


from the President

Our Society and our pro-
fession have a long his-
tory of increasing
agricultural productivity

to feed the world’s growing popu-
lation. I have seen firsthand the
impact that agricultural and bio-
logical engineering (ABE) has
had on my family’s row crop farm
in central Iowa. Growing up, I
heard stories about how our farm
transitioned from the horse power
my great-grandfather relied on, to

the early tractors my grandfather used, and now the efficient
diesel equipment used today. I helped my father implement
precision farming with GPS, grid soil sampling, yield moni-
toring, and variable-rate application to ensure that every acre
received the inputs the crop needed. The improvements in our
on-farm grain storage and handling allowed us to better man-
age grain, reducing post-harvest losses and increasing grain
quality. Most recently, I am excited to hear terms like regen-
erative agriculture, nutritional density, carbon sequestration,
and soil health being discussed among Midwestern farmers
as we all continue to learn and evolve.

ASABE is now positioned to have an even bigger impact
as we face a new set of challenges. The growing population
continues to need food to eat and clean water to drink. Our
current production systems, as good as they are, can’t simply
be expanded to accommodate the increasing demand. There
are absolute limits to the amount of arable land and fresh
water available. And while productivity per unit land area has
increased enormously over the past century due to the collab-
orative efforts of ASABE members, there is more to do. To
achieve the needed productivity, to feed the world, while also
protecting the natural environment, we must fundamentally
transform our global food and agricultural systems. Our cur-
rent linear systems, in which productivity flows from the pro-

ducer to the consumer and ultimately to the landfill, must
become circular systems, in which wastes and byproducts are
captured for reuse and are recycled back into production. The
transformation to circularity is a big challenge, and it will
require big thinking. 

And it’s getting started. This special issue of Resource
presents a new initiative: Transforming Food and Agriculture
to Circular Systems (TFACS). As Sue Nokes and Jim Jones
explain in their introductory article, ASABE’s involvement in
TFACS began with the 2019 Annual International Meeting
(AIM) in Boston. One of our first actions was the formation
of an expert Roundtable lead by Brahm Verma to explore the
possibilities for circularity in our current production systems
and to define the importance of ASABE in collaborating with
the many disciplines, stakeholders, and public and private
agencies that will be involved in the transformation to circu-
larity. The articles in this issue present the ideas developed by
the Roundtable members on how circularity applies to open-
field systems, controlled-environment systems, and livestock
systems. These articles are intended to be thought-provoking,
even debatable, and they are just the beginning. We will con-
tinue the discussion at the ASABE Annual International
Meeting being held virtually this July. Kati Migliaccio has a
led the charge, organizing special sessions focused on the
transition to circularity.  

Seeing the advancements that past generations have
made, I am excited to see what the world of food, fuel, and
fiber production will look like in the next 25 years. I encour-
age you to read on to learn more about how ASABE mem-
bers, just like you, are coming together to have a big impact
on our future—“benefiting people of the world.” I hope this
issue motivates you to #getinvolved and make contributions
toward a more efficient, resilient, and sustainable global food
production system. This is a really big deal.

Candi
CandiceEngler@myASABE.org

A Big Impact from Big Thinking
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meetings, call ASABE at 800-371-2723 or email mtgs@asabe.org.

2021

July 11-14       ASABE Annual International Meeting. 
Virtual.

Dec. 6-10        6th Decennial National Irrigation Symposium.
San Diego, Calif., USA.
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Jan. 9-14        Soil Erosion Research under a Changing
Climate. Aguadilla, Puerto Rico.

Feb. 14-16      Agricultural Equipment Technology Conference
(AETC). Louisville, Ky., USA.

May 16-19      Sustainable Energy for Sustainable Future.
Escazu, San Jose, Costa Rica.
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T
he involvement of ASABE in prioritizing the devel-
opment of circular food and agricultural systems
began at the 2019 Annual International Meeting
(AIM) in Boston. The keynote speech, titled “From

Here to Sustainability,” was given by Joel Makower, President
and CEO of GreenBiz. Joel described several areas that he
and his colleagues identified as necessary for achieving a
sustainable future, such as regenerative agriculture, walkable
communities, and resource productivity, including the use of
“stranded resources.” The keynote was followed by a panel
discussion that was moderated by ASABE Past President
Norm Scott. In addition to Joel, the panel included a public
policy lawyer, a chemical engineer, and an agricultural engi-
neer from the machinery industry.

During the remaining days at the AIM, Jim Jones and
Lalit Verma engaged Sue Nokes, the incoming ASABE
President, in a persuasive conversation recommending that
ASABE assess the feasibility of sponsoring a project to
increase the visibility of agricultural and biological engineers
(ABEs) both in the U.S. and abroad. At the time, Jim was
completing a three-year term as a co-leader of the NSF pro-
gram on “Innovations at the Nexus of Food, Energy, and
Water Systems” (INFEWS), where he found a lack of recog-
nition of ABEs, and of ASABE, in the federal agencies.

Transforming Food
and Agriculture to
Circular Systems: 
ASABE’s National
Priority
Sue Nokes, P.E., and James Jones

Where it all began. Following Joel Makower’s 2019 keynote
address, these panelists got the conversation started. From
left to right, Joel Makower, Amy Stein (Professor of Law at
the University of Florida and nationally recognized for her
research on energy policy and its implications on the energy
and water nexus), ASABE  Fellow Rabi Mohtar (Dean of the
Faculty of Agricultural and Food Sciences, American
University of Beirut, Lebanon; TEES Research Professor,
Texas A&M University; and an expert in the area of water
resources and transdisciplinary research), JoAnn Lighty
(Dean of Engineering at Boise State University and former
NSF founding co-leader of INFEWS), ASABE Fellow John Reid
(former Director, Product Technology and Innovation, John
Deere), and ASABE Past President and Fellow Norm Scott,
panel moderator, and a former Director of Cornell University
Agricultural Experiment Station and Vice President of
Research and Advanced Studies at Cornell, has been active
in research on sustainable communities for over 20 years.
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As president of the ASABE Foundation, Lalit saw the
project as an opportunity to advance the Foundation’s mis-
sion of helping ASABE become “a world leader in con-
necting resources for engineering sustainable systems of
food, bioproducts, and the environment.” Additionally,
Jim, who is a member of the National Academy of
Engineering and served on the Board of
Agriculture and Natural Resources
(BANR), recommended that ASABE pre-
pare a proposal to BANR on transitioning
from linear food and agricultural systems
to circular systems for a consensus study
by the National Academies of Science,
Engineering, and Medicine (NASEM). At
its November 2019 meeting, the ASABE
Board of Trustees voted to commit ASABE
to this important initiative: Transforming
Food and Agriculture to Circular Systems
(TFACS).

Immediately after the 2019 AIM, Jim
introduced Sue and Lalit to the director of
BANR. Jim talked about the powerful ses-
sion at the 2019 AIM and explained why
ASABE was excited about TFACS. He also
relayed ASABE’s interest in working with
other professional societies, including
ASA-CSSA-SSSA, chemical engineering,
economics, and others, in identifying grand
challenges that could help guide currently
siloed science communities toward a sus-
tainable future through convergent
research. The director of BANR was inter-
ested in the idea and suggested that we stay
in contact with her.

TFACS is a great fit for ASABE
because ABEs work across all the subsys-
tems involved in the complex problem of
producing and processing food, feed, fiber,
and energy, as well as the ecosystems that
support these commodities, and ABEs are
adept at integrating work from multiple
disciplines to create solutions for improving the quality of
life. ASABE members work on engineering and manage-
ment projects in facility systems, plant systems, animal
systems, energy systems, natural resource and environ-
mental systems, machine systems, processing systems,
packaging systems, waste management, sensors, big data,
and many other areas.

In addition, ASABE members’ day-to-day work
requires collaboration with individuals in agriculture,
manufacturing, processing, basic sciences, and the social
sciences. ASABE members also have experience with
working in a convergent manner, from a “system of sys-

tems” perspective, which is necessary to transform food
and agriculture into circular systems and ensure long-term
sustainability. The goals of TFACS align with our profes-
sion in a way that plays to the strengths of ASABE, pro-
viding an opportunity for ASABE to increase its
contributions to the nation and to the world.

The continuing dialogue with BANR
led to an invited presentation at the
February 2020 BANR meeting. ASABE’s
goals for the meeting were to introduce the
TFACS project and build support for it
among the BANR committee members.
Things moved more rapidly than we
expected. At the same meeting, the BANR
committee voted to move the project for-
ward. Jim was invited to write a proposal to
BANR laying out suggested questions for
the project to address. To assist in raising
funds, Sue requested that ASABE’s E-06
Liaison committee recommend TFACS to
the ASABE Foundation as a fundraising
priority.

ASABE envisions its role in TFACS as
three-fold. First, we want to provide a
framework with which ASABE can organ-
ize technical sessions and committees,
which will encourage our members to work
across specialization boundaries within the
profession in a new way. Second, we want
to facilitate convergence among different
disciplines, find others willing to con-
tribute to this effort, and find additional
financial support. Every discipline has a
specific way of seeing things, so a conver-
gence of disciplines can remove those sin-
gle-lens views of the problem and its
solutions. Third, we plan to take a leading
role in developing standards for food and
agricultural processes (not just equipment)
and work with other organizations to make
this happen. Circular systems will need

reliable standards for setting quality levels and coordinat-
ing advances.

Over the past 160 years, NASEM has gained a repu-
tation for providing objective assessments and recommen-
dations by highly experienced thought-leaders and
visionaries across a broad spectrum of disciplines, indus-
tries, and agencies. Their assessments and recommenda-
tions are used to set national priorities and commit
resources to address the complex challenges faced by our
nation. For example, the 2019 NASEM study titled
“Science Breakthroughs to Advance Food and
Agricultural Research by 2030 - NAP 25059” is a primary
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driver of the USDA’s current Agricultural Innovation Agenda,
which emphasizes sensor technology, digital agriculture, and
systems approaches.

ASABE’s TFACS project aims to influence the research
and development priorities of federal agencies and lead to inno-
vations and actions for converting our current linear production
systems to circular systems. By working with BANR and
NASEM in developing a national consensus on how the U.S.,
and the world, can transition to robust and resilient circular sys-
tems, ASABE will benefit by gaining additional resources to
support the goals of the ABE profession, and ASABE’s long-
standing contributions will receive greater visibility.

Many activities within ASABE already support this initia-
tive. One of the first actions was Sue’s appointment of a small
group of members to serve on a Roundtable, during the sum-
mer of 2020, to begin the TFACS discussion. Many thanks to
Brahm Verma for his excellent leadership of the Roundtable.
The articles in this issue of Resource, which were written pri-
marily by Roundtable members, are intended to be thought-
provoking, but they are certainly not the whole story. That story
is just beginning. We hope this issue will be an inspiration for
you to get involved in this exciting new initiative.

See author information for Sue Nokes, P.E., and James Jones
below.
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F
ood and agricultural systems (FAS) provide food,
feed, fiber, energy, and other products, and they are
intricately interwoven with human society. FAS are
often misunderstood as simply farming systems. In

reality, FAS are much more complex because they encompass
a wide range of activities—including production, processing,
transport, marketing, and consumption—as well as manage-
ment of the byproducts. In the U.S., FAS constitute more than
22% of the national GDP, employ more than 28% of the
national workforce, and are critical to national security.

However, as is evident in the FAS schematic in figure 1,
different decision-makers control the various activities along
the FAS value chain, and there are no public or private infra-
structures for recovering unwanted outputs, which are lost or

discarded as wastes. These wastes include the 30% to 50%
loss of produced food that is typically dumped into landfills,
along with the valuable resources, such as nitrogen, carbon,
and other raw materials, that are contained in discarded food.

The impressive improvements in U.S. FAS since 1930,
which quadrupled the supplies of food and fiber, were driven
by advances in genetics, agricultural sciences, mechaniza-
tion, and other technological innovations. Simultaneously,
government policies provided incentives for innovations,
increasing and stabilizing production, and providing afford-
able food for consumers.

FAS are now at an inflection point because their current
incremental rate of improvement is unlikely to meet the antic-
ipated increase in demand by the growing global population

Transforming Food 
and Agriculture 

to Circular Systems: 
A Perspective for 2050

James Jones, Brahm Verma, Bruno Basso, P.E., Rabi Mohtar, and Marty Matlock, P.E.

Figure 1. Schematic of a current food and agricultural system (FAS), showing the boundary that encompasses all activities from
production to consumption, while losses and wastes have external impacts (adapted from a presentation by C. Rosenzweig at
the NASEM workshop on Healthy People, Healthy Planet, 22 July 2020).
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(e.g., a 50% to 70% increase in food demand by the year
2050). Additionally, the necessary increase in production
must be achieved with fewer resources, declining biodiver-
sity, and increasing risks to ecosystem health. Climate change
will further exacerbate the risks to our industrial, traditional,
and family-based FAS.

Most of these problems have arisen because our current
FAS are linear, that is, they follow the one-way path of take-
make-use-dispose, as shown on the left in figure 2.

In the U.K., the Ellen MacArthur Foundation defined
food systems as “the full value chain of producing food for
human consumption, from agricultural activities and other
means, through handling, transportation, storage, processing,
distribution, and consumption to organic (including human)
waste management and disposal/reintroduction into produc-
tive use (‘looping’)”. We can easily extend this definition to
include the value chains for feed, fiber, energy, and other FAS
products along with their complex interactions with human
activities and the environment.

Three reports by the National Academies of Science,
Engineering, and Medicine (NASEM) in 2015, 2018, and 2019
highlighted the importance of FAS to the U.S. economy and
national security, discussed FAS vulnerabilities, and empha-
sized the importance of including all components of the FAS
value chain, from production to consumption and beyond. The
2015 report developed a scientific framework for assessing the
strengths and weaknesses of different FAS approaches to meas-
ure the sustainability of U.S. agriculture. The 2018 report indi-
cated that continued incremental changes in current systems
will not meet future challenges and recommended redesigning
systems to consider tradeoffs among multiple goals. The 2019
report identified five grand challenges:

•  Sustainable supplies of food, energy, and water.
•  Curbing climate change and adapting to its impacts.
•  Designing a future without pollution and waste.

•  Creating efficient, healthy, and resilient cities.
•  Fostering informed decision-making and actions.
Collectively, these reports provide an excellent assess-

ment of the problem, they emphasize that current FAS are not
sustainable, and they recommend using convergent systems
approaches. NASEM’s Board of Agriculture and Natural
Resources (BANR) is now organizing a new consensus study
to develop a vision of FAS for 2050 and recommend path-
ways to address the multiple goals of food security, environ-
mental and natural resources sustainability, economic
profitability, and resiliency.

This article presents an overview of transforming linear
FAS into circular systems to meet these multiple goals. The
later articles in this issue of Resource present some of the
opportunities that lie ahead if we can rethink and redesign our
systems to meet future demands.

Overview of circular systems
Circular systems are not a new idea—they are based on

nature. Waste does not occur in nature. One organism’s waste
is another organism’s food, and nutrients and energy flow in
closed-loop cycles of growth, decay, and reuse. In contrast to
circular systems, our current linear FAS do not include mech-
anisms for waste recovery and productive reuse. This “loop-
ing” of resources, as described by the Ellen MacArthur
Foundation, can guide the design and development of future
FAS. Studies in Europe show that the make-use-reuse-remake-
recycle path of circular systems, as shown on the right in figure
2, can capture the resources that are embedded in byproducts,
mimicking the zero-waste efficiency of natural systems.

Circular economies keep products and materials in use,
regenerate natural resources, drastically reduce waste and
pollution, and increase economic value. However, to ensure
their reliability for human societies, circular systems must be
resilient and be able to function during unexpected events
(such as a global pandemic) as well as during expected chal-
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Figure 2. Linear (left) and circular (right) systems. A 2019 study by the Ellen MacArthur Foundation on implementing circular
food systems in urban areas estimated that cities would gain economically, socially, and environmentally, and the economic
benefits would amount to $2.7 trillion by 2050.



lenges (such as pest outbreaks and extreme weather).
Developing circular FAS for a wide range of products, prac-
tices, and conditions will require a convergence of disci-
plines, practitioners, and agencies.

ASABE has adopted this challenge as its long-term prior-
ity. We are now working with BANR to support a proposed
study on transforming linear FAS to circular systems. An
important goal of the study is to make recommendations for
transitioning to circular systems that can double food produc-
tion by 2050 without the need for additional freshwater, arable
land, or other natural resources, mostly eliminating non-renew-
able energy use, and protecting the health of ecosystems.

The 2020 ASABE Roundtable
As Sue Nokes and Jim Jones explain in their article on

page 4, an ASABE Roundtable was convened last summer to
frame the problem and support the proposed BANR study.
The 23-member Roundtable addressed two objectives:

•  Explore the complexity and obstacles in the transition
to circular systems using current FAS as examples.

•  Identify ASABE’s strengths and its role in designing
and managing circular FAS.

At its first meeting, the Roundtable members reviewed
the concepts of circular FAS, reviewed the draft proposal pro-
vided to BANR, and discussed the importance of ASABE in
integrating multiple disciplines, practitioners, and public and
private agencies for designing circular FAS. In a brainstorm-
ing session, the members identified the actions needed to
transform a typical linear system into a circular system.

In the next step, the Roundtable formed three groups,
each of which focused on a different type of FAS, to identify
the critical knowledge and technologies needed for the trans-
formation. The three types of FAS were open-field systems,
controlled-environment systems, and livestock systems.
These diverse types of FAS present unique challenges and
possibilities for transformation. At the same time, many
issues (e.g., water and energy) are common to all FAS.

The three groups, each with seven or eight members,
refined their chosen FAS. The open-field systems group
focused on corn-soybean systems and systems for fresh-market
tomatoes. The controlled-environment systems group chose
the entire controlled-environment FAS, and the livestock sys-
tems group focused on beef systems and pork systems. These
systems were selected based on their products (food or non-
food) and the product flow through their value chains.

This approach to FAS based on the entire value chain,
rather than just the end products, provided a clearer pathway
for tracing, studying, and redesigning the entire FAS. In a
month-long effort, the three groups described the value chains
of their chosen systems, developed preliminary designs for
circular systems, identified gaps in knowledge and technol-
ogy, and developed first-draft graphical representations of the
transformation of the current systems to circular systems.

At the second meeting of the Roundtable, each group
refined its graphical representation of the circular system.
The pathways to circularity differ depending on the products
and processes involved in the value chain, including
processes for the looping of losses and wastes. When focus-
ing on circularity in an individual FAS subsystem (such as
production), the groups recognized that it was also important
to consider the consequences of adjacent subsystems. In other
words, the process for making one subsystem circular must
be in harmony with the processes for making the other sub-
systems circular.

In addition to graphical representations of their circular
systems, the three groups also prepared written reports on
their circular systems and pathways for transformation.

In this issue
The articles in this issue present the work of the three

groups. Each FAS varied due to variations in components and
environments, and thus the proposed solutions also varied.
However, several important considerations were common to
all systems:

•  Identifying the system’s components, boundaries,
scale, and environment, as well as its current losses,
inefficiencies, wastes, and impacts.

•  Considering future environmental and climate condi-
tions.

•  Envisioning solutions that achieve circularity, sustain-
ability, and resiliency.

•  Using data, models, and other tools to predict system
performance, including tradeoffs among the objectives.

•  Developing standards for measuring and documenting
progress toward the multiple goals.

Each of the following articles describes the characteris-
tics of a selected FAS and the external drivers (such as
resource availability, climate, environment, policy, and tech-
nological innovations) that can impact the transformation to a
circular system. Schematics, conceptual maps, and graphical
representations of the envisioned circular systems are
included, as well as pathways for completing the transition by
2050 in three phases: near term (2021-2030), intermediate
term (2031-2040), and the final phase (2041-2050).

These articles will serve as a basis for scientific papers
and other publications to communicate the importance of cir-
cular systems to a wider audience. This issue of Resource is
also an invitation to ASABE members and other profession-
als to participate in transforming FAS to circular systems.

Transforming Food and Agriculture to Circular Systems
(TFACS) is a historic opportunity to meet the increasing
demands for food and other products, move toward zero
waste, conserve the Earth’s natural resources, and protect the
health of ecosystems. This is a global challenge, the deadline
is 2050, and ASABE has a pivotal role to play.

Author information for James Jones, Brahm Verma, Bruno Basso,
P.E., Rabi Mohtar, and Marty Matlock, P.E., is available on page 6.
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C
orn-soybean rotations are the predominant U.S.
cropping system in terms of land area (92 million
acres of corn and 84 million acres of soybeans;
USDA, 2020), production (346 million tons of

corn and 119.5 million tons of soybeans), and economic
value ($75 billion from corn and $21.5 billion from soybean).
More than 70% of U.S. corn was used for livestock feed or
ethanol in 2019, while only a small percentage went to human
consumption. In addition, corn productivity comes with envi-
ronmental costs, chiefly in the form of greenhouse gas
(GHG) emissions and water pollution. In this article, we
briefly discuss the steps needed to transform our current lin-

ear corn-soybean systems into circular subsystems for open-
field production of corn and soybeans in the U.S. Midwest.

Current corn-soybean systems
Two subsystems are considered here: corn production

(including crop growth and harvesting) and grain drying. The
inputs include land rental, seed, fertilizer, pesticides, labor,
equipment, energy (for tillage, planting, treating, and harvest-
ing), irrigation, grain drying and storage facilities, and trans-
portation. Figure 1 is a summary of the biogeochemical
processes and resources that are currently lost to the environ-
ment or that need to be reduced, improved, or optimized in the
corn-soybean systems of the U.S. Midwest.

Designing
Circularity into
Corn-Soybean
Systems
Bruno Basso, P.E, James Jones, Tom Richard, 
Charles Sukup, P.E., Lalit Verma, P.E., Marty Matlock, P.E.,
Rabi Mohtar, Stephanie Herbstritt, and Rafael Martinez-Feria

Figure 1. The biogeochemical processes and resources that are currently lost to the environment or that need to be reduced,
improved, or optimized in corn-soybean systems in the U.S. Midwest.
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Plants rely on atmospheric carbon dioxide for photosyn-
thesis, with carbon making up about half of the plant biomass.
Carbon and nutrients that are not removed in the grain return
to the soil as residue, building up carbon in the soil organic
matter. Soil tillage and drainage, which are widely practiced in
the Midwest, accelerate the decomposition of soil organic
matter, releasing carbon dioxide into the atmosphere.

In addition to the GHGs emitted during fertilizer manu-
facturing, the use of nitrogen fertilizers can lead to large
quantities of nitrous oxide (a potent GHG) and ammonia
emissions from crop fields. Fertilizer not taken up by crops
runs off the fields and contributes to downstream water pol-
lution, including the hypoxic zone in the Gulf of Mexico.
Fossil fuels for crop production, harvesting, drying, and
transportation further contribute GHGs. 

Resource inputs, flows, losses, and outputs
Figure 2 shows the on-farm processes for corn, including

inputs obtained from external sources, on-farm cycling of
carbon (C), nitrogen (N), and water, their flows into the sur-
rounding environment, and outputs in the form of grain sales.
A circular perspective can identify changes in inputs and
operations that could help farms be more productive, sustain-
able, and efficient users of multiple resources.

Regrettably, current practices are not yet driven by
increasing resource use efficiency or by providing ecosystem

services, but instead are mostly based on production incen-
tives. Although some resources are recycled on farms, other
subsystems (including livestock production, meat processing,
sales, and consumption) have losses and wastes that could be
recycled or transformed for use as inputs to farming systems.

For example, as one option for increasing circularity, fig-
ure 2 shows that production wastes from nearby livestock
facilities could be cycled back into the corn system. Other
strategies to increase the circularity of farming systems
include the choices of inputs, on-farm production of renew-
able energy, and the use of biofertilizers that are transformed
from losses and wastes.

The losses of C, N, and water to the environment are
much larger than their outputs in grain sales and thus repre-
sent opportunities for increased circularity and resource use
efficiency. Significant losses include gaseous flows to the
atmosphere (e.g., GHGs and water vapor), losses to landfills
(e.g., food waste), and environmental degradation (water pol-
lution and soil loss).

We specifically examined N cycling in rainfed corn-soy-
bean cropping systems for livestock feed in the U.S. Midwest,
focusing on N cycling through the return of crop residues to
the soil and the application of livestock manure, which
together provide the main circularity for N cycling in current
systems. The inputs included fertilizer, soybean N fixation,
and atmospheric deposition. Undesirable N losses to the envi-

Figure 2. Flows of carbon (C), nitrogen (N), and water (H2O) in a corn system. The solid arrows represent linear flows among the
system components, inputs from fertilizers and the atmosphere, and outputs as grain sales. This diagram includes residue C
and N returned to the soil, but it does not show all the losses and wastes from the system components (e.g., grain dryers and
storage). The dotted lines show the possibility of reusing manure C and N from nearby livestock facilities.
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ronment included gaseous emissions, N transported by water,
and ammonia volatilization from manure. The desired N out-
put was the grain sold for animal feed or other uses.

The circularity of N cycling in existing systems (i.e., the
proportion of N returned to the soil) was estimated to be
about 21%. If N fertilizer use was reduced by 36% (e.g., with
more efficient fertilizer application technology) and environ-
mental N losses were reduced by 50%, then the circularity of
N cycling would increase to 30%, with dramatic reductions in
the N losses to GHGs and environmental contamination.
There are many other opportunities to modify current sys-
tems to make them more circular and meet multiple goals.

Drivers of change and future scenarios
Multiple drivers of change can make our agricultural

systems more productive, efficient, and resilient. These driv-
ers include changes in climate, the cost and availability of
natural resources, consumer dietary preferences, government
willingness to invest in solutions, traceability of products,
technological innovations, and demand for labor along the
value chain. The transformation to circular systems will also
require tradeoffs among multiple objectives.

In addition to the drivers that affect the entire value
chain, those that affect specific subsystems must also be con-
sidered. These subsystem drivers will include a continuing
strong demand for grain to feed livestock. Corn and soybeans
will be used mostly for animal feed, food products, specialty
chemicals, and other high-value products, while production
of biofuels from grain will decrease. Other subsystem drivers
include technological innovations in genetics, automation,
management systems, sensors, modeling, and data analytics.
The cost of fossil fuel energy will continue to increase, mak-
ing renewable energy more economically viable throughout
the value chain.

Transforming to circular systems by 2050
Current food and agriculture systems (FAS) are heavily

dependent on fossil fuels to produce inputs, such as fertilizers

and chemicals, and for tillage and grain drying. Currently,
corn production contributes about 4% of GHGs in the U.S.,
while the entire FAS from farm to table generates nearly one-
third of all anthropogenic GHGs worldwide. However, by
increasing the use of renewable energy to manufacture inputs
and power farm operations; implementing no tillage, cover
crops, and perennial crops; sequestering carbon in the soil;
and increasing nutrient and water use efficiencies, agriculture
has potential to become the first economic sector to achieve
net negative emissions.

When combined, these strategies will reduce agriculture’s
environmental footprint and increase resource use efficiency
and productivity. These strategies also show promise for creat-
ing more circular corn systems at the field, farm, and regional
scales that can be integrate into circular FAS value chains.

New research agendas and technologies for reducing
wastes and enhancing ecosystem services are critical. For
example, existing technologies for digital agriculture can
determine the precise amount of N fertilizer to apply and
identify land that is unproductive and unprofitable. Other
examples include broader adoption of digital agriculture,
advances in crop genetics, improvements in on-farm renew-
able energy, electrification, autonomous vehicles, and robot-
ics. Other opportunities include technologies for capturing
and reusing discarded resources in FAS value chains and pro-
ducing affordable inputs that reduce GHGs.

New policies and investments are needed to stimulate the
needed innovations. Successful policy changes will enable
development of revenue streams that attract private invest-
ments for near-term benefits and guide public investments for
future improvements. Incentives could include payments for
ecosystem services, grain valuation methods, insurance
adjustments, interest rates on borrowing, grant support, and
renewable energy credits. These incentives will allow produc-
ers to adopt beneficial practices while remaining profitable.

Figure 3 illustrates the transition to circularity in three
phases. These phases involve reducing GHGs, nitrate leach-
ing, soil carbon losses, and energy use, and improving water

Figure 3. Three phases of solutions for transforming linear corn-soybean systems to circular systems in which waste is reduced
and resource use efficiency is enhanced.
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quality, irrigation efficiency, and energy generation on farms.
Northup et al. (2020) discussed the criteria needed for reduc-
ing GHGs from agricultural systems. We expand on their
approach to focus on transforming linear systems into circu-
lar systems in which multiple resource losses and wastes are
considered in order to achieve additional goals.

Eliminating or greatly reducing losses provides benefits
for farmers and the environment, because losses cause pollu-
tion and reduce farm revenue. The policies and technologies
that support the development of circular agricultural systems
during the three phases are based on their level of readiness
and their potential for adoption. The first short-term phase
aims at optimizing current technologies and practices, the
middle phase replaces current technologies with new solu-
tions, and the third phase emphasizes redesigning and imple-
menting the system components.

Phase 1: Optimize current technologies
The initial steps toward circular FAS should focus on

using existing technologies for reducing GHGs and nutrient
losses from areas within fields where yields are consistently
low. As shown by Basso and Antle (2020), digital agriculture
allows precise quantification of the spatial and temporal vari-
ability of environmental conditions. In the U.S. Midwest,
about 50% of nitrogen fertilizer is applied at higher rates than
the crop needs, with little to no benefit for yield. New
geospatial systems can identify zones of varying performance
within a field, enabling efficient, variable-rate application of
fertilizers and variable timing of harvests.

Figure 4 illustrates the benefits of using the latest sens-
ing technologies for soil, plant, and atmospheric conditions,
integrated with artificial intelligence and on-farm tools to
optimize the placement of inputs. As regenerative practices

Figure 4. Ideas for transforming current corn-soybean systems to circular systems by combining sensing technologies and big
data at the farm and landscape level to inform policy analysis, system design, and implementation.
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become more widely adopted, more innovations will be
needed for measuring and modeling soil carbon.
Unproductive areas with low and unprofitable yields can be
used for cover crops or native perennials, enabling farmers to
provide additional ecosystem services, such as biodiversity,
bioenergy, or alternative markets.

Phase 2: Replace outmoded technologies
In the second phase, new technologies and policies are

developed to achieve the multiple goals of pro-
ductivity, efficiency, and sustainability. We
expect that acceptance of new tech-
nologies will occur relatively
quickly in this phase, including
new genetics for disease resist-
ance and other desirable traits,
such as deeper root growth.
Stronger disease resistance
will allow reduced use of
agrochemicals for crop pro-
tection, while deeper roots
will allow more efficient
use of resources from deeper
soil layers. New genetics
could also reduce the moisture
content of harvested grain,
which would greatly reduce the
energy needed for drying. In addi-
tion, innovations in fertilizers and appli-
cation technologies will increase nutrient
uptake efficiency and reduce losses to the environ-
ment.

On-farm energy generation is already happening, but
new resource capture capabilities can be developed for
quicker and broader adoption (e.g., large-scale manure
digesters, solar panels on unproductive land, and nutrient cap-
ture of tile drainage for use in fertigation). Autonomous farm
robots are commercially available, and their use will continue
to expand. New biological materials and genetics for micro-
bial fixing of N on roots, for species that cannot do this on
their own, could reduce chemical fertilizer use.

Phase 3: Redesign system components
In the final phase, we envision electrification of the

Haber-Bosch process for producing nitrogen fertilizers using
alternative methods, including on-farm production. The use
of renewable energy for producing fertilizers and other agro-
chemicals could reduce current GHG emissions by 75% or
more. Sustainable intensification and regenerative practices
for livestock and crops can optimize the innovations achieved
in phases 1 and 2.

Transitioning to circular FAS requires incentives to
inspire investment, design, and adoption of new technologies

and practices. A useful approach for resolving the tradeoffs
among alternatives and selecting optimum combinations of
technologies and practices is the use of a digital twin to
model a system and analyze possible solutions. Monitoring of
real systems can confirm the model results and prevent prob-
lems before they occur.

Conclusions
Achieving sustainable, resilient, and productive circular

systems will require significant planning by a broad
group of stakeholders to develop appropriate

policies and promote investment. By map-
ping inefficiencies, identifying losses

and wastes, and using inputs with
small environmental footprints,

solutions can be identified, prior-
itized, and pursued in phases.
Technologies already exist that
can initiate the transformation
or our current corm production
and drying subsystems to cir-
cularity.

Further transformation
can be guided using models that

account for cycling and wastes in
subsystems and across the entire

value chain for the near-term, mid-
term, and long-term phases of imple-

mentation. Next-generation models are
needed to quantify the risks, uncertainties, and

tradeoffs in the decision-making process. Ultimately,
these innovations will enable agriculture to transition to cir-
cularity by 2050, which is the goal that we must achieve.

Author information for Bruno Basso, P.E., James Jones, 
Tom Richard, Charles Sukup, P.E., Lalit Verma, P.E., 
Marty Matlock, P.E., Rabi Mohtar, Stephanie Herbstritt, and
Rafael Martinez-Feria is available on page 6.
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C
urrent open-field production of fresh-market
tomatoes is mostly linear, resulting in unsustain-
able and wasteful systems. Opportunities exist to
transform these systems to achieve greater circu-

larity, and many of these ideas are applicable to other fresh-
market vegetable and fruit production systems. In this article,
we discuss a few of these ideas with the aid of a Sankey dia-
gram that shows a 2050 vision for open-field fresh-market
tomato systems. This article also describes the process that
can transform current linear open-field fresh tomato produc-
tion toward circularity.

Our diagram of the future (fig. 1), which was created with
the help of the d3 Sankey library (https://github.com/d3/d3-
sankey), shows the flows of carbon, energy, nitrogen, and
water in a circular system, with minimal losses and greater
resiliency. The vertical bars represent the nodes in the system
(categorized by color) to and from which carbon, energy,
nitrogen, and water flow. These flows can vary depending on
a particular system’s characteristics. The example system
shown here represents highly circular, automated open-field
tomato production, with primary and secondary markets, and
functional and recyclable packaging. The assimilation node
(in the upper right corner of the diagram) represents the output
of carbon, energy, nitrogen, and water for consumption, by
humans or animals.

Automation and robotics
Automation supports circularity by creating more effi-

cient production practices that require fewer inputs and pre-
vent waste. Current production of fresh-market tomatoes is a
high-input, labor-intensive process. Robotic harvesting and
tomato plants with amenable architecture, aided by breeding
and high-throughput phenotyping, could modify production
to be less dependent on human labor, which is increasingly
difficult to acquire.

Mechanical harvesting of processing tomatoes has
existed for many years, with fruit removed from whole plants
that have been extracted from the field. Efforts at mechanical
harvesting of fresh-market tomatoes are beginning, but fur-
ther development is needed to produce plant varieties with
amenable architecture.

Robots for harvesting and other field activities are being
designed with vision systems and artificial intelligence.
However, the current technology does not achieve the high
throughput of human workers. Robotic harvesting of specialty
crops such as tomatoes could be achieved with further invest-
ment and focus on key elements, including low-cost naviga-
tion and control, more accurate vision using deep learning,
and reliable manipulators that protect the product quality
required for fresh-market sales. In particular, advances in soft
robotics are needed for manipulating fragile agricultural prod-
ucts, such as tomatoes and other fresh produce.

Circular 
Open-Field

Systems for
Fresh-Market

Tomatoes
Kati Migliaccio, P.E., Claudio Stockle, 

Zynet Boz, Changying Li, 
Stephanie Herbstritt, and Kelly Morgan



Complete automation, from planting to harvest, of open-
field systems, is possible by 2050. This vision of “farms
without farmers” can be realized with continued advances in
robotic technologies and artificial intelligence. The automa-
tion of production is represented by the farm gate node in fig-
ure 1, although many details are excluded, given the
complexity involved. The proposed shift to automated pro-
duction will change the skills needed in agriculture from pre-
dominantly manual labor to operations management and
technical expertise. Thus, farm workers will need training to
transition to these new roles.

The success of robotic harvesting and other automated
processes (such as seeding, weeding, pest and disease detec-
tion, spraying, and scouting) in fresh-market tomato systems
depends on convergent research among horticulturists, agron-
omists, breeders, crop physiologists, entomologists, and
geneticists, along with agricultural, electrical, mechanical,
and computer science engineers. Greater circularity of open-
field fresh tomato systems also requires universal access to

wireless internet, improvements in edge computing, cyber
security, and a workforce capable of managing this advanced
technology. With its expertise in agriculture, natural
resources, engineering, and technology, ASABE is uniquely
positioned to lead this transformation.

Dynamic market systems
Waste of usable product is a substantial loss in open-

field fresh tomato systems. An average of 28% of the product
is estimated to be lost before it even leaves the farm.
Tomatoes are typically grown to meet a particular market and
grade. Products that do not meet the desired standard are left
in the field, fed to livestock, or discarded. Current production
systems operate with a primary buyer in mind, such as gro-
cery stores, restaurants, or institutional users. This type of
system is sensitive to disruptions, including pandemics, pests
and diseases, new regulations, shifts in consumer demand,
changes in transportation, and severe weather. Such disrup-
tions will continue to occur, so greater flexibility is critical
for creating more resilient systems by 2050.
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Multiple market streams are one way to reduce food waste
and provide greater resiliency to system disruptions.
Secondary (and possibly tertiary) market streams provide addi-
tional buyers in the local or regional market to serve customers
who do not require unblemished (and higher priced) products.
Local sales also allow a longer shelf-life, reducing waste, low-
ering transportation costs, and providing increased nutrition.

Another option that reduces waste, compared to current
practices, is post-harvest processing. Other alternatives for
products that are not suitable for the primary market include
supplying emergency food relief, composting for nutrients,
and producing non-food bio-products. These options would
help transform a less sustainable system toward greater circu-
larity. By 2050, tomato products are expected to be inputs for
bio-plastics, 3-D printed food, dietary supplements, and other
value-added goods. Another option is renewable energy gen-

eration through anaerobic digestion of food waste, which
could help power the automation systems and machinery in
open-field tomato production systems.

The success of tomato production systems in 2050,
whether they consist of multiple markets, post-harvest pro-
cessing, and/or value-added goods, will depend on the
choices of policymakers and corporate buyers, as well as the
development of highly integrated data streams with decision
support tools. The complexity of this production will benefit
from a systems approach (or a network of networks). No sin-
gle market system will fit all production situations, and the
“best” system may differ for different producers and in differ-
ent years.

Therefore, knowledge of each farm, including its pro-
ductivity and its market opportunities, will be needed to iden-
tify optimal market streams that lead to greater circularity
and less waste. Our example in figure 1 represents an open-
field fresh tomato system with two markets, primary and sec-
ondary, for which fresh product is produced. By 2050, wastes
that cannot be captured in secondary and tertiary markets or
that are generated by consumers (e.g., post-retail waste) will
be recycled through energy conversion and composting.
ASABE’s expertise in anaerobic digestion, bio-plastics, and
dynamic systems modeling will contribute to these future
systems.

Postharvest packaging and distribution
Post-harvest packaging and distribution offer substantial

opportunities for achieving greater circularity. We considered
two post-harvest process areas: one focus-
ing on post-harvest packaging and recycling
of the packaging material, and the other
focusing on food traceability and distribu-
tion. Further opportunities for a transition to
circularity exist in transportation (from
field to fork) and in washing and handling
practices. Another necessary advance is
conversion of the transportation fuel used in
post-harvest distribution from today’s fossil
fuels to renewables by 2050.

Post-harvest packaging
Fresh tomatoes are packaged and sold

in various types of plastic and paperboard
clamshells, trays, and overwraps. Better per-
formance of the materials used for storage
and distribution can reduce food waste,
resulting in better product quality and less
loss. Packaging designed for recycling also
increases circularity through the reuse of
materials. By 2050, increasing the recycled
material content of the packaging, overcom-
ing the disadvantages of mechanical recy-

cling (such as “downcycling”), and improving the collection
and sorting technologies for recycled materials will be central
to the post-consumer stage.

Greater circularity in recycling is possible, with different
systems likely benefiting from different combinations of
solutions. Sensing technologies, such as high-resolution near-
infrared (NIR) spectroscopy, can improve the sorting of recy-
cled materials for reuse. Another solution is chemical
recycling, in which packaging waste is used to produce refin-
ery feedstock, fuel, and monomers. Thus, “lifecycle thinking”
that considers increased quality and reduced losses of the
packaged product, as well as increased reuse of the packaging
materials, is essential for circularity.
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Traceability and distribution
In addition to how a product is packaged from field to

fork, tracking of a product in the food system can identify
ways to increase circularity through better understanding of
each part of the process and through modeling studies to
identify alternatives that result in less waste. These analytical
tools can be implemented for open-field fresh tomatoes to
develop strategies for finding alternate markets and respond-
ing to system disruptions. Future food systems will be able to
assess their circularity and transition to greater circularity
using data-driven solutions.

Data collection methods continue to advance, providing
a variety of data streams. Tools such as radio-frequency iden-
tification (RFID), near-field communication (NFC), fresh-
ness sensors, and time-temperature indicators (TTIs) used
with an internet of things (IoT) and internet of packaging
(IoP) can provide continuous, geographically referenced data
with easy integration into cloud databases. Predictive tech-
nologies, block chain, and data sharing for analysis of these
data streams will increase the efficiency, trust, and visibility
of our food systems and will indicate how modifications
throughout the value chain affect circularity.

Post-harvest handling, packaging, and distribution are
key elements for meeting the 2050 circularity goals for open-
field fresh tomato production. Expertise in sensor develop-
ment, data management, traceability modeling, and AI tools
will be needed to identify paths toward circularity. In partic-
ular, finding solutions to the problem of packaging waste is
critical. Solving these complex problems will require multi-
disciplinary expertise to discover alternatives that are beyond
the scope of any single discipline, which is another strength
of ASABE.

In our Sankey diagram, the conversion of food waste is
linked to the renewable energy and composting nodes.
However, the diagram does not show the detailed flows asso-
ciated with packaging reuse. If those flows were added, pack-
aging reuse would flow from consumption to new products.
The entire system shown in figure 1 would be traceable to
provide the detail needed to assess alternatives and measure
the progress toward greater resiliency. Also excluded from
figure 1, for simplicity, is the potential to recycle the plastic
mulch used in field production of tomatoes, as well as the
potential of cover crops to reduce the need for plastic mulch.

Closing thoughts
Fresh vegetable and fruit systems that include open-field

production must achieve greater circularity to remain viable
in 2050. Significant progress is needed in robotics and
automation. Redesigning fresh-market produce streams to
include new products and markets and to reduce waste will
require the support and cooperation of policymakers, corpo-
rate buyers, and consumers. Redesigning packaging for reuse
and for advances in distribution will also be essential. The

Sankey diagram in figure 1 includes other potential transition
points to further explore the mass flows in open-field fresh
tomato systems. Although this article does not address post-
retail losses, additional improvements are needed to reduce
waste in the post-retail stage of the food chain.

Circularity of open-field fresh tomato production in
2050, and the resulting sustainability of this food system, can
be achieved, but it will require dedicated researchers, produc-
ers, and policymakers. These efforts will rely on industry,
stakeholder-respected extension programs, and land-grant
universities with their strong interdisciplinary expertise
(social sciences, basic research, and applied research in natu-
ral resources and agricultural topics). Land-grant resources
will be particularly important in developing the educated
workforce needed for the transformation to circularity.
ASABE is prepared to provide leadership in all these areas.
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Morgan is available on page 6.
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W
ith projections that the global population will
grow to 9.5 billion by 2050, there is pressing
concern about how this population will be fed.
Can food be produced sustainably, what will

constitute a healthy diet, will ecosystems be compromised,
will we be able to reduce hunger and poverty, and can we
enhance equity and access to food for the global population?

The answers will depend on our food and agriculture
systems, but what does that term mean? A report from the
National Academy of Sciences, Engineering, and Medicine
characterizes food and agriculture systems (FAS) as complex
adaptive systems that operate across a broad spectrum of eco-
nomic, biophysical, and sociopolitical contexts (NRC, 2015).

Our future FAS must also include circularity. The goal of
circularity is to minimize waste and pollution, keep products
and materials in use, and regenerate the natural systems
within FAS. Circularity was introduced by the Ellen
MacArthur Foundation as a strategy for achieving sustainable
urban food systems by 2050. That report (EMF, 2019)
defined three objectives for urban food systems: growing
food regeneratively (and locally where appropriate), design-
ing and marketing healthy food products, and making the
most of food. Specifically, technologies and systems are
needed along the entire food chain to reduce food loss and
waste, which are estimated to be as much as 50% globally,
with remarkable similarity across regions (FAO, 2011).

We already have a highly advanced FAS thanks to advances
in digital agriculture, artificial intelligence, sensors, internet of
things (IoT), genomics (such as CRISPR), drones, and robots.
However, current FAS depend on land for production. New
types of FAS, with reduced land use or even without soil in
indoor facilities, are now emerging. We call these systems “con-
trolled biology-based indoor food systems,” or CBIFS.

The focus of CBIFS is the development of new food
products that mimic traditional forms. Like all materials,
foods are an assemblage of molecules arranged in a specific
structure. CBIFS represent a significant new effort to build
foods from the bottom up, starting with individual plant or
animal cells. Because they use biochemical building blocks
from plants and animals to create proteins, carbohydrates,
fats, and oils, CBIFS are agriculture, but in a new form.

While much of the hype regarding CBIFS has been
directed at beef (Purdy, 2020), there has been substantial
development of other alternative foods, such as eggs, fish,
milk, yogurt, chicken tenders, and chicken wings, to name a
few. The development of foods via CBIFS is being driven by
several factors:

•  Environmental concerns (less energy, water, and land
use).

•  Removing the effects of weather and weather extremes.
•  Lower food loss and waste.
•  Shorter supply chains that promote local access.
•  Reduced GHG emissions.
•  Reduced water pollution.
•  Reduction or elimination of pesticides and antibiotics.
•  Potential for enhanced micronutrients.
•  Elimination of animal welfare concerns, such as grow-

ing conditions and slaughter.
At the same time, critics of CBIFS have some legitimate

concerns, including: 
•  The risks of production, particularly the capital cost.
•  The time-line to market.
•  Food safety and quality, particularly nutritional con-

tent and growth hormones.
•  The cost to consumers.
•  Potential contamination.

Controlled
Biology-Based
Indoor Circular
Food Systems
Norman Scott and K.C. Ting, P.E.
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Plant-based alternative foods
The development of plant-based alternative foods is an

active area, particularly for plant-based meat alternatives (He
et al., 2020; Friend, 2019). Among more than 50 current man-
ufacturers, three companies (Beyond Meat, Light Life, and
Impossible Foods) are the leading developers of plant-based
burgers, and their products are widely available in grocery
stores, restaurants, and online.

Current FAS are estimated to generate as much as 25% of
global greenhouse gas (GHG) emis-
sions (Tilman and Clark, 2014). The
opportunity for plant-based food alter-
natives to substantially reduce this
environmental impact was demon-
strated by a life cycle assessment
(LCA) of Beyond Meat’s plant-based
burger and a U.S. beef burger (Heller
and Keoleian, 2018). A comparison
was also made to an LCA by the
National Cattleman’s Beef
Association (Thoma et al., 2017).

The results were clear: Beyond
Burger’s production system gener-
ated 90% less GHG, with 46% less
energy use, 99% less water use, and
93% less land use. Similarly,
Impossible Foods commissioned a
study which found that their burger
uses 96% less land, 87% less water,
and 89% less fossil fuel than a quar-
ter-pound beef burger. Independent
LCA studies would be beneficial,
given the rapidly evolving ingredi-
ents for these plant-based alternative
foods.

Plant-based protein sources, such as legumes and cereal
grains, are an important alternative for both vegetarians and
traditional meat consumers. However, challenges remain for
developing plant-based proteins that provide nutrition as well
as quality attributes (flavor, aroma, texture, and appearance)
compared to traditional foods. In some ways, a comparison is
a mixed story because plant-based meats provide about the
same number of calories with more sodium and more potas-
sium (Bohrer, 2017).

•  The proprietary nature of the processes.
•  The unproven technology.
•  Whether CBIFS benefit large-scale economies to the

detriment of markets for small farmers (NASEM,
2019; He et al., 2020).

Sustainability is critical for any future food system.
Sustainability is typically defined in terms of environment,
equity (or social responsibility), and economics. In broad
terms, CBIFS seek to produce foods that impose less environ-
mental impact, enhance human health, and reduce the ethical
implications of traditional agricultural production, particu-
larly for meat.

Meat consumption is estimated to increase globally by
3% per year to 2040. However, several studies forecast a
major disruption of conventional animal agriculture. Foods
engineered at the molecular level will increasingly replace
meat and dairy products, leading to a reduction of 50% or
more in conventional production by 2040 (A.T. Kearney,
2019; Tubb and Seba, 2019).

In this article, we present a brief overview of three types
of CBIFS: plant-based alternative foods, cell-cultured food
products, and 3D printing of food products. With further
research and development, each of these systems has great
potential for improving the reliability, sustainability, and cir-
cularity of global food production.

Plant-based protein sources, such as
legumes and cereal grains, are an 
important alternative for both vegetari-
ans and traditional meat consumers.
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Cell-cultured food products
Over the past 20 years, the technology for cell-cultured

meat has advanced at a rapid pace. The concept is simple:
animal cells are cultured in a bioreactor to produce food
products that mimic traditional meat products (Melzener
et al., 2020). Compared to plant-based protein, which is
extracted from plants, cell-based meat is created from cells
that are extracted from living animals. Specifically, a small
piece of fresh muscle, obtained by biopsy from a living ani-
mal, is disrupted by a combination of mechanical and enzy-
matic methods to produce stem cells (Post, 2013).

Using culturing methods, the adult stem cells (called
satellite cells) are allowed to proliferate in the presence of
high serum concentrations, leading to large populations.
Tissue engineering methods are then used to differentiate
these expanded cells into muscle and fat, which creates a cul-
tured meat product that closely resembles conventional meat
(Melzener et al., 2020). Figure 2 illustrates the process.

It’s still difficult to reproduce the diversity of meat products
available from different animal species, breeds, and cuts, so
there is a great need to improve the cell culture technology
(Chriki and Hocquette, 2020). Tuomisto (2019) reported that
cultured meat required less energy, less land, less water, and had
substantially lower GHG emissions in comparison with conven-
tional meat production, depending on the specific product.

However, Chriki and Hocquette (2020) and Lynch and
Pierrehumbert (2019) argued that the comparison is not that
simple. They concluded that comparisons with conventional
meat production depend on the type of energy generation
(i.e., decarbonized and renewable) and the specific produc-
tion systems. Thus, detailed LCA studies are needed for cul-
tured meat production.

A major challenge is meeting consumer demands for fla-
vor, texture, color, nutrition, and cost. As the development of
cultured meat has advanced, its similarity to conventional
meat has greatly improved; in fact, many people cannot tell
the difference (Purdy, 2020). However, cultured meat systems
need further refinement, including:

•  Replacement of animal serum with plant materials
•  Cost reduction through material substitutions and scal-

ability
•  Assessment of the short-term and long-term health

effects
•  Detailed LCAs to quantify environmental impacts
•  Elimination of growth hormone factors
•  Development of cell lines that can be propagated

indefinitely
•  Safety assessment, particularly with respect to con-

taminants that might enter the process

Figure 1. An illustration of a plant-based protein system with potential areas for circularity.

Further research on plant-based
alternative foods is needed, including:

•  Further evidence on environ-
mental benefits, using LCA

•  Further evidence on health ben-
efits, nutrition, and safety

•  Advances in developing new
plant protein sources

•  Reductions in the number of
non-protein ingredients

•  Reductions of cost.
In general, plant-based alternative

foods require fewer inputs and shorten
the value chain compared to tradi-
tional systems. These systems also
have inherent opportunities for circu-
larity (fig. 1).



•  Replicating the diversity of meat products available
from common animal species

•  Establishing standards and regulations, particularly in
labeling

•  Developing standard marketing nomenclature, where
there is currently much variation and uncertainty.

A recent study suggests that it may be possible to grow

cultured meat with much less dependence on animals by using
a soy-based scaffold to support the muscle cells, forming a
meat-like 3D cell structure (Young and Skrivergaard, 2020).

Although cultured meat is not yet available at retail or
food service outlets, at least 20 startups are operating (A.T.
Kearney, 2019). With at least $100 million available in venture
capital, this is a major area for development (Purdy, 2020).
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Figure 2. An overview of cell-cultured beef production. The inset compares (a) needle biopsy and (b) incision biopsy for harvest-
ing muscle tissue (from Melzener et al., 2020).
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3D printing of food products
The combination of robotics and software has entered

food manufacturing in the form of 3D printing (Dankar et al.,
2018), which can create complex geometries, tailored tex-
tures, and desired nutritional contents. This technology can
provide custom foods to meet specific dietary needs as well
as mass production. In Spain, NovaMeat has used 3D tech-
nology to produce steaks and other meat products that resem-
ble animal meat (fig. 3).

In the 3D printing process, food ingredients are placed in
cartridges, and the product is created layer by layer, similar to
the 3D printing of non-food items. Depending on the specific
food, the ingredients can range from processed components
(sauces, dough, etc.) to more elemental ingredients such as
sugars, proteins, fats, and carbohydrates (Dankar et al.,
2018). Some foods may require further processing, such as
some form of cooking or specialized storage. The process is
controlled by parameters related to the printing process and
by parameters related to the food materials (fig. 4).

In Switzerland, Jungbunzlauer AG is providing recipe
cards to guide consumers in the use of bio-based ingredients
for dairy and meat alternatives, such as non-dairy ice cream
and plant-based burgers. These recipe cards are available
online (Jungbunzlauer, 2020). Each recipe card provides a
detailed list of ingredients, suppliers, and quantities, together
with directions for creating the specific food product and the
nutrition information. This information could easily lead to
3D printing of highly specialized foods.

The 3D printing process compresses the value chain to a
highly local system of inputs (the ingredients), a single con-
trolled process (the 3D printer), and a single output (the food
product). Recycling of wastes, if any, from the processing
phase would provide circularity.

Conclusion
Meeting the food demand of the growing global popula-

tion will require both conventional land-based agriculture
and controlled biology-based indoor food systems (CBIFS).
CBIFS will greatly reduce the land area required for agricul-

ture, and they also include com-
pletely soilless production methods.
CBIFS can produce foods that
enhance human health, with less
environmental impact, while avoid-
ing the ethical concerns of tradi-
tional production methods,
particularly for meat.

CBIFS should be viewed as
complementary to traditional agri-
culture. Because they use biochem-
ical building blocks, including
proteins, amino acids, sugars, car-
bohydrates, fats, and oils from
plants and animals, CBIFS have an
agriculture origin and are therefore
supplementary to conventional agri-
culture.

Figure 4. Material properties and process parameters for 3D printing of foods (from
Dankar et al., 2018).

Figure 3. NovaMeat uses biomimetric micro-extrusion technology and custom 3D printing machines to develop plant-based
steak and pork.



24          March/April 2021 RESOURCE

Further Reading
A.T. Kearney. (2020). How will cultured meat and meat alter-

natives disrupt the agricultural and food Industry?
Chicago, IL: A.T. Kearney, Inc. Retrieved from
https://www.kearney.com/documents/20152/2795757/How
+Will+Cultured+Meat+and+Meat+Alternatives+Disrupt+t
he+Agricultural+and+Food+Industry.pdf/06ec385b-63a1-
71d2-c081-51c07ab88ad1

Bohrer, B. M. (2017). Review: Nutrient density and nutritional
value of meat products and non-meat foods high in pro-
tein. Trends in Food Science & Technology, 65, 103-112.
https://doi.org/10.1016/j.tifs.2017.04.016

Chriki, S., & Hocquette, J.-F. (2020). The myth of cultured
meat: A review. Frontiers in Nutrition (7 Feb. 2021).
https://doi.org/10.3389/fnut.2020.00007

Dankar, I., Haddarah, A., Omar, F. E. L., Sepulcre, F., & Pujola,
M. (2018). 3D printing technology: The new era for food
customization and elaboration. Trends in Food Science &
Technology, 75, 231-242.
https://doi.org/10.1016/j.tifs.2018.03.018

EMF. (2019). Cities and circular economy for food. Cowes,
UK: Ellen MacArthur Foundation. Retrieved from
https://www.ellenmacarthurfoundation.org/publications/ci
ties-and-circular-economy-for-food

FAO. (2011). Global food losses and food waste: Extent, caus-
es, and prevention. Rome, Italy: United Nations FAO.
Retrieved from
http://www.fao.org/3/mb060e/mb060e00.htm

Friend, T. (2019). Value meal: Impossible Foods wants to save
the world by inventing a better burger. The New Yorker
(30 Sept. 2019), 42-55. Retrieved from
https://www.newyorker.com/magazine/2019/09/30/can-a-
burger-help-solve-climate-change

He, J., Evans, N. M., Huaizhi, L., & Shao, S. (2020). A review
of research on plant-based meat alternatives: Driving
forces, history, manufacturing, and consumer attitudes.
Comprehensive Reviews in Food Science and Food Safety,
19(5), 2639-2656. https://doi.org/10.1111/1541-4337.12610

Heller, M. C., & Keoleian, G. A. (2018). Beyond Meat’s beyond
burger life cycle assessment: A detailed comparison
between a plant-based and animal-based protein source.
Ann Arbor, MI: University of Michigan, Center for
Sustainable Systems. Retrieved from
http://css.umich.edu/publication/beyond-meats-beyond-
burger-life-cycle-assessment-detailed-comparison-
between-plant-based

Jungbunzlauer. (2020). Natural ingredients to enhance your
dairy and meat alternatives. Basel, Switzerland:
Jungbunzlauer Suisse AG. Retrieved from
https://www.jungbunzlauer.com/en/campaigns/daal-060-
20.html

Lynch, J., & Pierrehumbert, P. (2019). Climate impacts of cul-
tured meat and beef cattle. Frontiers in Sustainable Food
Systems (19 Feb. 2019).
https://doi.org/10.3389/fsufs.2019.00005

Melzener, L., Verzijden, K. E., Buijs, A. J., Post, M. J., & Flack,
J. E. (2020). Cultured beef: From small biopsy to substan-
tial quantity. Journal of the Science of Food and
Agriculture, 101(1), 7-14.
https://doi.org/10.1002/jsfa.10663

NASEM. (2019). Innovations in the food system - Exploring
the future of food: Proceedings of a workshop.
Washington, DC: National Academies Press. Retrieved
from https://www.nap.edu/catalog/25645/innovations-in-
the-food-system-exploring-the-future-of-food

NRC. (2015). A framework for assessing effects of the food
system. Washington, DC: National Research Council.
https://doi.org/10.17226/18846

Post, M. J. (2013). Cultured beef: Medical technology to pro-
duce food. Journal of the Science of Food and
Agriculture, 94(6), 1039-1041. doi: 10.1002/jsfa.6474

Purdy, C. (2020). Billion dollar burger: Inside big tech’s race
for the future of food. New York, NY: Penguin Random
House.

Tubb, C., & Seba, T. (2019). Rethinking food and agriculture
2020-2030: The second domestication of plants and ani-
mals, the disruption of the cow, and the collapse of indus-
trial livestock farming. www.rethinkx.com

Scott, N. R., Chen, H., & Schoen, R. (2015). Sustainable global
food supply. In W. Bainbridge & M. Roco (Eds.) Handbook
of science and technology convergence. Cham,
Switzerland: Springer. https://doi.org/10.1007/978-3-319-
04033-2_43-1

Thoma, G., Putman, B., Matlock, M., Popp, J., & English, L.
(2017). Sustainability assessment of U.S. beef production
systems. Fayetteville, AR: University of Arkansas Resiliency
Center. Retrieved from https://scholarworks.uark.edu/res-
centfs/3

Tilman, D., & Clark, M. (2014). Global diets link environmen-
tal sustainability and human health. Nature, 515(7528),
518-522. https://doi.org/10.1038/nature13959

Tuomisto, H. L. (2019). The eco-friendly burger: Could cul-
tured meat improve the environmental sustainability of
meat products? EMBO Reports, 20(1), article e47395.
https://doi.org/10.15252/embr.201847395

Young, J. F., & Skrivergaard, S. (2020). Cultured meat on a
plant-based frame. Nature Food, 1, 195.
https://doi.org/10.1038/s43016-020-0053-6

The development of biology-based food products that
are as healthy, nutritious, safe, and appealing as conventional
foods can help ensure the resilience, sustainability, and circu-
larity of our food and agricultural systems. This is an out-
standing opportunity for agricultural and biological
engineers. The convergence of biotechnology, nanotechnol-
ogy, information science, and cognitive science will be a use-
ful interdisciplinary approach for this development (Scott
et al., 2015).

In the meantime, CBIFS entrepreneurs, startups, and
established companies already have products on the market.
In most cases, these foods are more expensive than the equiv-
alent traditional foods, but the cost difference is decreasing.
As these efforts advance, it is likely that costs will further
decrease and the market will continue to grow, with new play-
ers, new processes, and new products.
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available on page 6.



O
ur food and agricultural systems (FAS) are a multi-
scale, bio-based economic engine. To ensure the
long-term viability of our FAS, the cycles of that
engine need to be productive and sustainable.

Historically, the FAS issues that have drawn the most attention
include effectively managing the resources used to produce
food, feed, fiber, and fuel, along with the modernization of
agriculture using new knowledge and technologies. Today’s
FAS are the result of impressive advances in addressing those
issues. However, our current FAS are still linear systems that
are vulnerable to long-term risks and insecurities.

With the anticipated growth in the world’s population,
the reality of climate change, the demand for food quality as
well as quantity, and limited availability of natural resources,
future FAS will need to be vastly more efficient, ideally
closed systems. Therefore, the transformation from linear to
circular FAS is urgently needed for improving agricultural
productivity, quality of life, and ecosystem health.

Greater circularity can be achieved by minimizing the
environmental impact of FAS, optimizing the economic return,
improving management capabilities, ensuring intelligent use of
resources, understanding the desirable objectives and govern-
ing constraints, enabling creative productivity, interfacing the
various subsystems with each other and with other economic
sectors, identifying value-added opportunities, and creating a
new circular economy to support circular production.

The FAS value chain, in its generic form, consists of the
stages of production, harvest and storage, processing and
packaging, sales, and consumption. In addition, transporta-
tion, distribution, waste management, and resource recovery
are also involved and enable connectivity between adjacent
stages and among all stages of the value chain. As a result,
many opportunities exist for increasing circularity throughout
the value chain.

Controlled-environment food and agricultural systems
(CEFAS) are unique FAS because they are fast evolving,
more controllable, more adaptive to advances in technology,
more attractive to future farming professionals, easier to
operate as closed systems, and less constrained by geographic
and climate factors. These characteristics make CEFAS
excellent candidates for the transformation to circularity. In
particular, CEFAS include controlled-environment plant pro-
duction systems (CEPPS). Opportunities for increasing the
circularity of CEPPS, along with the value chain of CEPPS,
were explored by our group at the ASABE Roundtable.

CEPPS have evolved from row covers in open fields to
highly sophisticated operations, such as vertical farms and
plant factories (fig. 1). CEPPS are more sustainable than con-
ventional production systems because they greatly reduce the
need for water, land, and chemicals. CEPPS are expected to
continue to advance into autonomous, sustainably intensified
urban FAS.
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Three types of CEPPS have evolved sequentially and now
co-exist: basic greenhouse systems, advanced greenhouse sys-
tems, and vertical farms and plant factories. These three types
of CEPPS will continue to co-exist in the future. In addition,
the opportunities for transformation to circularity for all
CEPPS types are upwardly applicable, i.e., the opportunities
for earlier versions will be readily applicable to later versions.

Basic greenhouse systems
Basic greenhouse systems protect crops from adverse

weather (such as wind, rain, and snow) and from animal and
insect pests, allow timing of the growing season, and improve
the quantity (per unit land area) and quality of products. A
basic greenhouse system is typically a covered structure that
encloses the growing plants, while workers and simple
machines perform necessary tasks within this modified envi-
ronment. The crop growth media inside basic greenhouses
are typically soil-based, and movement of individual plants
during their period of growth is mostly limited.

Material handling and cultural tasks are primarily per-
formed by human workers assisted by simple devices and

equipment. Modification of the plant growth environment
typically includes insolation through the translucent cover,
heating with circulated air or water, and cooling with a com-
bination of shading and natural or mechanical ventilation,
and in some cases evaporative cooling. The low initial cost
makes basic greenhouses an attractive investment for crop
production. Improvements that can transform basic green-
houses from linearity to circularity, along the value chain and
at the system level, are shown in figure 2.

Advanced greenhouse systems
Advanced greenhouse systems enhance the productivity

of the crops, the human workers, and the entire facility
through better management and operation than is possible
with basic greenhouses. These enhancements involve the
structural configuration, environmental control, crop produc-
tion, material handling, labor utilization, resource allocation,
and return on investment.

The improvements to the system, including computer
control of the environment, innovative crop growing systems
(such as nutrient film, ebb and flood, deep flow, and non-soil
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Figure 1. The evolution of controlled-environment plant production systems (CEPPS) from open-field farming to basic green-
house systems, advanced greenhouse systems, and vertical farms and plant factories.



growth media), operations research, and greater mechaniza-
tion and automation, distinguish an advanced greenhouse
system from a basic greenhouse system. The system design
emphasizes the integration of automation, crop culture, and
controlled environment, a concept known as “automation-
culture-environment systems,” or ACESys.

Supplemental lighting is frequently used where natural
light is a limiting factor. The lighting may be computer-con-

trolled based on the daily photon requirements of specific
crops. The CO2 level is often enriched to complement the
enhanced lighting level. Hard floors (typically concrete or
porous concrete) are used for walkways or the entire green-
house for easy movement of crops, equipment, and workers,
and to facilitate the use of embedded heating systems.
Opportunities for increasing the circularity of advanced
greenhouse systems are shown in figure 3.
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Figure 2. A basic greenhouse system with circularity. System-level opportunities include integration with open-field production
systems and better planning throughout the value chain.

Figure 3. An advanced greenhouse system with circularity. System-level opportunities include setting quantitative goals for
reductions of water, energy, and land use; making home composting easier, developing an infrastructure for community com-
posting, and offering incentives for composting of food waste; contracting for continuous supplies of uniform quantity and
quality products with individual customers, restaurants, wholesalers, and retailers; and processing wastes into valuable bio-
chemicals.



Vertical farms and plant factories
Vertical farms and plant factories adapt advanced manu-

facturing concepts to the production of plant-based materials
for food and other uses, such as pharmaceutical and chemical
feedstocks. Vertical farms and plant factories are well suited
for integration into urban food systems, as part of the move-
ment toward smart cities. They are also suitable for areas that
are not conducive to conventional food production and in
locations impacted by disasters. Building on the advances
made in transforming basic greenhouse systems to advanced
greenhouse systems, plus recent achievements in science,
engineering, and technology, vertical farms and plant facto-
ries have emerged as a completely modern form of agricul-
tural production.

The unique features of these systems are their high
degree of closure and their integration of sophisticated com-
ponents, similar to the well-structured production lines and

automated warehouses used in advanced manufacturing facil-
ities. Some vertical farms and plant factories make use of
both sunlight and supplemental lighting. The latest versions
have moved toward total supplemental lighting and climate
control within opaque buildings. The energy requirement is a
major challenge for this kind of facility.

Vertical farms and plant factories are drawing interest
from many organizations, including research and educational
institutions, governments, real estate developers, construction
companies, venture capitalists, the HVAC industry, the elec-
tronics industry, lighting (notably LED) manufacturers,
supermarkets, restaurants, media, and consumers. Vertical
farms and plant factories have already achieved a high level
of technological sophistication. Further opportunities for
improving their circularity, beyond those listed for advanced
greenhouse systems, may be applied to all CEFAS (fig. 4).
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Conclusion
Estimates are that 70% of the global population will be

concentrated in urban areas by 2050; therefore, CEFAS will
be critical to sustain these future communities. This article
briefly covered the challenges and opportunities for three
types of CEPPS, including the opportunities for increasing
the circularity of these systems. The short-term and long-
term opportunities for transforming CEPPS to higher levels
of circularity are summarized in figures 2, 3, and 4.

A systematic approach and multi-disciplinary teamwork
are needed for pursuing these opportunities. There are also
close interactions between specific CEPPS and the larger
CEFAS and FAS, as well as with the broader social and eco-
nomic sectors. For example, food safety analyses of each type
of CEPPS need to be conducted based on the specific condi-
tions. Costs and economic analyses are also important con-
siderations; they are interrelated, but not exactly the same. A
high net economic return may require a high investment cost,
while cost reductions can make food more affordable.

CEPPS will continue to evolve into a major contributor
to our future circular FAS, and ASABE is well positioned to
lead this circularity initiative. We need to call all stakeholders
to action, including scientific research, engineering advances,
technology development, industry and business adaptation,
decision support for policy-making, marketing, consumer
inclusion, and education. Our hope is that the opportunities
we recommend in this article will inspire further research.

Author information for K.C. Ting, P.E., Norman Scott, and
Rabi Mohtar is available on page 6.
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Figure 4. A controlled-environment food and agriculture system (CEFAS) with circularity. System-level opportunities include
streamlining of production, harvesting, and shipping; precise monitoring and control of water, nutrients, light, CO2, temperature,
humidity, ventilation, and other parameters to maximize productivity; developing cloud-based platforms for monitoring and con-
trol of plant growth, environmental parameters, crop production tasks, data collection, system modeling and analysis, AI devel-
opment, and decision support; using controlled-environment production as a model for circular FAS, including resiliency, sus-
tainability, adoption of technology, and intelligence-driven and empowered agricultural systems (IDEAS); and integrating CEFAS
into urban planning for efficient use of resources (including energy, water, and labor) as well as improving the local quality of
life (including human health, employment, and community).



A
s the global population and personal incomes rise
across the globe, the demand for high-quality pro-
tein and fat-soluble vitamins, such as those found
in meat, milk, and eggs, will also increase.

According to the USDA Economic Research Service, 19.9 bil-
lion kg of poultry, 12.3 billion kg of beef, and 12.5 billion kg
of pork were generated in the U.S. in 2019. A wealth of other
bio-based products, such as feathers, hides, and related prod-
ucts, were made from animals as well. The OECD estimates
that global meat production will expand by nearly 36 million
metric tons by 2029, reaching 332 million metric tons, with
80% of this growth attributed to meat consumption in devel-
oping regions (fig. 1). In the U.S., per capita consumption of
pork and fish has been consistent, but beef consumption has
declined and is now surpassed by poultry (fig. 2).

Current animal production and processing systems have
benefitted from vast improvements in efficiency to meet
ever-growing consumer demands. Production systems for
meat, milk, and eggs have innumerable variety in the designs
of their facilities and operations, and highly specialized sys-
tems have been developed for each animal species. These
production systems are also distinctly different across the

U.S., especially as related to feed availability and distance to
processing facilities.

However, production and processing of animal-based
protein has faced serious challenges in recent years, espe-
cially in 2020, which exposed the flaws in our highly central-
ized meat processing industry. The spread of COVID-19
closed several processing facilities in the Midwest. The
reduced capacity necessitated euthanizing animals that could
not be processed, resulting in lost revenue for producers in
addition to sparse product availability and price spikes for
consumers. Meanwhile, dairy farmers were forced to dump
milk due to the decreased demand that resulted from the
slowdown of the National School Lunch Program, which is
the largest fluid milk buyer in the U.S. Limitations in process-
ing and distribution facilities restricted this milk from being
packaged in the small containers necessary for retail sale.

The fragility of our animal production and processing
systems creates weaknesses, mostly due to the high degree of
centralization and the rigid supply chain. Future pressures to
change the systems will likely come from a variety of direc-
tions, but it is obvious that the systems need to change to
become more robust (i.e., to withstand more pressure before
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Figure 1. Increases in beef, pork, and poultry consumption for the countries that are predicted to have the largest increases
from 2019 to 2029 (data from OECD, 2020).



failing) and more resilient (i.e., to require less time to recover
from a disruption).

The recently released USDA 2020 Science Blueprint
encourages the development of animal production systems
that maximize the health of animals, humans, the environ-
ment, and economics while maintaining sustainability. This
can be achieved through innovations in automation, precision
management, and biotechnology, among other steps. These
steps align with building circularity into our animal produc-
tion and processing systems.

The evolution to circular systems
While animal producers and processors have made great

strides toward circularity through increased utilization of
byproducts, conversion of resources to higher-value products,
and reduced environmental impact, evolving our current sys-
tems fully into circular systems will require redesign and
redeployment of many of the foundational elements. Areas of
opportunity include:
      •     Increased robustness and resilience
      •     Using all parts of the animal
      •     Finding alternative uses for wastes, thus minimizing

pollutants and landfilling
      •     Applying transparency in costs (including externali-

ties such as insurance, waste mitigation, and infra-
structure)

      •     Incorporating a sharing economy, in which resources
can quickly move to where they are most needed.

These transformed systems would demonstrate the key
characteristics of circularity: designing out waste and pollu-
tion, keeping products and materials in use, regenerating natu-
ral systems, providing economic benefits, and designing in
resiliency. This circularity can extend beyond animal producers

and processors, and other industries may
emerge to add value to the products and
reduce food losses. Some opportunities
for increasing circularity in the producer,
processor, and consumer sectors are
described in the following sections.

Producers
A great opportunity for repurpos-

ing wastes is to source feed alternatives
locally using wastes from other agricul-
tural industries and from human food
waste. This opportunity could be
enhanced by the development of geo-
graphic-specific animal production sys-
tems that are optimized for the local
climate and locally available resources,
as long as the animal feeds are closely
balanced for nutrition and growth.

Another opportunity is to capture
and return heat, water, and gases into

the production system. Technologies for automation, robot-
ics, sensors, and controls are required, as well as provisions
for data privacy and security. Monitoring of feed, air, water,
animal health, and other production parameters could
increase efficiency, aid in waste management, and support
animal welfare. In particular, processes are needed that
reduce animal stress, and thus reduce production losses due
to stress.

Processors
Losses due to catastrophic events, such as the COVID-19

pandemic, could be greatly lessened with modifications to
the supply chain. The current system is highly specialized and
not equipped to shift quickly between distribution channels,
for example to adjust from meeting the needs of restaurants
to meeting the needs of grocers, or vice-versa. On-demand
communication could be used to better connect resource
availability with demand and ultimately connect outputs
(including potential waste) with those that can best use them
(thus avoiding waste).

Development of edible and inedible value-added products
from trim and other byproducts would reduce waste from ani-
mal processing, although a vast majority of beef byproducts
are already used. Some non-cost-effective byproducts could
be composted, converting them to soil amendments for field
crops or for controlled-environment production systems.

Consumers
U.S. consumers throw away approximately one pound of

food per person per day, and the greatest economic loss is for
uneaten meat, poultry, and fish. Recently, the National
Academies of Science, Engineering, and Medicine commis-
sioned a study on reducing food waste (NASEM, 2020). The
report recommends several innovations to reduce food waste
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and reduce the physical and psychological distances between
food production and consumers. For example, improved date
labeling and new packaging, such as chemically responsive
packages that provide up-to-the-minute freshness monitoring
and materials that improve shelf-life, could reduce food waste.

The NASEM report suggests a coordinated transition
from “a society in which attitudes and habits facilitate the
wasting of food to one in which the consumption and man-
agement of food consistently reflect its value and impor-
tance.” In other words, consumers should become more
engaged with food production.

Safe ways to put the remaining food waste back into the
system should be developed, such as conversion of food
waste to animal feed or composting of meat and scraps, pos-
sibly using the Bokashi fermentation process. Methods
should be developed for restaurants and homes to recover
nutrients while managing problems of odor, pathogens, and
vermin. Successful implementation will require large-scale
coordination and will likely require different strategies in dif-
ferent regions.

Specific opportunities for reducing food waste are detailed
in the Restaurant Food Waste Action Guide (Cochran et al.,
2018), which lays out preventive solutions, recovery solutions,

and recycling solutions. The most promising approaches
include menus with customer choices for portion size, waste
tracking analytics including inventory planning, tax incentives
for food donations and storage, and centralized composting and
anaerobic digestion along with cooking oil recycling.

Adoption of new practices
To reap the benefits of circularity, these ideas, and oth-

ers, must be put into practice. Most animal systems operate
on thin margins with high market risk, and producers and
processors would not welcome regulatory approaches for new
practices solely for the purpose of improving circularity.
However, incentive programs have been shown to be very
effective in changing behavior, and the market for value-
added products can also be a strong driver. The industry can
find a balance between maintaining its current efficiencies
and adapting to improve its robustness and resilience.

Opportunities for improving circularity exist in all animal
production systems. The characteristics of large-scale systems
can be represented by two examples, pigs and beef cattle. Pig

production is highly integrated, with a limited number of large
entities controlling most major decisions, and little interaction
occurs between the pigs and the natural environment.

Given its high concentration of decision-makers, the
pork industry could more readily adopt innovations in circu-
larity in the near term than other animal production systems.
This opportunity is discussed in in the next article in this
issue, “Opportunities for Circular Pork Supply Chains.”

In contrast, beef production has large and small opera-
tions in different parts of the production system, many differ-
ent entities make major decisions across the system, and there
is much greater interaction between the cattle and the natural
environment. Larger animals also remain in the system
longer, so beef production facilities face different challenges.
For example, periodic cleanouts of the facilities occur at
much wider intervals. Longer lifespans also increase the
potential welfare challenges for the animals.

Much progress has been made in developing regenera-
tive systems that lessen the environmental impacts of agricul-
ture and integrate the various production activities into a
long-term plan. These regenerative systems provide periods
of rest from farming by returning the land to its natural state
with native plants. Cattle can be fed low-opportunity-cost

feedstocks that are grown on land not used
for crops, thereby avoiding the food-feed
competition and resulting in some aspects
of circularity.

Summary
While advances in animal production

and processing systems have led to greater
efficiencies in resource use, there are still
many opportunities to capture and repur-

pose underused resources across the supply chain. Several
technologies have been developed for reuse of wastes as
value-added products, but new technologies are needed, as
well as broader adoption of existing technologies.
Connections to other supply chains would provide opportuni-
ties for circularity to keep more resources in the system and
reduce the amount of waste released as pollutants.

Completely new approaches carry a heavy risk, but they
also offer financial rewards from reusing captured resources
in new ways. A thorough analysis is necessary to determine
which opportunities are most viable, most practical, and will
yield the greatest benefits. ASABE members can contribute
to increasing the circularity of animal production systems in
several ways, including the development of new robotic and
sensing technologies, the design of facilities that collect and
reuse heat, water, and gases, and the implementation of mod-
els to assess the environmental and economic benefits of new
production practices.

Author information for Mark Riley, Angela Green-Miller, Mary
Leigh Wolfe, Manuel Garcia-Perez, Terry Howell, Jr., P.E., and
Sue Nokes, P.E., is available on page 6.

U.S. consumers throw away approximately
one pound of food per person per day,
and the greatest economic loss is for
uneaten meat, poultry, and fish. 
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O
ne word: plastics.” This was
the unsolicited advice that an
unnamed party guest gave to
Benjamin Braddock (played

by Dustin Hoffman), the protagonist of
the classic 1967 film The Graduate. While
Benjamin’s kind companion thought a
career in plastics was the answer to all the
problems of the restless sixties (and, by
extension, modern civilization), in reality,
plastics have proven to be a big headache.
Almost 80% of all plastics ever produced have ended up in land-
fills or nature, with recycling and incineration accounting for
the rest. Although plastic packaging materials, which constitute
95% of all plastics, have a service life of less than a year, they
remain part of the environment for decades.

Clearly, the conventional management plans for plastics,
based on the use and abuse principles of linear economic mod-
els, are unsustainable in the long run, especially because plastic
consumption will double in the next twenty years. This is why
circular economic models have emerged as a potential game-
changer, aiming to address the plastics issue head-on by using
intelligent product design, retaining products in use, and regen-
erating natural systems.

The underlying principle of a circular economy is simple:
maximize the product’s service life by retaining product value
and reducing waste. The circular economic model has been
around since the seventies (although economist Kenneth
Boulding, the so-called father of the circular economic model,
preferred the term “open economy”). However, sustainability-
conscious companies have embraced circular economies only
in the last couple of decades. Today, the circular economic
model is in action in cutting-edge products infused with novel
sustainability features, such as:

•  Innovative designs to reduce waste and pollution, such
as biodegradable, fully compostable packaging made
from mushrooms.

•  Longer service life, such as providing commercial light-
ing systems as a subscription rather than a transactional
purchase.

• Regenerative properties, such as
using biopolymers that can be chem-
ically recycled to recapture the
monomeric units or to transform the
waste into value-added materials.

Even though the COVID-19 pandemic
has resulted in a drastic surge in single-use
plastic items, there has been significant
progress in embracing more sustainable
practices. The reuse of items ranging from
designer jeans to metal straws to head-

phones is now a global phenomenon. We also have improved
metrics for measuring gains in the transformation pathways,
including the World Business Council for Sustainable
Development (WBCSD) circular transition indicators (CTI),
the Cradle-to-Cradle Products Innovation Institute (CCPII)
standards for products, and the Global Reporting Initiative
(GRI) sustainability reporting standards for wastes. These tools
and standards have ensured a more data-driven approach in
developing and implementing actionable targets.

ASABE is playing a vital part in implementing a sustainable,
restorative, circular economic model. The recently appointed 23-
member ASABE Roundtable has identified three subsystems
within the food and agriculture nexus with high potential for cir-
cular transformation: open-field systems, controlled-environment
systems, and animal production systems. In addition to continu-
ing the investigation of these subsystems, the Society is also
offering various resources related to circular economic systems,
including a dedicated mini-symposium at the 2021 AIM, a forth-
coming white paper, and other outreach activities.

We certainly hope that these initiatives are successful and
transformative in the long run. Maybe then, in a future remake of
The Graduate, a kindly older gentleman will offer this advice to a
young person looking for a promising career: “One word: circular.”

ASABE Member and YPC Member at Large Ekramul Haque
Ehite, Graduate Research Assistant, Department of Biosystems
Engineering and Soil Science, University of Tennessee, Knoxville,
USA, eehite@tennessee.edu.

Circular economy: A sustainable solution to the plastics problem
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E
ach year, approximately 200 million pigs are pro-
duced for consumption in the U.S., yielding 12.5
billion kg of pork products. A transformed pork
supply chain could achieve the key characteristics

of a circular economy that would design out waste and pollu-
tion, keep products and materials in use, regenerate natural
systems, provide economic benefits, and increase resiliency.
As animal systems have evolved
over time, motivated by economic
efficiencies and environmental reg-
ulations, considerable progress has
been made in practices throughout
the supply chain that contribute to
circularity. Even so, many opportu-
nities exist to further improve the
pork supply chain.

The current system
The pork supply chain

described in this article is composed
of two main production stages (sow
farm and finishing) with specialized
facilities, transportation systems,
and finally a processing facility that
produces meat and other products
for distribution to consumers. The
current pork supply chain is most
often organized as a linear system
with a strongly linked structure, as
shown in figure 1. In this system,
the integrator, who typically owns
the animals as they move through
the chain, contracts with growers
who own and manage the produc-
tion facilities and provide basic ani-
mal care.

Management strategies vary
based on the ownership arrangement
in the supply chain. In one arrange-
ment, the sow farms, finishers,
transportation, and processing are

all owned by separate companies, and each company is the
primary decision-maker for its part of the process. Another
arrangement consists of one company that owns all the facili-
ties, controls all decisions, and contracts for support services.
With this vertically integrated arrangement, the top-down
management can increase the adoption of circularity, or circu-
larity can be more difficult to implement if the management

does not value such practices.
Opportunities to reuse resources

in the current pork supply chain exist
in the selection of feed and energy
inputs, environmental management,
animal care, manure and waste han-
dling, transportation, and processing.
While figure 1 does not include the
stages of the supply chain that follow
processing, i.e., marketing, distribu-
tion, and consumer behavior, there
are opportunities in those parts of the
process as well, as described in the
preceding article, “Circular Systems
for Animal Production and
Processing.”

A pork supply chain with
improved circularity is shown in
figure 2. While some improvements
in circularity result from recycling
resources, such as manure and
gaseous emissions, back into the
system, the improved circularity in
this example is mostly driven by
better connections with other indus-
tries for both inputs to and outputs
from the pork production system.

Opportunities for increasing
circularity
Feed inputs

Improved feed conversion effi-
ciency through genetic selection,
specialized feed mixes, and precise

Figure 1. The current pork supply chain repre-
sented as a linear system. The stages of the
supply chain can be highly integrated or loosely
connected, depending on the ownership of the
various facilities. Not included in this example
are the post-processing activities, including mar-
keting, distribution, and consumption.

Opportunities 
for Circular Pork 
Supply Chains
Angela Green-Miller, Mark Riley, Mary Leigh Wolfe, Candice Engler, 
Manuel Garcia-Perez, Terry Howell, Jr., P.E., and Sue Nokes, P.E.
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environmental control have yielded great improvements in
nutrient inputs to pigs, in addition to incorporating agricul-
tural residues, such as dried distiller’s grains (DDG) instead of
milled corn. Additional opportunities exist to capture nutrients
from alternative sources, such as locally derived food wastes
from industries and consumers.

Using human food waste for animal feed is a great
opportunity for simultaneously reducing waste in another
supply chain. This long-standing practice can be upscaled
after the unwanted food undergoes heat treatment and dehy-
dration. The U.S. alone has potential to capture 44 million kg
of food waste per year from restaurants, homes, grocery
stores, and other sources. Making the collection and stabiliza-
tion of food wastes cost-effective will require new technolo-
gies, financial incentives, and policies that support the
increased value of this underused resource.

Energy inputs
Energy usage on pig farms is primarily in the form of

electricity for ventilation, lighting, and feeding equipment
and the gas or electric energy used for heating. Opportunities
for reducing energy consumption include more effective
heating and ventilation systems and high-efficiency lighting
products, such as LEDs. Targeted management, considering
the thermal needs of the animals at different stages of produc-
tion, microclimates in the barn, and rapid changes in ambient
temperature and humidity due to weather events, could fur-
ther improve energy usage.

Renewable energy is another opportunity for increasing
circularity. Anaerobic digestion (AD) is a mature technology
that recovers energy from organic wastes and can be operated
successfully in a decentralized production system, such as

on-farm. The methane-rich biogas from AD can be burned to
generate electricity or provide heat. There is also potential for
upgrading the methane into market-grade biogas.

However, other sources of alternative energy are rarely
used in current production and processing facilities. Solar
and wind power can support or even offset current fossil-
based energy requirements. A shift in perspective, as well as
financial incentives, may be required to increase the use of
these technologies.

Environmental management and animal care
Systems and processes that reduce animal stress and sup-

port animal welfare have been shown to reduce production
losses. Emerging technologies for automation, robotics, sen-
sors, and controls for critical production parameters have
potential to offset the shortcomings of existing systems.
Challenges with implementing these new technologies
include the practicalities of deployment in pig facilities, the
costs of installation and maintenance, and the burden on the
personnel who will use the technology.

Manure and waste handling
The use of manure as a fertilizer for land application is a

standard practice in cropping systems; however, some loca-
tions in the U.S. have insufficient land on which to apply the
excess nutrients in manure. Proper management of these nutri-
ents can be a large expense in animal production. Pig manure
is commonly collected and handled as a liquid slurry, and the
solids can be separated from the liquid. Some pig producers
process their manure solids into value-added products, such as
compost or pelleted fertilizer. However, due to transportation
costs, these bulk products are limited to local markets.
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Figure 2. The pork supply chain reimagined, with opportunities for increased circularity.



Additional technologies, such as bioconversion, can be
developed to convert the nutrients, proteins, and other
resources in manure and other animal wastes, including car-
casses, into value-added products. As noted for the energy
inputs, manure gases can be captured and converted into bio-
gas by anaerobic digestion (AD). However, while AD con-
verts organic waste into methane, the main nutrients (nitrogen
and phosphorus) remain in the effluent. Nutrient recovery
technologies need to be developed to complement AD and
other bioconversion systems.

An advantage of AD is that other agricultural wastes,
such as food waste and crop residues, can be co-digested with
manure. The European Biomass Industry Association claims
that less than one percent of the potential benefits of AD have
been achieved. The feasibility of digesting waste on-farm
depends on the size of the operation and its waste-handling
technology. Small-scale, economically viable AD systems
would increase the adoption of this technology. Ultimately,
waste recycling is essential for achieving circularity in the
pork supply chain.

Transportation
Transportation losses (including animal mortalities)

occur at the end of the production cycle, after the investment
of resources for growing the pigs. These losses are particu-
larly costly, both financially and environmentally. The trans-
port vehicle design and animal handling practices impact
animal bruising and thus meat quality. The transport duration,
environmental conditions, and animal condition also impact
mortality rates. More efficient transport systems, possibly
including electric and/or autonomous vehicles, could reduce
the financial and environmental costs of transportation.

Processing
While processing plants currently use carcasses and

inedible materials to produce value-added products, opportu-
nities exist to increase and diversify these byproducts. The
reduced amount of remaining wastes could then be com-
posted to produce soil amendments for field crops or for con-
trolled-environment production systems.

New packaging could further reduce processing losses
by prolonging shelf-life, and thus reduce food waste.
Emerging technologies include chemically responsive pack-
ages that provide up-to-the-minute freshness monitoring.
Additional technologies are needed for safe, inexpensive, and
recyclable packaging materials.

Toward a circular system
While some opportunities for circularity can be imple-

mented piecemeal in the current pork supply chain, other
opportunities require grander redesigns. A simple change,
such as locating animal production facilities closer to pro-
cessing facilities, could result in shorter transport distances
and thereby reduce costs while improving animal welfare.

More profound changes may lead to greater circularity.
For example, combining an animal production facility with
controlled-environment vegetable production could capture
and reuse the heat and gases from the animals and manure,
instead of venting them to the environment as a lost resource
and pollutant. When combined with vertical farming, such
integrated farms might also allow animal production closer to
urban areas, which would reduce the total food-miles by dis-
tributing more complete food (plant and animal products) in
common shipments.

Another opportunity for circularity involves integrating
the current pork supply chain with alternative protein mar-
kets, including cell-based animal protein, in a shared-
resource arrangement that supports both types of production,
because both types of production rely on live animals. Cell-
based pork production is still in the research phase. For beef
products, cell-based meat-like tissue is generated from iso-
lated bovine myoblasts and potentially other cell types, such
as endothelial and fat cells. For more possibilities, see the
earlier article in this issue, “Controlled Biology-Based Indoor
Circular Food Systems.”

The first cell-cultured beef burger was produced in 2013,
but production costs remain high, along with concerns about
the high energy inputs and the extensive use of antibiotics in
the process. Plant-based meat alternatives were the single
fastest growing food ingredient in 2019, and similar non-meat
protein products are likely to alter consumer preferences in the
coming years. Animal production and cell-cultured meat pro-
duction require many of the same inputs, creating potential for
combined systems in which total food production can increase
while adapting to changing markets and consumer preferences
more rapidly than either system could alone.

Summary
Opportunities to achieve circularity exist at every level

of the pork supply chain, including repurposing of food waste
from other supply chains. Connecting with industries outside
the pork supply chain will be essential for closing some of
these circularity loops. New research and new technologies
are needed to achieve the ambitious goals of increasing the
resilience and robustness of the system, ensuring its eco-
nomic sustainability, decreasing waste and pollution, keeping
products and materials in use, and regenerating the natural
systems on which all life depends.

Author information for Angela Green-Miller, Mark Riley, Mary
Leigh Wolfe, Candice Engler, Manuel Garcia-Perez, Terry
Howell, Jr., P.E., and Sue Nokes, P.E., is available on page 6.
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O
ur modern food and agricultural systems are
impressive achievements that have advanced over
time to meet the continuing increases in the global
demand for food. However, our current rate of con-

sumption and the losses incurred during production, includ-
ing waste of nearly half of the produced food along with the
embedded materials and resources, cannot last much longer.
Continuing on the current path, focusing primarily on pro-
duction efficiency and
profitability while deplet-
ing limited natural
resources, cannot meet the
goal of increasing food
production by 60% to 70%
by 2050. It also has the
potential of irreparably
damaging the Earth’s
resources.

Our current linear sys-
tems (that use, make, and
waste) may be profitable in
the short run, but they are
ultimately unsustainable.
We must change these sys-
tems to reduce losses and
recirculate and reuse mate-
rials and resources after
their initial use. In nature, circularity is a basic structural
characteristic for sustainability. The Earth’s resources are sus-
tained by nature’s cycles—the hydrological cycle, carbon
cycle, nitrogen cycle, and others—and they lead us to con-
clude that sustainable systems are inherently circular.

Food and agricultural systems are highly complex, and
current paradigms that focus mostly on solutions for individ-
ual subsystems do not address the complex interactions and
resource circulations with other subsystems. No component of
an agricultural system on its own can be circular and thus sus-

tainable in isolation. However, when a system component,
such as a production subsystem, is connected to other subsys-
tems so that they are all interdependent for maintaining the
flow of materials and resources, then cyclic patterns of use
and reuse of resources emerge. The result is that the aggregate
interconnected subsystems can attain sustainability through
the complex network of pathways for endlessly circulating
materials and resources and producing zero waste.

Circular economy concepts can inspire the reimagining
and redesign of our current food and agricultural systems,
leading to sustainable, conservative, and regenerative systems
that are also more efficient and profitable. Achieving this will
require in-depth understanding of the complex networks and
feedback loops of natural and human processes while simul-
taneously creating new opportunities for increasing effi-
ciency and profitability, eliminating wastes, reusing
resources, protecting the environment, and regenerating nat-
ural resources.
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The transition to circularity will also require coming
together and coordinated efforts by different disciplines and
by leaders in the public and private sectors, as well as chang-
ing the collective mindset into one that is committed to sys-
tems-level approaches. This commitment will create new
knowledge, technology, and economic incentives for transi-
tioning to circular food and agricultural systems.

Achieving circularity in food
and agricultural systems may be the
greatest challenge of our time, and
ASABE has adopted circularity as its
long-term priority. Through this
action, ASABE has become a leading
voice in the U.S., enlisting its mem-
bers for the circularity initiative and
building partnerships to work jointly
on this effort.

The articles in this issue of
Resource provide some specific
examples of the complexities and
challenges involved in transitioning
to circular systems. Collectively,
these articles also identify the need for building a coalition of
professional societies and partnerships with leaders of public
and private agencies to answer some key questions:

•  What is circularity, and why is circularity important
for food and agricultural systems?

•  How do we measure circularity? What resources
should be monitored? How do we identify metrics and
indicators of circularity that are applicable across the
value chain, that are comprehensive yet flexible, and
that are useful for the full range of decision makers?

•  What new knowledge and technologies are needed to
achieve circularity?

•  What are realistic targets and timelines for transition-
ing to circular systems?

•  How do we monitor improvements, and what indica-
tors and metrics will be needed to measure the
progress of the transition?

•  How do we build awareness of circularity (Circular
Economy IQ) throughout the community of food and
agricultural systems?

To inform ASABE members and thought-leaders in other
professions and engage them in answering these questions,
the 2021 Annual International Meeting will host a virtual
mini-symposium with keynote presentations from the
Netherlands and the U.S. The event will include a panel dis-
cussion and a session with invited presentations, bringing
together 13 distinguished leaders of other professional soci-
eties and the chair of the National Academy’s Board of

Agricultural and Natural Resources (BANR) to share their
perspectives on developing circular food and agricultural sys-
tems. ASABE members and others have been invited to pres-
ent their work at a poster session and publish papers in a
special issue of Transactions of the ASABE (see back cover of
this issue). We anticipate that these events will grow into a
wide range of activities for ASABE and other professional

societies.
Additionally, ASABE has made

numerous invited presentations on
the importance of transitioning to
circular systems and has built con-
nections with the National
Academies, other professional soci-
eties (including crop science, soil
science, agronomy, agricultural and
applied economics, dairy science,
food science and technology, and
chemical engineering), stakeholder
groups (including Field to Market,
and Solutions from the Land), gov-
ernment agencies (including the

NSF and USDA), and food-related foundations that have
enthusiastically embraced this goal.

We are also engaged in numerous conversations on what
needs to happen, when it should happen, and who needs to
take action. For example, the Senior Director of Programs of
the National Academy of Engineering has invited ASABE to
plan a webinar for early fall of 2021 that will inform the
wider engineering community about the importance of food
and agricultural systems and the challenges that these sys-
tems will face in transitioning to circularity in the coming
decades.

ASABE has an unique opportunity to be a leader in tran-
sitioning our current food and agricultural systems to circular
economy principles. Designing circular food and agricultural
systems will lead to use-inspired research, development, and
education by adopting an interdisciplinary, system-focus par-
adigm. The new paradigm will also change the priorities of
policy-makers and the investments by public and private
agencies. In short, we can meet the challenge of 2050 by pro-
viding innovative systems-level solutions that ensure produc-
tivity, profitability and circularity for the sustainability of
global food supply and Earth’s ecosystems.

ASABE Fellow Brahm Verma, Professor Emeritus of Biological and
Agricultural Engineering, College of Agricultural and Environmental
Sciences, and Associate Director Emeritus, College of Engineering,
University of Georgia, Athens, USA, verma@uga.edu; and 
ASABE Fellow James Jones, Distinguished Professor Emeritus,
Agricultural and Biological Engineering, University of Florida IFAS,
Gainesville, USA, jimj@ufl.edu.
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ASABE Fellow Brahm Verma (left) and ASABE
Fellow James Jones (right).



Organizers: Kati Migliaccio, Guest Editor and Coordinator 
Garey Fox, Editor-in-Chief

Circular Food
and Agricultural
Systems (CFAS)

Call for journal submissions: A Special Collection

www.asabe.org/Transactions#CFP

Be a part of this special collection of peer-reviewed articles presenting
works that envision, redesign, and/or develop pathways for transitioning 

current food and agricultural systems into circular economy systems. These
articles will present work that: 1) design out waste, 2) keep products and

materials in use, 3) regenerate natural systems, 4) provide economic bene-
fits, and 5) are more resilient and in harmony with the Earth’s ecosystems.

We especially invite manuscripts from all disciplines presenting perspectives
and out-of-box, system-level solutions for transitioning to circular systems.

Articles will be published in issues of the 2022 Transactions of 
the ASABE. For more additional information:

Manuscript submission deadline: September 30, 2021


