdings in Nepal are fragmented and productivity is low. Climate change is impacting 

agricultural production and land use change is happening mainly in the foot hills (Madhav et al., 

2018). Earthquakes, floods, and landslides, drive food insecurity in the country. The national household 
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food security is only 48.2%, though it has improved in recent years, 4.6 million people (out of 30 million) 

are still food-insecure (USAID, 2019).  Besides crops, livestock is an important commodity in the food 

production system. As the food requirement for the rapidly growing population is increasing and 

agricultural lands are already fully utilised, crop intensification is the only option. With the 

increased transport facilities and market access, conventional farming is now gradually transforming into 

intensified systems, especially in peri-and semi-urban areas. The cultivation of cereal crops is 

being replaced by vegetables and other cash crops in the hills. Despite ambitious plans to raise 

agricultural production, and increase productivity of the land with irrigation, mechanisation and modern 

inputs, imports are rising to meet the growing demand (Nepali Times, 2020). Nepal is now importing 

80% of the grain it consumes, and spending on food imports has increased 62% in the last five years. 

Even crops like rice, lentils and vegetables that are farmed extensively in Nepal, are imported. As far as 

livestock is concerned, cattle, buffaloes and goats constitute important components of Nepal farming 

systems both in hills and Terai. Most of the hill farmers own local breeds of animals. Rice straw is the 

main source of dry fodder for the animals. But the subsistence production is now gradually transforming 

into commercial/semi-commercial enterprise production, particularly in the peri urban areas and with 

private dairy industries. Responding to the market, Nepal has shown fast growth in the livestock sector in 

the recent past. Nepal is now self-sufficient in meat and egg production. However, the current food 

systems are not delivering healthy diets (FAO, 2020). Rapid urbanisation is rapidly changing the food 

habits of the urban dwellers and dietary diversity is low. 

The problem in circularity  

A circular food system means “searching for practices and technology that minimise the input of finite 

resources and encourage the use of regenerative ones, prevent the leakage of natural resources from the 

food system, and stimulate the reuse and recycling of inevitable resource losses in a way that adds the 

highest possible value to the food system” (Jurgilevich et al., 2016). In South Asia, including Nepal, crop 

production has long been integrated with animal production, mainly dairying. The majority of the 

dairy products are produced by smallholder farmers who follow a mixed farming system. They 

use residues of crops (straws, stovers, haulms) as the basal diet of their animals and use other 

agricultural by-products (oil cakes, bran, rice polish) to supplement the basal diet. But the growing 

demand for animal source food is currently driving the production system into a more intensive 

mode, breaking the circularity. Farmers who have adopted improved breeds of livestock are forced 

to use more and more grains (maize, rice, wheat) and concentrate feeds with reduced roughage 

inclusion so as to meet the higher nutrient requirements of the animals. This leads to food-feed 

competition and reduced use of by-products from crop production, affecting circularity in plant and 

animal production. Those who have land and water also cultivate forages (grasses and legumes) for 

feeding dairy animals, particularly the improved ones. In the case of small ruminants (goats, sheep), 

they are mainly fed on grazing land, mostly on degraded pastures. As far as monogastrics (pigs and 

poultry) are concerned, they are fed with compounded feeds, especially under an industrial production 

system with the exception of a few cases in urban environments where food waste from restaurants is 

collected for swine feeding. In the context of growing demand for animal source food, the production 

system is slowly shifting towards intensification with improved breeds of animals and increased use of 

external inputs, which is likely to dilute the traditional circularity of the system by disconnecting animal 

production from crop production, resulting in reduced circularity of food systems. This is a challenge, 

which needs to be addressed. 

Opportunities in increasing circularity in the food system   

Processing of crop residues to break down lignocellulose biomass is a technology that can increase 

circularity by increasing the amount of energy that livestock can extract from otherwise poor 

quality feeds. Cereal straws and stovers are a key contributor to livestock feed resources in South 

Asia. Almost 70% of the dairy animal diet is composed of straws/stovers. The basic carbohydrates 

trapped in the biomass cannot be fully accessed by animals as they are embedded in a lignified 

matrix. This necessitates use of supplementary feeds to exploit the production potential of the 

animals. Therefore, any technology that can increase energy recovery from the crop residues will 

significantly improve its quality and would contribute to a huge positive impact on animal performance 

when used as feed (Blummel et al., 2014). Besides, increased digestibility of the roughage would lead to 

a reduction in the quantities of forages and supplementary feed required. Therefore, the land and water 

requirement for production of both forages and supplementary feeds (grains) will be reduced when this 
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technology is put into commercial use. Such an innovation would contribute in multiple ways 

to circular food system objectives: closing nutrient cycles, recycling of nutrients, and increased efficiency 

of the food system, to name a few. 

Different physical/chemical/biological techniques are available to break down the lignocellulose 

biomass (Sarnklong et al., 2010). The treatment is expected to disrupt lignin–hemicelluloses–cellulose 

matrices, partially hydrolyse weaker linkages of pentoses in the structure of hemicelluloses and make 

hexoses in cellulose more susceptible to enzymatic hydrolysis.  Some of these techniques are: (1) 

Steam explosion, (2) Ammonia Fiber Expansion (AFEX); (3) Two Chemical Combination Treatment (2-

CCT); and (4) fungal treatment. In steam-treatment, steam is intermittently injected to heat stovers to 

160°C for 10 minutes. After 10 min the stovers are expelled into a receiver tank. In 

Ammonia Fiber Expansion (AFEX), ammonia vapor is added to the biomass under moderate pressure 

(100 to 400 psi) and temperature (70 to 200°C). In the 2CCT treatment, stovers are treated with two 

chemicals and the treated biomass is washed, squeezed and dried. In the fungal treatment, white rot 

fungi are used to degrade lignin (Van Kuijk et al., 2015). 

The first three are used to pre-treat biomass in the industrial ethanol production process, and these 

“second generation biofuel methods” have been assessed by the International Livestock Research 

Institute in the context of livestock feed improvement. Comparison of the effect of these three 

treatments on fodder quality showed that increases in true in vitro organic matter digestibility 

(IVOMD), measured after 48 h of incubation, were greatest under the 2-CCT (38.2% units), followed by 

AFEX (19.3% units) and finally steam (8.9% units) treatments (Blummel et al., 2019). 2CCT increased 

average the apparent and true IVOMD of straws to above 80 and 90%, respectively. In the fourth 

treatment with fungi the degradability of the biomass in the rumen, determined with the gas production 

technique, showed a considerable increase to more than 100%, depending on the fungus and substrate 

(Tuyen et al., 2013).  Uptake of these technologies remains low for economic and socio-economic 

reasons (Owen and Jayasuriya, 1989). Recent global interest in second-generation biofuel technologies 

to produce ethanol from ligno-cellulosic biomass, provides an entirely new perspective to up-grading crop 

residues and could be transformational. Considering the abundance of crop residue (about 4 billion 

tonnes produced globally) as livestock feed, the economic and ecological impact of the proposed 

technologies is enormous and it will become a game changer. 

The effects of increasing circularity in mitigation GHGs  

Livestock emit significant quantities of greenhouse gases, mainly in the form of methane resulting from 

enteric fermentation, which constitutes 44.1% of overall emission from livestock (FAO 2017). There 

are excellent reviews (Beauchmin et al 2008; Malic et al., 2015) available on different technologies for 

abating GHG emissions from ruminants, but most of the strategies reviewed have been explored and 

studied in developed and advanced production systems (Makkar, 2016). In the case of the proposed 

technology it is more relevant and feasible for the Low and Middle-income Country context. In 

this technology the roughages are converted into feeds equivalent to good quality roughages or 

even concentrate feeds. This will have three effects. The first and most important is that the higher 

digestibility of the treated crop residues reduces the need for supplementation with compound feeds or 

fodder crops that are grown specifically for feeding; second, the better quality crop residues can lead to a 

better utilisation of the animal’s potential and hence increase milk production. The total methane 

production per cow might not be reduced, but the higher milk production per cow will lead to a strong 

reduction in methane production and the related carbon footprint per kg of milk. This mechanism has 

been clearly explained by Gerber et al (2011). Therefore, this approach will contribute strongly to 

improved food security without increasing absolute GHG emissions.  And third, the digestion in the 

rumen will partially shift from acetate pathway (with methane as by-product) to 

propionate pathway (with no methane) when the same roughage is fed to animals after treatment. This 

might even lead to lower methane production related per kg of feed intake. When the technology is 

scaled in South Asia, the impact on methane reduction would be colossal. Furthermore, as the crop 

residue will become a more valuable commodity, due to its higher value, burning of biomass will 

be be avoided, leading to reductions in release of nitrous oxide and CO2 to the atmosphere. 
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Other socio economic and environmental benefits of circular food system that go beyond GHG 

mitigation  

As quality of the available biomass is substantially increased it will reduce the quantity of 

feeds required to produce the same amount of milk. Thus, more natural 

resources which would otherwise be used to produce forages could be spared to produce plant biomass 

for human consumption or for biodiversity enhancement. In the case of small ruminants, less land will be 

used as a grazing resource and availability of concentrate feeds from crop residues would 

promote semi/stallfeeding. Since application of the technology would likely occur within small and 

medium businesses and in a franchise environment, potential multidimensional win-win situations exist. 

These would benefit small holder farmers and the rural disadvantaged directly and the environment 

indirectly by supporting intensification, reducing water and arable land need for feed production, and 

reducing pollution from rice straw burning, resulting in overall reduced environmental footprint 

of the livestock production. There will also be more job opportunities all along the feed value chain. 

New knowledge to be developed to further improve circularity in the food system and GHG 

mitigation by circularity principles: key knowledge or experimentation questions  

The proof-of-concept trial of the ‘deconstruction’ intervention was carried out with small ruminants and 

with the residue of only one crop (rice).  Therefore, a pilot study is proposed using a larger 

plant, upgrading one ton of straw /stover per day. The objective is to generate sufficient data for 

establishing economically feasible, centralised or decentralised commercial plants by experimenting with 

different engineering options, chemical and steam treatment combinations, residues of different crops 

(rice, maize, bagasse) and animal species (sheep, dairy). During the pilot phase the following studies will 

also be carried out with a view to developing mechanisms for minimising environmental impacts, if any: 

a) Optimisation and recycling of water to save consumption, reduce wastage, as well as to move 

towards a zero discharge plant. 

b) Utilisation of lignin that is removed from the crop residue to generate steam in the boiler. 

c) Solid wastes coming from the process or plant and also RO (Reverse Osmosis) rejects to be used for 

making compost. 

Once commercial viability of the technology is established, the aim would be large scale conversion 

of biomass into concentrate feed by private industries with much reduced negative environmental 

impacts. Another area of study required to further improve circularity in the food system is a GHG audit 

to quantify the GHG emission reductions that could result from deconstruction technologies going to 

scale. Research is needed to assess extent of methane emission savings when straw/stover is converted 

to ‘concentrates’ relative to feeding of untreated material. This will give an idea of the methane reduction 

potential of the proposed technology. 
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3. Reflection & next steps 

 

3.1 Reflection 

The aim of this report is to provide an overview of the diversity of circularity in different food systems. 

The former section presented eleven short communications addressing circularity in food systems from 

Nigeria to Peru, to Southern India, from rice system in the USA to grassland-based systems in New 

Zealand. What have we learnt from these stories? What does CFS mean in different parts in the world? 

What are opportunities? What are foreseen benefits for GHG mitigation and other benefits or trade-offs? 

And what are next steps to advance CFS and more importantly, the benefits CFS aims to contribute to? 

Planetary boundaries 

The planetary boundaries framework aims to establish levels of human perturbation (e.g., extraction, 

emission, perturbation) beyond which the earth system functioning may be substantially altered, 

destabilizing the Holocene state in which societies have developed (Steffen et al., 2015). Increases in 

human population, economic growth, and consumption have resulted in unsustainable uses of biophysical 

resources, leading to land-use change and degradation, biodiversity loss, climate change, and water 

pollution (Haberl et al., 2014; Krausmann et al., 2013). By minimizing waste streams and utilizing 

inevitable waste in processes of food production, energy, or non-products, circular food systems could 

contribute to avoid exceeding the earth’s biophysical limit (Muscat et al., 2021). 

This report presents eleven case studies that aim, through a wide range of practices, to achieve 

circularity in different food systems around the world. Examples of such cases are (i) increase the value 

of organic waste production in the Mediterranean; (ii) map the flow of waste and input across pastoral 

systems in New Zealand; and (iii) increase urban waste use with industrial symbiosis initiatives in 

Reunion. Other initiatives proposed (i) crop substitution to mitigate rice field methane emission in 

Bangladesh; (ii) the establishment of a living lab to promote nutrient cycling from crop-livestock 

integration in Zambia and Malawi; (iii) innovative farms to increase crop diversification in Germany; and 

(iv) the creation of inter-related enterprises in India. Initiatives’ aims vary from (i) building up on 

traditional knowledge (as in Peru) to the development of new technologies to (ii) use rice husk as a soil 

amendment in the United States, (iii) transform cassava peel waste into animal feed in Nigeria, or (iv) 

improving cereal straws digestibility in Nepal. 

Although there is no formal definition on what a circular food system is, practices and technologies 

should minimize the input of finite resources, enhance the use of regenerative ones, prevent leakage of 

natural resources, and stimulate recycling of inevitable resource losses in a way that adds the highest 

value to the food system (De Boer and Van Ittersum, 2018; Van Zanten et al., 2019). This compilation of 

case studies provides us with a descriptive state-of-the art on how circular food systems are envisioned 

around the world and reveal similarities and differences in terms of ideas of what circularity in the food 

system entails and the problems to tackle. It gives an impression on the opportunities to explore and 

main barriers to overcome; and discusses how the proposed practices could contribute to food security 

and/or greenhouse gas mitigation, among other environmental and socio-economic benefits. In addition, 

this overview allows us to identify knowledge gaps for future steps in terms of research, decision-

making, and policy development. 

Circularity dilemma’s 

To achieve circularity, Muscat et al. (2021) established five ecological principles to guide biomass use: (i) 

save and regenerate the health of (agro-)ecosystems; (ii) avoid non-essential products and the waste of 

essential ones; (iii) prioritize biomass streams for basic human needs; (iv) utilize and recycle by-

products of (agro-)ecosystems; and (v) using renewable energy while minimizing overall energy use. 

These principles are indicative of strategic developments towards circularity and should be adjusted to 

the local contexts. In fact, in the different case studies presented in this report, the level of circularity 

and the priorities given to the mentioned principles differed by systems and regions and were heavily 

influenced by the context. However, most of the problem statements were related to avoiding essential 

nutrient waste and to the utilisation and recycling of by-products. Although the cases mentioned several 

practices to increase circularity, seven out of the eleven case studies proposed (i) reusing crop residue, 

(ii) increasing crop and livestock diversity, and/or (iiii) recoupling livestock-crop production. Four of the 

case studies, aimed to increase organic waste use by (i) increasing the value of urban waste, (ii) creating 
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an inventory of waste flows, and/or (iii) reconnecting urban with rural communities. It is important to 

note, however, that benefits derived from most of these practices were also related to other principles. 

For instance, bioenergy production from crop residues, as was proposed by the case study in Zambia-

Malawi, India, and Bangladesh, could help to reduce deforestation and thus safeguard the (agro)-

ecosystems. Although the principle states that “the production of bioenergy, is only desirable or effective 

for biomass streams that are not safe for recycling, such as waste streams containing human and 

veterinary pharmaceuticals”; in countries where the energy matrices are not developed enough, 

prioritization of bioenergy production over restoring the soil or feeding the animals seems to be a 

common choice. This example opens the discussion of how flexible we should be with the definition of 

circularity and principles based on the complexity of individual situations and considering the context and 

needs without deviating from the circularity goals.  

Under the current scenario of growing biomass demands, natural resources need to be used effectively. 

Priority should be given first to cover basic human needs; then restore the (agro-) ecosystem e.g., build 

up soil health; then animal feeding; and latest energy production. However, and as the case study 

shows, prioritization of biomass use is a difficult task due to high competition (e.g., 40% of global arable 

lands are used to produce feed for livestock). Thus, this may be the principle that is more influenced by 

the context. Different uses of crop residues proposed in the case study are an example of how priorities 

change based on the context. For example, one case study proposed to use stem and leaf from legume 

for livestock feeding. Although feed quality in livestock systems in developing countries is a constraint 

that led to low productivity and high greenhouse emission intensity (Herrero et al., 2016); these 

products (i.e., legume stem and leaf) should be prioritized for human nutrition (principle 3). In addition, 

principle 1 states that to sustain biomass harvesting from agroecosystems, we should invest in restoring 

soil carbon stocks. This is especially important in developing countries, where the use of crop residues 

should be prioritized to protect the soil from erosion. For instance, African soil has experienced decades 

of nutrient extraction without replenishment, leading to soil degradation and low crop yields (Tully et al., 

2015). In addition, increasing food production in these countries should be a priority (Van Ittersum et 

al., 2016) and this will be not achieved by only using compost and manure (Mafongoya et al., 2006; 

Vanlauwe et al., 2014; Holde, 2018). Therefore, in these systems, we should evaluate (i) what is the role 

of circularity and (ii) which level of circularity we could aim for without affecting food production. Future 

research should evaluate the current dilemma that exists between intensification of food production and 

circularity; in food systems where production is low and the dependency on food imports jeopardizes 

food security. 

Circular interventions: opportunities and associated challenges 

The development of new technologies, as well as the redesigning of existing ones to adapt them to local 

contexts, are key drivers for a transition towards circular food systems. One case study proposed an 

innovative technology to transform cassava peel waste into animal feed. The innovation allows the 

grating and mechanical dewatering of cassava peel by hydraulic pressing to facilitate rapid water removal 

and cyanide elimination. Other potential benefits that could emerge from the use of this technology are 

mitigation of greenhouse gas emission, reduction of water pollution, minimization of post-harvest losses, 

reduction of feed-food competition and import reliance, and the generation of income and creation of 

new jobs. In another case study, different mechanical and chemical treatments were proposed to 

improve the digestibility of cereal straw by increasing the breakdown of the biomass lignocellulose and 

use it as livestock feed. Further research is required to explore the scalability and potential adoption 

levels of both technologies which in many cases is low due to socio-economic constraints. In addition, for 

the adoption of these or other technologies, the participation of stakeholders from different sectors is 

key. For instance, to reuse rice husk, as it is proposed in the US case study, the industry will play an 

important role since mills would need to separate husk waste streams from other wastes, such as weed 

seeds. This case study highlights the importance of considering the food system’s complex network and 

the need to integrate different actors in the discussion.  

Equally important to the development of new technologies is, as the Peruvian case study proposes, to 

leverage traditional practices from communities as well as adding new knowledge to them. Farmers in 

the Amazonian region operate under agroforestry systems with good agricultural practices, but they 

envision land-use expansion as a more likely alternative to improve their livelihoods instead of increasing 

productivity of current agricultural land. Another example where local knowledge is integrated, is in 

India, where the creation of Integrative Farming System aims to cluster inter-related enterprises to 

increase diversity, reduce risk, generate income, and reutilize waste stream as compost, feed, and/or 
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energy. In both cases, environmental and socio-economic factors influence knowledge adoption and 

enterprise integration. Future research should incorporate participatory tools which allow the discussion 

and integration of different stakeholder needs and knowledge and help to disseminate and scale up 

practices and technology adoption.  

Regardless the intervention, opportunities that come from circularity to reduce the dependency on the 

speed of natural cycles -either by lowering resource use or enhancing the absorptive capacity of 

ecosystems- should be assessed using clear definitions and baseline scenarios. These types of activities 

were proposed in the case studies in the Mediterranean, New Zealand, Peru, and Reunion. 

An important point to bring to the attention, is that all case studies focused mainly on waste stream 

recycling but none of them discussed opportunities to reduce waste production. It may be the case that 

interventions to reduce waste production are more complex and challenging since they require social 

behaviour changes and policies. However, the complexity of the situation should not make us forget that 

food waste at production, transportation, and consumption level are important in our current food 

systems (FAO, 2015; Barrera & Hertel, 2021). Avoiding food waste can prevent unnecessary exploitation 

of natural resources; hence the importance of avoiding losses and wastes in addition to recycling. This 

highlights the need for approaching food systems’ issues with a system thinking perspective. 

3.2 Next steps 

The Circular Food System Network (CFSN) of the Global Research Alliance (GRA) aims to develop an 

active network of researchers in the field of circular food systems, to share knowledge and enhance 

collaboration to increase circularity within the agri-food system. Under the GRA, the objective of the 

CFSN is formulated as: ‘To contribute to food security with mitigation of GHG emissions by circularity 

across the entire agri-food system”. In this context, in most of the case studies, the discussion on the 

effect of the interventions on food security was relatively poor.  

For future research and discussions, it will be key to evaluate the interventions with a system thinking 

approach that focuses on the entire food system, rather than using on-farm or value chain approaches. 

Most of the case studies focus on one component (i.e., production level or waste management) of the 

food system, ignoring the connection and complexity of different components. We need combined top-

down and bottom-up whole-system approaches that look at individual parts of the food system as 

elements of an integrated entity considering not only the sum of the food system’s components but also 

the interaction between them. The study of synergies and trade-offs of the different practices and 

interventions should be performed at different levels of the food system. It is true, however, that 

considering all these connections could be overwhelming and including them will take time. Thus, they 

should be incorporated step by step. In any case, implementing the proposed interventions from the case 

studies already significantly improves the current situation. Upscaling, deepening and broadening these 

circular initiatives will lead to widespread transformations. 

For circular agri-food systems to become the norm, we need action at global, regional, and local scale. 

Biomass is used by many different sectors which are governed by different policy domains at different 

stages of the supply chain. Thus, designing a biomass cascade framework requires deep transformations 

and synergies at different levels, i.e., policies, technologies, organizations, social behaviour, and market 

level (Muscat et al., 2021). One important challenge for this transformation, is to create awareness of 

the socio-economic and environmental benefits that arise from circularity. For this awareness to be 

effective and to guide transition towards a circular system, we need metrics. Thus, case studies and 

future research need to incorporate metrics that address the complexity of the food system. Such 

metrics must capture resource and energy use efficiency, such as land-use ratio, food-feed competition, 

and nutrient use efficiency. This will entail deciding the scale at which recycling should be pursued and 

nutrient cycles closed. 

Besides the short communications and the survey results, this chapter also takes into account the 

outcomes of the kick-off workshop, in which researchers and policy-makers from a wide variety of 

regions took part (CFS Network, 2021). 
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Annex 
 

 

 

 

Video links 

1. Video link Bangladesh: https://youtu.be/RQTdEJ0FyGQ 

2. Video link Germany: https://youtu.be/ARZ33jGyK6I 

3. Video link Malawi-Zambia: https://youtu.be/v8LFh0-bD04 

4. Video link Mediterranean: https://youtu.be/mQLUeVwNLjc 

5. Video link New Zealand: https://youtu.be/8fuYKi8eoCw 

6. Video link Nigeria: https://youtu.be/nz_M9CsqW0s 

7. Video link Peru: https://youtu.be/L0VpqDL39Pc 

8. Video link Reunion Island: https://youtu.be/8asSvsjJ4tI 

9. Video link Southern-India: https://youtu.be/b1cbcUTfJxI 

10. Video link USA Arkansas: https://youtu.be/XLuk7ZcYLn8 

11. Upgrading of by-products: https://www.youtube.com/watch?v=T7DPd4p9sfM 

 

More info: CFS network website 

 


