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Biomass is the basis of our food system and future bioeconomy. 
To produce food, feed and biomaterials such as fibre, bio-
chemicals, bioplastics and bioenergy, humans harvest biomass 

from agroecosystems (for example, managed arable and grass-
lands) as well as natural ecosystems (for example, natural waters or  
forests) (Fig. 1).

More biomass has been harvested over the past century than ever 
before1,2, often leading to land-use change, biodiversity loss, climate 
change, water pollution and land degradation. These problems are 
likely to worsen as demand for biomass rises due to population 
growth and diets become richer in animal-sourced foods3.

The need to transform the economy to avoid exceeding the Earth’s 
biophysical limit is widely recognized4 and a circular bioeconomy 
is one of the ways to achieve this. An integrated framework that 
places biomass utilization in a wider context and prioritizes its use 
for basic human needs is still missing. Addressing this gap is crucial 
given the potential competition for biomass between different uses5.

Here we propose five principles for circular biomass use based 
on the concept of circularity and its roots in disciplines such as 
industrial ecology, ecological economics, agroecology and general 
systems theory. We also identify institutional, technological, orga-
nizational, behavioural, cultural and market drivers (able to acceler-
ate change) and opportunities (or key leverage points) needed to 
implement the five key ecological principles.

Principles for circular biomass use
Acknowledging that a single definition for circular bioeconomy 
might not exist6, we argue that a circular bioeconomy ought to mini-
mize the depletion of resources (for example, phosphate rock, fossil 
fuels or soils), encourage regenerative practices (for example, restor-
ing fish stocks), prevent the loss of natural resources (for example, 
carbon, nutrients and water) and stimulate the reuse and recycling 
of inevitable by-products, losses or wastes in a way that adds the 
highest possible value to the system.

A circular bioeconomy is inherently limited by the biosphere 
with its natural cycles and sinks. Here, we focus on (agro)ecosys-
tems of biomass production, encompassing land-based agriculture, 

fisheries and aquaculture, as well as natural and managed ecosys-
tems (Fig. 1).

Safeguard. Biomass production requires healthy aquatic, arable, 
grassland and forest (agro)ecosystems. To safeguard the health of 
these systems, farming, fishing and forestry practices must utilize 
natural resources at a rate that does not exceed their regenerative 
and absorptive capacity, to ensure current and future availability of 
natural resources.

Thus, the first principle calls for production practices that con-
tribute to the conservation and regeneration of the health of (agro)
ecosystems and the resources they provide. The safeguard prin-
ciple also implies minimizing—and ideally halting—the consump-
tion of finite resources (such as phosphate rock or fossil fuels) and 
stimulating the use of regenerative ones (such as solar and wind 
energy). More than a simple reduction of throughput flows of natu-
ral resources, this principle also implies continuous regeneration of 
resource quality. To sustain biomass harvesting from agroecosys-
tems, for example, we need to invest in restoring soil carbon stocks. 
In the absence of technologies and strategies that reduce greenhouse 
gas (GHG) emissions or reduce the absorptive capacity of ecosys-
tems (for example, carbon capture and storage systems can act as 
artificial sinks), a circular bioeconomy means a greater dependency 
on the speed of natural cycles.

Not exceeding the absorptive capacity means that waste or losses 
are generated at a lower rate than the assimilation capacity of (agro)
ecosystems. For instance, GHG emissions should not exceed these 
systems’ sink capacity. Forests, for example, can act as a carbon sink 
as well as a valuable source for paper and pulp, textile or bioenergy 
industries. The capacity of (agro)ecosystems to act as sinks should 
be protected and enhanced, acknowledging that agroecological con-
ditions and sink capacity differ across geographical scales.

Biodiversity plays an essential role in providing a variety of buff-
ering capacities7 and contributing to present and future ecosystems’ 
resilience. Protecting biodiversity requires conserving the natural 
ecosystems that are left (for example, zero deforestation targets) and 
regenerating or restoring degraded ones (for example, regenerate 
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soil health, encourage biodiversity-enhancing practices such as 
diverse crop rotations).

Avoid. The second principle addresses the use and production of 
non-essential bio-based products and the avoidance of losses and 
waste of essential ones. Avoiding non-essentials can prevent unnec-
essary exploitation of natural resources8, especially as impacts of 
production are unlikely to be fully offset by recovery and recycling. 
Moreover, emissions to air, water and soil9,10 can be avoided by pre-
venting the impact of production processes further upstream.

A question then arises: what are essential and non-essential 
products and what is waste? Despite food being essential, we 
waste one-third of all food globally each year and discard a third 
of the global fisheries catch for not being the target species11. 
These estimates do not include overconsumption12. In countries 
of high-to-middle income, an average person’s intake of calories is 
higher than needed, resulting in more deaths linked to obesity than 
underweight13. One may also question the value of ultra-processed 
foods with their low nutritional value and negative impact on 
health14,15. In sectors other than food, such as clothing and electron-
ics, waste is generated at a rapid pace as the lifetime of products has 
greatly reduced. The rise of ‘fast fashion’ has reduced the average 
lifespan of a garment to around three years16. Determining which 
products are essential or non-essential and what is waste rather than 
a by-product entails challenging questions and requires the engage-
ment of different sectors of society.

Prioritize. With growing biomass demands, natural resources 
need to be used effectively. The third principle refers to the priori-
ties in the use of biomass. We argue that priority should start with 
basic human needs (food, pharmaceuticals, clothes) and sectors 
without sustainable alternatives (such as the chemical industry). 
This implies, for instance, avoiding bioenergy use for light road 
vehicles since better alternatives exist (for example, electrification). 
Bioenergy could be used in aviation, heavy transport and shipping 
until technologically and economically viable alternatives arise.

Currently, biomass is not effectively used to meet food require-
ments. About 40% of global arable lands are used to produce 
high-quality feed for livestock, much of which is human-edible17. 
Similarly, most fish that end up in fishmeal could be consumed 
by humans18. Direct human consumption of such feeds would be 
more resource-efficient19,20. However, livestock and farmed fish 
can contribute significantly to a sustainable nutrient supply, espe-
cially highly bio-available ones (such as protein and iron) or nutri-
ents largely absent in plant-sourced food (such as vitamin B12 and 
long-chain essential fatty acids21,22).

Following the prioritize principle, these livestock and fish would 
only consume leftovers from arable land or fisheries and grass 
resources (recycle principle); that is, human-inedible biomass. 
Future biorefineries might also upgrade inedible biomass streams 
such as cultivated grass into proteins that humans can eat. People 
can also consume a larger diversity of aquatic foods from aquatic 
production systems, each in proportion to its natural production 
capacity23 (safeguard principle).

Biomass is also required for essential non-food biomaterials such 
as clothing. Availability and resource use efficiency can be maxi-
mized through the biomass cascading principle24, and biomass can 
be used multiple times before being converted to energy. Directing 
biomass towards material rather than energy uses may sequester 
carbon for longer periods of time25 and prevent the need for addi-
tional biomass harvest. Here we argue for prioritizing non-food 
materials such as furniture and housing26 that also sequester carbon 
if used sustainably.

For cascades to work, incentivizing the use of biomass for creat-
ing materials instead of producing bioenergy will be needed across 
countries. Such cascades can be directed by social norms. We pro-
pose that biomass cascades are best informed by frameworks of 
human needs27,28 and resource use efficiency rather than the eco-
nomics that is leading to current cascade frameworks such as the 
value pyramid29. The production of bioenergy, for instance, is then 
only desirable or effective for biomass streams that are not safe for 
recycling, such as waste streams containing human and veterinary 
pharmaceuticals. Just as with the prioritize principle, reframing bio-
mass cascades will entail rethinking which products are essential for 
human development.

Recycle. Even if the waste of food and non-food bioproducts is 
avoided, the production and consumption of essential food and 
non-food bio-based products result in by-products, such as manure 
and slaughterhouse waste from animal production. Our fourth 
principle calls for nutrients and carbon from by-products to be 
recycled back into the bio-based system, prioritizing human and 
planetary well-being.

Based on the avoid principle, the priority is avoiding 
human-edible by-products, such as the middlings from white and 
brown bread. Inevitable by-products, such as straw or animal/
human excreta, do contain valuable nutrients and carbon. Recycling 
them into (agro)ecological systems (Fig. 1) can enrich the soil, fer-
tilize crops, feed farm animals and produce biomaterials. Recycling 
implies, for example, reconnecting arable and livestock farming 
at farm and regional scales, but also building new connections 
between, for example, cities and their hinterlands.

We have to ensure that by-products are safe to recycle and do 
not cause harmful effects to humans, animals or the environment. 
For example, while plant-based human-inedible food waste can be 
immediately fed to farm animals, animal-contaminated food waste 
must be heat-treated to deactivate potential diseases before being 
fed to pigs, poultry, fish and insects. That said, recycling may entail a 
trade-off between food safety and additional energy and transport30.

Entropy. The driving force behind the recycling of nutrients and 
carbon in (agro)ecosystems is energy. While biogeochemicals, such 

GrasslandArableAquatic Forest

Processing Processing

Food Co-products

Crop residues

Co-products Non-food

Fig. 1 | Biomass flows in a circular bioeconomy. Biomass from aquatic, 
arable, grassland and forest production systems are processed or 
consumed. By-products and wastes are recycled back into the system.
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as nutrients and carbon, are cycled through ecosystems, energy 
flows and cascades from useful to less useful forms of energy31 as 
during each energy transformation process, entropy, or disorder, 
increases. Increased circularity and recycling costs energy and a 
fully circular bioeconomy is difficult to achieve given the losses in 
each consecutive cycle31,32. The fifth principle advocates minimiz-
ing energy use by working with nature, moving towards renewables 
and efficiently utilizing the rare metals on which current renewable 
technologies depend.

Following ecological engineering and design principles, a system 
can maximize the use of free-flowing energy from natural sources—
particularly the Sun. Examples of energy systems that ‘work with 
nature’ and thereby minimize overall energy use include silvopasto-
ral farming systems or multispecies aquaculture; both illustrate how 
it is better to conserve energy in ecosystems by prioritizing material 
uses over energy use (via the principle of cascading) than to increase 
the use of biomass for bioenergy33.

Given the above, as well as the need to move away from fos-
sil fuels, the future circular bioeconomy will need to be based on 
renewable energy. Current technologies depend on finite metals and 
minerals to produce solar panels or wind turbines34, underscoring 
the need to ensure that finite non-renewable materials (for example, 
lithium and cobalt) can be recycled more easily in the future35,36.

Drivers and opportunities for a circular bioeconomy
Policies. A clear opportunity for promoting a circular bioeconomy 
lies in creating synergies between different policy domains (circu-
lar economy, climate, agriculture, energy, and industrial policy). 
An integrative perspective is required as biomass is produced and 
used by many different economic sectors—and, therefore, governed 
by different policy domains at different stages of the supply chain. 
This currently creates incoherencies, trade-offs and even conflict-
ing claims on biomass. For instance, non-food biomass in the EU 
is directed towards energy first due to renewable energy policies 
despite cascading principles being in place that favour material 
uses first37,38. Following the prioritize principle, resource-efficient 
cascading can be applied to all biomass while removing distorted 
policy incentives.

Policies that promote circularity, such as interventions to reduce 
animal-source food consumption (for example, taxation) or feeding 
livestock with potentially health-hazardous animal-contaminated 
food wastes, may have limited support. It is, therefore, crucial to 
determine which policy measures are more effective by aiming for 
stronger ‘leverage’ points that go beyond isolated fixes; this requires 
taking into account societal acceptance and system-based legislative 
frameworks, and avoiding vicious cycles that inhibit transformative 
change39.

Clearly, change is also necessary within the governance system. 
Circularity can be achieved with systems thinking that combines 
top-down and bottom-up approaches40, allowing for adaptation and 
learning, and protecting against undesirable consequences. Policy 
will also require a vision to balance transformative incentives with 
reliable performance. Funding for innovation will enable farmers, 
foresters, fisherfolk and other (agro)ecosystem managers to benefit 
from the circular bio-based economy.

Technologies. Key drivers for a transition toward a circular bio-
economy are new technologies, as well as the redesign of existing 
ones. More concretely, opportunities lie in reducing dependency 
on the speed of natural cycles, either by lowering resource use and 
emissions or enhancing the absorptive capacity of ecosystems. 
Examples include carbon capture and storage technologies, plants 
bred for improved photosynthesis and more effective solar power 
(see safeguard principle). The redesign of existing technologies and 
products is necessary for a circular bioeconomy to improve the 
lifespan, repairability and recyclability of products. Environmental 

impacts can be greatly reduced if circularity is taken into account 
at the product design stage41. For plant breeding, this may entail 
designing for optimization of yield and quality of main products 
and by-products42.

Currently, product redesign is inhibited by the widespread obso-
lescence of products (for example, fast fashion) in combination 
with a lack of skills, investment and incentives for redesign, product 
recycling and remanufacturing infrastructure43. In addition, many 
bio-based products are coated or mixed with other materials, such 
as construction wood, wooden furniture and textiles. This pro-
cess could be accelerated with open databases of tried and tested 
bio-based materials as well as information and communication 
technologies that allow for material tracing across supply chains. 
Stakeholder dialogue and transparency will be particularly impor-
tant in assuring the social acceptability of the transition towards cir-
cular bioeconomy, which involves discussions on what is considered 
‘natural’ or ‘safe’ (for example, meat analogues or insects as food  
and feed).

Organizations. Businesses, non-governmental bodies and other 
organizations can be key drivers of change through supply chain 
interventions, organizational culture and access to information. A 
major barrier, particularly for the bio-based industry, is the inher-
ent heterogeneity and seasonality of biomass, which leads to an 
unstable and geographically dispersed biomass supply—and possi-
bly biomass degradation. Industries must work together to produce, 
deliver and process biomass, especially streams such as inedible, 
unavoidable food waste from the food processing industry, which 
may be more homogenous than feedstock streams further down 
the chain, such as consumer waste44. Organizational barriers also 
relate to end-of-life options for bio-based products; safe collection 
of such products requires adequate labelling, consumer awareness, 
adequate infrastructure and clear definitions and standards for what 
is considered biodegradable under specific conditions.

Solutions include moving away from economies of scale, which 
prioritize increasing specialization, volume and efficiency, to econ-
omies of scope, which can exist independently of volume and allow 
multiple products to be produced together. Economies of scope 
can create multiple sources of income, lower overall costs44 and be 
combined with multi-product cascading biorefineries, using waste 
from one process as feedstock for another (prioritize and recycle 
principles). A network of biorefineries within proximity can create 
an economy that minimizes waste by avoiding the risk of biomass 
degradation, overcoming the cost of transport and utilizing waste 
from nearby production processes44.

An economy of scope may involve reconnecting areas where bio-
mass is largely consumed (cities and urban environments) to areas 
where biomass is produced (rural and agricultural areas). Closing 
the gap between these could improve circularity by potentially 
reducing food waste or recycling waste such as human excreta—a 
rich source of mineral phosphorus that would reduce dependence 
on phosphate rock9. The challenge will be how to address this across 
geographical scales. Smart technologies to collect, process, trans-
port and safely recycle ‘urban nutrients’, such as nutrients in human 
excreta, require further research and investment.

Social behaviour. Research is increasingly recognizing the role 
of behavioural and cultural factors as drivers of more sustainable 
behaviour45–47 beyond access to information and knowledge about 
sustainable practices48. To meet the safeguard and avoid principles, 
behavioural and cultural barriers will have to be overcome to shift 
consumption patterns and keep them within planetary boundaries.

High demands for animal-source food, energy and plastics are 
often associated with behavioural and cultural factors such as gen-
der and identity49,50, as well as psychological biases. For example, 
a ‘psychological distance’ bias may be created when plastic waste 
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is exported to other countries. This can result in a perception that 
plastic pollution has been solved, increasing its use51. What is seen 
as waste is furthermore culturally and behaviourally mediated52 and 
there is growing recognition that the causes of food waste, particu-
larly at a consumer level, relate to cultural factors such as peer pres-
sure and value-perceptions around waste53,54.

Behavioural studies provide many avenues for shifting sustain-
able behaviour. These can be coupled with formal institutional meth-
ods, such as streamlining food labelling55 or eco-labels, supermarket 
ratings and campaigns to normalize sustainable choices. Changing 
the ‘choice environment’ may, in particular, be more effective than 
addressing internal aspects such as values and identity56. For exam-
ple, sub-optimal foods such as ‘ugly’ fruit and vegetables that end up 
as food waste can be used in the ‘food environment’ via changes in 
retail practices and consumer awareness.

Change is needed at the individual level as well as among com-
munities, culture and society at large. The latter will, however, 
require a widespread paradigmatic shift. Structural change can be 
achieved through nudging strategies that alter individual behav-
iour but can never happen overnight. A strategy of starting with 
small wins could be more effective57. Small wins are in-depth con-
crete steps at the local level, such as community initiatives and 
socio-technological innovations (for example, circular community 
farming). Upscaling, deepening and broadening these circular ini-
tiatives can lead to widespread transformations40.

Markets. Market incentives can accelerate the shift away from 
non-circular and fossil-based products and towards bio-based 
products. However, market barriers currently reduce or block 
the economic viability of circular products or business models, 
including barriers to market access and environmentally harm-
ful subsidies that inhibit competition. Investment costs to move 
from non-renewable to bio-based products are high as competing 
products (often petrochemical-based) remain cheap compared with 
their bio-based alternatives due to environmental or social costs 
being external to prices. Besides, the raw material supply of biomass 
is uncertain; for example, avoiding waste may ultimately disrupt 
business plans that rely on waste-biomass as a feedstock. Using food 
waste and residues from the food processing industry may provide 
more stable feedstocks.

Some products retain their market value despite not being circu-
lar. The cost of virgin biomass materials currently remains low, while 
the cost of collection of waste biomass remains high. An opportu-
nity for changing this is through market incentives such as taxes on 
virgin raw materials57. For a fair playing field between bio-based and 
petrochemical products, environmental impacts should be internal-
ized. Furthermore, bio-based alternatives can replace petrochemi-
cal products that already have an established market also known as 
‘drop-ins’, which can help overcome the initial barrier of finding a 
market niche.

Discussion
Shifting towards a circular bioeconomy requires deep transforma-
tions, varying from how we cascade biomass and measure progress 
to the type of economic development model we pursue as a soci-
ety. Translating the concept of a circular economy into biomass 
use requires cascading frameworks that direct biomass towards its 
highest value to make the most effective use of the limited resources 
available24.

The principles presented here have various implications for exist-
ing bioeconomy cascading frameworks for biomass. We suggest that 
cascading frameworks be informed by human need frameworks 
accounting for resource use efficiency, implying that ‘higher value’ 
is determined by higher need value rather than economic value. 
Frameworks such as the value pyramid, for example, direct biomass 
towards higher economic value products such as cosmetics29.

Our principles also have implications for circularity concepts 
such as those of the Ellen MacArthur Foundation58, which keep 
technical and biological cycles separate in theory. In practice, these 
two cycles are inherently intertwined as they both contain organic 
and inorganic elements. Complete separation of technical and bio-
logical materials is probably unrealistic41.

Once the right frameworks are in place, new metrics will be 
needed to measure progress. Circularity metrics for bio-based 
products, for example, will have to include levels of harvest of vir-
gin materials and natural resources and require clear definitions of 
biodegradability and measures of toxicity for end-of-life options59. 
Most importantly, circularity metrics must address the complexity 
of (agro)ecosystems and their interlinkages, such as feed–food–
fuel competition. Metrics must capture resource use efficiency and 
energy use efficiency from the entire bio-based system, such as the 
land-use ratio60 or measures aimed at the most exergetically efficient 
energy use (such as combined heating and power systems31,39,61).

Current product footprints are, by definition, linear metrics, 
and therefore fall short of addressing the environmental impact of 
the entire bio-based system. While efforts have been made in sys-
tem dynamic modelling to better address the interactions between 
food and non-food uses and capture more of the complexity and 
non-linearity of bio-based systems62, few models to date have incor-
porated circular principles such as the ones mentioned above.

Besides product-based metrics, system-based metrics are needed 
to define the maximum level of emissions that can be absorbed by 
(agro)ecosystems in each region. Such regional ceilings avoid collec-
tively placing an excessive strain on the environment. A transition 
towards a circular system, therefore, requires a smart combina-
tion of metrics at different scales (for example, product, farm and 
region). This will entail deciding the scale at which recycling should 
be pursued and nutrient cycles closed63. Due to agroecological and 
socioeconomic conditions, some areas may be more suitable for 
specific production systems and also outweigh the environmental 
impact of transport. This, in turn, involves regional considerations 
about these conditions as much as a discussion on trade and global 
equity, since achieving increased sustainability in one country may 
come at the expense of another64,65.

While circularity can contribute to all three pillars of sustainabil-
ity31, it mainly addresses staying within planetary boundaries. Yet, a 
true, sustainable circular bioeconomy requires respect for the social 
foundation66,67. This foundation includes essential rights for humans 
and animals, such as the right to healthy and safe food, labour pro-
tections and farm animals expressing their species-specific behav-
iour. It also means ensuring farm workers, fisherfolk and land 
managers—the frontliners of a circular bioeconomy—a prosperous 
livelihood.

Together, the planetary boundaries and social foundation of our 
food and bio-based systems should define a safe and just operat-
ing space where human, animal and planetary well-being is assured. 
Transitioning towards this space will require changing the way we 
value products and services and rethinking our definition of pros-
perity as we embrace new measures of social progress. It also raises a 
series of questions about which economic model to pursue and how 
to monitor its evolution. Although a circular, bio-based economy 
will require sustained effort to close the loop in our (agro)ecosys-
tems, it could also set humanity on a path towards socio-economic 
and planetary prosperity.
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