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Chapter 1

General Introduction

Kari Koppelmiki






1.1 A brief history of linear food systems

Humans began cultivating land to grow biomass for food about 10,000 years before the com-
mon era (BCE). Throughout the Holocene, land use intensified gradually along with population
growth, transforming ecosystems across the globe (Ellis et al., 2015). However, this cultivation
did not reach global significance until the recent centuries. A reason for lower impact of land
use in the past was that food was only produced using locally available resources. For example,
cattle grazed in pastures and nutrients in the manure were circulated in the fields, which were
adjacent to the cattle house. The energy needed to produce food was also locally generated.
Humans and farm animals provided the labour for food production. Food production relied
on solar energy, which was transformed into biomass in the vicinity of the land where food

was produced. Consequently, the environmental impacts of food production were also local.

Intensification of agriculture

The early intensification of agriculture involved the shift from human labour to animal power,
the use of organic fertilizers including manure, human excreta and the crop residues, and
the greater variety of crops and animal breeds (Smil, 2017). In Western Europe agriculture
began to intensify significantly during the 18" century due to innovations that slowly spread
across the European continent. One early innovation was replacing plowed fallows with crop
rotations that included legumes and root crops. This shift in production resulted in an increase
in domestic cattle (Vasey, 1992). The use of farm animals to power field work increased pro-
ductivity and required fewer people to be directly involved in food producton (Smil, 2017).
Until the advent of fossil fuels, agriculture relied solely on animate power which limited the
intensification of food production because part of the farmland had to be allocated for feed

production to support the work animals.

The mechanization of agriculture through technological innovation, including the motoriza-
tion and the use of mineral fertilizers was the biggest driver for the intensification of agriculture
(Jepsen et al., 2015; Smil, 2017). The large-scale adaptation of these innovations was enabled
through the use of fossil fuels. The greatest change brought by the implementation of fossil
energy was a population expansion coupled with a higher per capita supply of food. The use of

mineral fertilizers was central in these shifts (Smil, 2017).

The use of external nutrient resources in food production began initially in the 19" century.
However, the industrial scale production of nitrogen-based fertilizers in the early 20" century
heralded a new phase in agricultural innovation. This was due to the discovery of the Haber-
Bosch process, which enabled converting atmospheric gaseous, non-reactive nitrogen (N,) to
ammonia (NH;) (Bouwman et al., 2011). This new era had unprecedented impacts to the food

production and life all over the globe (Bouwman et al., 2011; Vasey, 1992; Vitousek et al.,
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1997). During this era humans began to transform the planet at anccelerating speed (Erisman
et al., 2008; Vitousek et al., 1997).

The Western European industrialization of agriculture accelerated again after World War II
(Jepsen et al., 2015). Mineral fertilizers eliminated the requirement for integrated crop and
livestock production since manure could be replaced with these industrially produced fertil-
izers. Livestock that were traditionally utilized for field work were replaced by more efficient
machines which enabled managing larger areas in less time compared to the time required
when using the labor of oxen or horses to pull farm equipment. In Finland in the 1950s,
just before agricultural intensification began, there were about 400,000 horses (Lith, 2006)
whose purpose was physical labor in primary production. Mechanization allowed land that
was previously needed for growing feed for horses to be used to grow food for humans. With
the advent of industrialization in agriculture, thousands of years of integrated food and energy

production, came to an end in most parts of the Western world.

The increased spatial scale of food systems

The second effect of fossil fuel powered mechanization and use of mineral fertilizers was
an enlargement of the spatial scale in food production. This transitioned food production,
once relying on immediate resources, to the current globalized system where inputs are less
dependent on the context where the food is produced. This has allowed for an increase in farm
size as inputs could be imported and mechanization has allowed larger areas of land to come
under cultivation. This expansion in spatial scale has impacted the food system from the field
to food consumption. As food consumption has become increasingly global, the geographical
gap between food production and consumption has increased (Kastner et al., 2014; Naylor et
al., 2005).

International trade has enabled globalizing food systems. This trade is currently essential for
global food security (Kummu et al., 2020). However, agricultural trade is not a new phenom-
enon. It has existed for thousands of years in different forms. Initially, trade mostly spread new
food crops and domesticated animals (Anderson, 2014). The use of domesticated animals and
technological innovations related to mechanization increased the size of food systems as the
food and biomass produced could be transported further away from the point of origin (Vasey,
1992). Though relatively remote, even Finland was connected to distant countries through the
food trade already in the 14"-16" century. For example, fish was exported from Finland and

wine and spices were imported through the networks of the Hanseatic League (Kylli, 2021).

Between its production and consumption, a large proportion of food produce is processed. As
such, the role of food processing is an important factor to assess when examining the changes

in food production. Processing is needed to convert most of the primary produce to food prod-
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ucts thus influencing the type of food we eat, and how and where it is produced (Hendrickson,
2015; Knorr and Watzke, 2019). The continued concentration of actors and geographies
in the food business has resulted in in a loss of regional processing and has contributed to
regional specializations of primary productions, and to homogenization trends in agricultural
landscapes. (Hendrickson, 2015; Rotz and Fraser, 2015).

Trade-offs between increased food production and the environment

The changes in food production in the past 100-150 years have altered the structure and
functioning of ecosystems, with many trade-offs between food production and environmental
protection (Campbell et al., 2017; Ellis et al., 2013; Foley et al., 2005; Steffen et al., 2015;
Vitousek et al., 1997). The industrialization of agriculture has resulted in imbalances in nutri-
ent flows as inert soil and atmospheric nutrients are converted into reactive fertilizers across
multiple specialities from the farm to the global scale (Kahiluoto et al., 2021; Potter et al.,
2010). Other impacts of industrialization include, for example, increased reliance on fossil
energy, carbon losses from the soil, and homogenous landscapes and reduced biodiversity
(Foley et al., 2005; Steffen et al., 2015).

The sustainability of food production is further challenged by projected future increases in de-
mand for food. Globally, the main drivers for the growing demand for agricultural products are
population growth and dietary change towards increased consumption of livestock products
(Alexandratos and Bruinsma, 2012; Delgado et al., 2001). The world population is projected
to reach almost 10 billion people by 2050 (UN, 2019). While agricultural intensification has
enabled this rapid population growth, it has also prompted further challenges to agricultural
systems’ ability to continue providing enough food for this increasing population. However,
in many countries, dietary change towards an increasing consumption of livestock products
is expected to supersede population growth as the dominant driver of agricultural land use
(Fukase and Martin, 2020; Kastner et al., 2014).

In recent decades, livestock production in particular has resulted in an increase in produc-
tion systems which are detached from local feed production (Bai et al., 2018; Naylor et al.,
2005). This change has been driven not just by increased demand, but also by subsidies and
agri-environmental policies that have favored the concentrated livestock production (Bai et
al., 2018; European Court of Auditors, 2021). Specialized livestock systems often compete for
land with food crops as feed for animals is grown, at least in part, on land that is also suitable

for production of food for direct human use (Zanten et al., 2018).

The demand for agricultural land is further accelerated by increased global energy consumption.
This is because polices and subsides aimed at reducing dependence on fossil fuels and reducing

greenhouse gas (GHS) emissions in order to meet sustainability goals has made bioenergy
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production from agricultural biomasses an attracitve option (European Commission, 2018;
United Nations, 2015). These dynamics have raised concerns about food-fuel competition
(Muscat et al., 2020; Tokgoz, 2019).

Circular food systems in the context of food systems

The great challenge to sustainable food is that the structure of food systems works against
many of the sustainability goals. The concepts of circular (bio)economy has gained interest as
a model for redesigning systems to meet environmental challenges without having economic
trade-offs within these systems (e.g. D’Amato et al., 2017). In the context of food systems,
a circular bio-based economy has been proposed as a new way to organize food systems to
support sustainable food production in the future (Muscat et al., 2021). The central principles
of circular food systems include the recycling of nutrients, reusing by-products, avoiding losses,

and using renewable energy (Cowie, 2020; Jurgilevich et al., 2016; Muscat et al., 2021).

The aforementioned reasons have created a demand for a circular system design that considers
multiple facets simultaneously and aims for synergies between different components of food
systems. In this thesis, I explore biomass-energy-nutrient nexus (Figure 1) and how a circular

design for localized food production in a globalized world could look in the context of the

Finnish food system.

Agricultural system

suoissiwa/

Figure 1. The nexus of biomass, nutrients and energy. In an agricultural system biomass production requires both
nutrients and energy while biomass can also be used as a recycled nutrient source for plants and to produce energy.
In most systems biomass (feed), nutrients (fertilizers), and energy (fossil fuel) is used to produce food which is the
main output of most agricultural systems.
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1.2 Circular food production in the nexus of biomass-energy-nutrients

1.2.1 Increased demand for biomass for food and feed

As stated earlier, there is an increasing demand for food systems that produce more biomass
for food. In order to secure basic human needs without the depletion of natural resources and
in the context of circularity, Muscat et al. (2021, 2020) have proposed that directly producing
food for humans should be prioritized over the biomass production for feed or energy. When
following the cascading principles of biomass use with the idea of maximizing resource use
efficiency, the role of livestock in food systems should be to make use of biomasses that are not
edible for humans (Muscat et al., 2021; Van Zanten et al., 2019; Zanten et al., 2018).

These principles have been defined in a global context. However, demand for food and feed is
not distributed evenly across the globe. Livestock production has a key role in creating demand
for agricultural land and in how this demand is distributed. Globally livestock production uses
nearly 80% of agricultural land and 40% of crop land (Mottet et al., 2017). In many parts
of the world, livestock production has been detached from the land where feed is produced
(Naylor et al., 2005; Renner et al., 2020). Furthermore, in Europe and China, increased
imports of soybean and corn are reported to correspond with increased livestock production
(Wang et al., 2018). This trajectory has been enabled by cheap transportation costs and trade
liberalization, which has led to a shift toward the production of monogastric animals instead
of the ruminants that have traditionally been used for grazing (Bai et al., 2018; Naylor et al.,
2005). Consequently, animal feed production corresponds to 44% of global phosphorus flows

while food commodities correspond to just 28% (Nesme et al., 2016).

In addition to unevenly distributed livestock production, human population has also become
more concentrated. Currently, more than half of world population lives in urban areas (United
Nations, 2018). Subsequently, the concentration of food consumption has accelerated.
Therefore, regions with low population often function as net producers of food, which enables
cropland to be used for exports, while regions with high population are net consumers of
food, relying on externalized cropland for imports (Erb et al., 2009; MacDonald et al., 2015).
Globally, approximately 20-25% of the harvested cropland area is devoted to producing food
that is subsequently exported (Kastner et al., 2014; MacDonald et al., 2015).

Furthermore, 81% of the world population currently live in the regions where reliance on food
imports is projected to increase (Alexandratos and Bruinsma, 2012; Fader et al., 2013; Porkka
et al.,, 2013). Although the food trade is essential to achieving food security in the global food
system, there are also direct and indirect adverse consequences of international agricultural
commodity trade. Food and feed trade has been linked to land-use change because cropland

expansion is largely driven by export-oriented crop production (Huber et al., 2014; Kastner et

13
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al., 2014; MacDonald et al., 2015). The use of mineral fertilizers and fossil energy has enabled
agriculture to produce enough food for growing population (Bouwman et al., 2011; Smil,
2017). Yet, the international trade of agricultural products means that the emissions, created in
the place of production are embedded in the products and are emitted far away from the place

of consumption (Oita et al., 2016; Uwizeye et al., 2016).

1.2.2 (Bio)energy from agricultural biomasses— solution or burden?

In addition to food production, interest in using agricultural biomass for energy has grown in
recent decades. This increase in interest is propelled by the desire to reduce society’s depen-
dence on fossil fuels. Bioenergy production can play an important role in circular systems by
recovering energy from waste, nutrient recycling in primary production, and reducing GHS

emissions (Cowie, 2020).

A food system’s own energy demand is already substantial as the path that food takes from the
field to consumers requires energy at each step of production. Energy is needed to manufacture
inputs such as fertilizers, to run machinery on the fields, for food processing, transportation
and storage, and finally in food preparation. Modern food systems are heavily dependent on
non-renewable energy resources, including both direct and indirect inputs used throughout the
food chain (Pelletier et al., 2011). Food systems consume about 30% of global energy (FAO,
2021). Primary production (crop and livestock production) accounts for around 20% of total
energy consumption in food systems globally while food processing and distribution, retail,
and cooking make up the rest. In high-income countries, food processing and distribution
corresponds to almost half of energy consumption in food systems (FAO, 2021). Furthermore,
since processed food consumption has grown in recent decades, the significance of food pro-

cessing in energy consumption has increased (Crippa et al., 2021).

Bioenergy production from agricultural biomasses

As a result of rising demand for bioenergy, approximately 2% to 3% of arable land worldwide is
used to cultivate feedstock for bioenergy production (Rulli et al., 2016). Currently, bioethanol
production is the largest contributor to the global biofuel market, with the United States and
Brazil as the largest users (Rulli et al., 2016). Globally, the most important potential sources of

biomass for energy production are energy crops and agricultural residues (Slade et al., 2014).

In addition to liquid biofuel production (bioethanol or biodiesel) bioenergy can also be pro-
duced in the form of biogas from anaerobic digestion. It is estimated that full utilization of
the global sustainable biogas potential would cover approximately 20% of the current natural
gas demand. Current biogas production covers only 6% of this biogas potential (IEA, 2020).
In Europe, the biggest potential is found in agricultural residues and intermediate crops.

However, the estimates of global biomass potential vary greatly depending on if the estimate
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considers what is physically possible and whether the estimate includes the environmental and
social constraints (Slade et al., 2014). For example, in Europe the actual biogas potential from
manure was estimated to be around 70% of the theoretical potential (Scarlat et al., 2018b).
Biogas production in Europe has increased in recent years, yet there are significant differences

between countries (Scarlat et al., 2018b).

Negative environmental impacts of bioenergy production

Despite this substantial energy potential and increasing interest in bioenergy production, it
has become clear that bioenergy production can have some negative trade-offs. Bioenergy
production has been criticized for direct competition with food production for land, and for
its increased use of resources due to feedstock production resulting in negative environmental
impacts (e.g. Houghton et al., 2012; Rosegrant & Msangi, 2014; Searchinger et al., 2008).
This criticism is often focused on so-called first-generation biofuels that are produced on ar-
able land, using simple conversion technology (Wright and Wimberly, 2013). High corn and
soybean prices resulting from high demand for biofuel feedstocks have been a driving force
behind land use change. For example, in the United States of American and Germany, there
are reports of conversion of grassland to soy and corn production for bioenergy feedstock
(Litker-Jans et al., 2017; Wright and Wimberly, 2013). Also, biogas production has resulted
in food-fuel competition when produced from non-waste feedstock. In Germany, a subsidized
biogas production have has resulted in higher food prices and in significant land use changes
(Britz and Delzeit, 2013).

Changes in land use resulting from bioenergy production on farmland have contributed to
increased GHG emissions from agriculture. Searchinger et al. (2008) calculated that bio-
ethanol produced from corn almost doubled GHG emissions due to land use change. Food
security is also affected. In their review, Ahmed et al. (2021) found that over half of related
studies reported a negative impact from bioenergy production on food security. This negative
impact was caused by increasing food prices, and direct competition for land that could be
otherwise used for food production. Considering these factors, it is proposed that moving from
first generation biofuel production towards biofuels that are produced from crop residues or
non-food energy crops grown on marginal lands not suitable for food production is essential
(Hammond and Seth, 2013).

Bioenergy production without food-fuel competition

Recently, more emphasis is put on bioenergy production from biomasses that do not compete
with food production. Biogas production is an effective technology for producing bioenergy
from the by-products of food systems, such as food waste and agricultural biomasses includ-
ing manure and crop residues (Winquist et al., 2021; Zhu et al., 2019). Souza et a. (2017)

emphasized the importance of approaches that aim for synergies between food and energy
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prouction. When considering the overall demand for different types of biomasses (food, feed,
and energy) in a specific context (e.g., a farm or region) together with the societal demand for
other functions the agricultural land could provide (e.g., nutrient recycling and climate mitiga-

tion (Schulte et al., 2014), the question of food-fuel competition becomes more complex.

The impact of energy production in an agricultural system is much bigger than simply providing
renewable energy. Depending on how bioenergy production is integrated into an agricultural
system, it can have both direct and indirect effects on the performance of the farming systems.
In a review study, Méller (2015) concluded that indirect impacts on land use and nutrient
cycles were greater than the direct effects of using digestates instead of manure. This creates
demand for appropriate design approaches that help to avoid the potential trade-offs between
food and energy production, and the supply other ecosystem services. In addition to having
an impact on biophysical flows, bioenergy production provides a new source of income in the

system in the form of energy sales (Scarlat et al., 2018a).

1.2.3 The need to shift from linear nutrient use to nutrient recycling

A transition toward more circular nutrient flows is suggested as it would reduce the negative
environmental impacts of a linear system while increasing resource use efficiency in material
and energy use (Valve et al., 2020). The increase in nitrogen and phosphorus use in agriculture
has been remarkable. Erisman et al. (2008) estimated that the use of mineral nitrogen has more
than doubled the number of people that one hectare of arable land can feed. However, the
increased efficiency in food production has been paid by the envriroment. From the beginning
of the 20" century, global nitrogen surplus has increased 7-fold. During the same time period
the phosphorus surplus increased from 0.25 Tg y-1 to 11 TG-y (Bouwman et al., 2011). As
a result, food production is a major cause in the exceeding of the planetary boundaries of the
nitrogen and phosphorus cycles (Campbell et al., 2017; Steffen et al., 2015). Currently, the
flows of nitrogen and phosphorus are greater in manure than in mineral fertilizers, which
emphasizes the great significance of livestock production in nutrient cycling (Bouwman et al.,
2011).

A substantial portion of the nitrogen and phosphorus applied in food production is lost to the
environment. Junguo et al. (2010) estimated that approximately 40% of nitrogen inputs are
lost to the environment. Nutrient leaching to the water systems causes eutrophication and de-
creases the quality of groundwater. In addition to negative impacts in water systems, nitrogen
contributes to GHG-emissions in the form of nitrous oxide (N,O), and worsened air quality in
the form of nitrogen oxides (NO,) and ammonia (NH;). Whereas lost nitrogen can be replaced
either industrially or by biologically fixing, phosphorus is a non-renewable resource and about
55% of phosphorus applied to food production is lost between production and consumption

highligtning the importance of more efficient nutrient recycling (Cordell et al., 2009).
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The use of nitrogen and phosphorus is distributed unevenly across the globe. This results from
excess fertilizer use and nutrients from intensive livestock production accumulating in some
regions such as in Western Europe while in many other regions, especially in Africa, soils are
depleted of nutrients (Potter et al., 2010). Hence, as in the case of food production, countries
and regions are either net exporters or importers of nutrients (Harder et al., 2021; Parviainen
and Helenius, 2020). International trade has had an important role in global nitrogen and
phosphorus cycles (Schipanski & Bennett, 2012). For example, European food production
is a substantial driver of global phosphorus use and pollution as its food production relies on
the nutrient imports within the imported biomass, which is further linked to causing nutrient
surpluses in Europe (Nesme et al., 2018; Wang et al., 2018). Feed imports, and thus livestock,
also play and important role in global nutrient flows as 44% of phosphorus flows are related to
livestock feed trade (Nesme et al., 2018).

Different solutions and approaches for more circular nutrient economy and mitigation impacts
from current nutrient uses have been proposed. In order to reduce negative impacts from excess
nutrient use and to improve food security, a global redistribution and re-balancing of nutrient
flows is suggested (e.g. Kahiluoto et al., 2021; Nesme and Withers, 2016). A more regional ap-
proach was suggested by Granstedt et al. (2008), who proposed a spatially integrated livestock
and crop production system to reduced nutrient loading in the Baltic Sea. Also logistical
strategies are suggested to unburden regional nutrient surplusses through nutrient recovery
from manure and processing which would enable longer transport distances for nutrients from
manure (Valve et al., 2020). However, mixed farming systems (integrated livestock and crop
production) have been seen as a potential and more comprehensive strategy for improving
nutrient cycling on a farm scale (Kronberg et al., 2021). By in the 1950s Finnish Nobelist
A.lVirtanen suggested a nitrogen self-sufficient farming system (Virtanen, 1943). In this sys-
tem, crop rotation based on perennial clover leys was used to fix nitrogen from the atmosphere

and provide feed for cattle in a crop rotation which also included cereals and potatoes.

1.2.4 The need for a system perspective to design synergist food systems

There is a demand for food productions systems which integrate food production, energy
production, and nutrient cycling. The modern food system involves several interconnected
activities and processes related to primary production, food processing, distribution, retail
and consumption that take place at multiple spatial scales (HLPE, 2014; Van Berkum et al,,
2018). Achieving sustainability at the food system level necessitates a systems perspective that
acknowledges the interconnections between the social and ecological systems related to these
processes (Kirchherr et al., 2017; Pla-Julidn and Guevara, 2019). This would also involve
recognizing connections to systems outside of the studied systems and targeting multiple

goals simultaneously. As such, there is a great demand for a synergic and integrated solution
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that could produce sufficient food and energy and be consistent with other ecosystem services
(Kline et al., 2016; Knorr and Augustin, 2021; Liu et al., 2015; Schulte et al., 2021).

1.3 Research objectives

The aim of this thesis was to provide a design for circular food production which utilizes the
synergies of the interconnected nexus of biomass-nutrients-energy. To do that, we studied the
biophysical and economic impacts of such an integrated food and energy production design at

different spatial scales in the context of the Finnish food system.

Research questions are:

1. What is the potential for integrating food and energy production to close nutrient cycles
on a farm scale? (Chapter 2)

2. What are the theoretical foundation and principles of a circular food production design?
(Chapter 3)

3. What is the potential for integrating food and energy production through the multifunc-
tional use of agricultural biomasses on a regional scale. (Chapter 4)

4. How could circularity in the context of food systems be assessed and how circular is the
current food system? (Chapter 5)

5. What is the potential of integrated food production, food processing and bioenergy pro-
duction creating economic value and how would it be distributed at food system level?

(Chapter 6)

1.4 Research context

Food systems are global and operate across scales. To make the research manageable and
tangible, I conducted my research at national level. I chose Finland as the case country as the
importance of sustainability goals and circularity has been emphasized in different national
reports and strategies related to Finnish food systems. The Finnish government report on food
policy outlines several key challenges for the Finnish food system (Ministry of Agriculture
and Forestry, 2017). These challenges include improving profitability and productivity both
in primary production and food processing while simultaneously increasing environmental
sustainability and developing the circular economy. In Finland, national polices are ambitious
as Finland is committed to becoming a model country for nutrient recycling (Ministry of
Agriculture and Forestry, 2011), aims for carbon neutrality by 2035, and wants to become the
world’s first fossil free welfare society by 2040 (Ministry of Economic Affairs and Employment,
2019).

It is obvious that the need for a transition from a fossil-based economy to a circular bio-
economy is recognized at the societal level. However, transforming food systems is challenging

because of the lock-in in the current food system. Through three trajectories, Kuokkanen et al.
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(2017) demonstrated in their study how the current Finnish food system is locked-in. They
showed how these trajectories, namely food production, agri-environmental polices, and the
supply chain, are interlinked in multiple ways that serve to strengthen the current food system
configuration. A transition to sustainability, therefore, would require changing the whole

architecture of the system design rather than just technological changes in production.

The current structure of food supply in Finland goes against the goals of circularity. The rate
of self-sufficiency in the food supply is high, but food production is heavily dependent on
imported fossil fuels, fertilizers, and protein feed (Antikainen et al., 2005; Huan-Niemi et al.,
2021; Parviainen and Helenius, 2020). Food production has been developed to favour special-
ized crop and livestock production systems both at the farm and regional levels. For example,
around 70-80% of agricultural land is used for feed production, but only one third receives
manure. (OSE 2020). Furthermore, this structural concentration is projected to continue
because of increasing farm sizes (Niskanen et al., 2020). In addition to food production, food
processing and the retail sector are highly concentrated in Finland (European Commission,
2016; Kuokkanen et al., 2017).

However, Finland has the advantage of having relatively extensive agricultural land use. The
area of set-aside agricultural land under various schemes of non-harvested leys is over 200,000
hectares, which corresponds to about 10% of total agricultural land area (OSE, 2021). Further-
more, due to the long indoor housing period for livestock in Finland, manure can be efficiently
collected and stored for most of the year, thus providing a substantial energy resource. These
resources, together with other food system biomasses, provides a substantial energy produc-
tion potential without creating of food-energy competition. However, the potential of biogas
production is not fully understood in Finland and the sector remains undeveloped (Winquist
et al., 2019).

1.5 Methodological approach

In my thesis, I used the real-life example of the pilot project of Palopuro Agroecological Sym-
biosis (AES) as an inspirational model for a circular food system. Elements from this model
were upscaled from farm scale to municipal and regional scale (Figure 2). The AES pilot is
currently been carried out in Palopuro (a small village in Southern Finland approximately an
hour outside the capital city) where the biogas production model is being implemented. I have
a personal connection to Palopuro as I live with my family in the village and our own farm has
been part of the AES pilot. The AES concept is a result of co-creative process between local
farmers, and research institutes. The co-creative efforts used a bottom-up approach, which is
supported by Loos et al. (2014) who argued that regionally grounded approaches acknowledg-
ing regional differences and the importance of spatial scale are needed in order to achieve

sustainability in food production
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Chapter 1

INPUTS
Chapter 2 Farm scale Chapter 3 AES concept
—_— Introducing the AES concept - Elaborating the
: through the pilot case study theoretical background of
- Nitrogen and the AES concept
phosphorus - Description of the co-
fertilizers (Chapters Chapter 4 Municipality scale creative process of the
2,4,5,6) Scenarios for integrated food and pilot AES project
- Biological nitrogen energy production
fixing (Chapters
2,4,5)
- Imported feed
(Chapters 2,4,5,6)
- Energy(Chapters
2,5,6)

Food (Chapter 5)

Figure 2. Outline of my thesis structure including the system boundaries for each chapter, and the focus of each
chapter.

In this thesis I used systems thinking as the conceptual approach. A system is a limited part
of reality that contains different interrelated elements (Jones et al., 2017; Vries et al., 1993).
Compared to studies which focus only on individual system components, a systems approach
allows for acknowledging the effects caused in and by other systems and enables an understand-

ing of the complexity and interconnectivity of food systems (Liu et al., 2015).

My thesis focused mostly on agricultural systems while acknowledging that food production
is part of broader food systems which includes several interacting elements and processes. A
food system is defined as system that includes all the elements, activities, and outputs related
to food production, processing, distribution, and consumption (HLPE, 2014). In addition to
the primary production aspect of the system, I included the role of food processing. Current

food consumption was included as an external driver for food production.

The varying system boundaries in my case-studies, included the farm, municipality, and re-
gional food system scales (Figure 2). By regional food system, I am referring to regions that
includes primary production, food processing, food consumption and regional governance. I
studied these systems from a circular perspective by focusing on the supply of biomass produc-
tion that was produced for food, feed, and energy. In addition, I examined the provisions
for nutrient recycling. From the processes that transcended the system boundary but have
an impact on the studied system, I included nitrogen and phosphorus inputs to fertilizers,
feed imports, and energy input (Figure 2). By examining how self-sufficient these systems

are in biomass production, and how much these systems produced biomass (feed) to other

20



agricultural systems allowed me to acknowledge the role of the studied system as a part of a
larger food system. I used scenario analyses to explore the solution space for the future form of
integrated food and energy production systems. I used multiple indicators from the farm scale

to the regional food scale.

1.6 Thesis outline

The structure of this thesis is represented in Figure 2. In Chapter 1, I have described the chal-
lenge of the current linear food systems in relation to sustainability in the context of biomass-
nutrient-energy. In Chapter 2, together with the co-authors, we show how food and energy
production can be integrated to enhance productivity and nutrient recycling at the farm scale.
We use the pilot project of Palopuro Agroecological Symbiosis as a case study which also serves
as an inspiration for localized food system integrating primary production and food processing.
In Chapter 3, we propose the concept of AES as a generic arrangement for re-configuring
primary production and food processing and forming a network of localized food systems. We
discuss the sustainability of the concept in the context of industrial ecology and include the

role of consumers in the localized food system.

In Chapter 4, we show how increasing complexity through the multifunctional use of biomass
based on the AES model provides synergies in food and energy production without compro-

mising other ecosystem services

In Chapter 5, we provide a framework which acknowledges the spatial connections of biomass
flows and can be used for assessing the circularity of food systems. This framework is applied
to a regional case study in the context of Finnish food systems. In Chapter 6, we apply the
framework which is introduced in Chapter 5 from an economic perspective and expand it to
include the role of food processing by using the same case study regions outlined in Chapter
5. In Chapter 7, the general discussion, I discuss the results and implications of this body of

research.
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Abstract

There is growing demand to produce both food and renewable energy in a sustainable
manner, while avoiding competition between food and energy production. In our study,
we investigated the potential of harnessing biogas production into nutrient recycling in
an integrated system of organic food production and food processing. We used the case
of Agroecological Symbiosis (AES) at Palopuro, which is a combination of three farms, a
biogas plant, and a bakery, as a case to explore how biogas production using feedstocks
from the farms can be used to improve nutrient cycling, and to calculate how much energy
could be produced from the within-system feedstocks. The current system (CS) used in
organic farms, and the integrated farm and food processing AES system, were analyzed
using Substance Flow analysis. In the AES, annual nitrogen (N) and phosphorus (P)
surpluses were projected to be reduced from 95 kg ha™ to 36 kg ha™ and from 3.4 kg ha™
to -0.5 kg ha' respectively, compared to the CS. Biogas produced from green manure leys
as the major feedstock, produced 2809 MWh a™'. This was 70% more than the energy
consumed (1650 MWh a™') in the systemand thus the AES system turned out to be a net
energy producer. Results demonstrated the potential of biogas production to enhance the
transition to bioenergy, nutrient recycling, and crop productivity in renewable localized

farming and food systems
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2.1. Introduction

There is a growing demand for ecological intensification in food production. Food must be
produced in greater quantities and agriculture is concurrently expected to supply other ecosys-
tem services (Schulte et al., 2014; Tittonell, 2014). Furthermore, there is now dual pressure to
produce renewable energy and meet European Union targets (European Commission, 2014),
and to recycle nutrients (European Commission, 2015). At present, agriculture and the food
system as a whole, are de-localized and highly dependent on fossil fuels and mineral fertil-
izers as net inputs. This has caused many negative environmental impacts (Whatmore, 1995;
Kummu et al., 2012; IPES-Food, 2016). Sustainably produced biomasses are proposed to have
significant potential to replace fossil fuels and facilitate the transition to the pro duction of

renewable energy in a circular economy (Haas et al., 2015).

One challenge across the Global North is that farms have specialized into either livestock or
crop farms, fertilizer use has intensified, and spatial separation of crop and livestock production
systems has increased. This situation works against the objective of recycling plant nutrients
(Buckwell and Nadeu, 2016), and has led to a lack of manure for use in crop farms located in
areas without livestock. In response, most farms have relied on mineral fertilizers. Contrast-
ingly, organic crop farms have had to rely on green manure or commercial organic fertilizers.
A lack of leys in stockless conventional farms and a lack of opportunities to spread manure or
other organic fertilizers has resulted in negative environmental impacts, such as diminishing
soil carbon contents and substantial nutrient excesses, in the areas with spatial separation of
crop and livestock production (Uusitalo et al., 2007; Heikkinen et al., 2013; Maillard and
Angers, 2014).

The challenge arising from the spatial separation of animal production and crop production is
even more apparent on organic farms, because they have to rely on green manure leys instead
of using mineral fertilizers. In green manuring, the timing of N mineralization does not meet
with the peak demand of the crop plants (Berry et al., 2002). Also, the common practise in
Nordic conditions of terminating green manure leys by ploughing them in late autumn creates
risks for losses of N and other nutrients from the green manure as the nutrients are released
from the decomposing biomass too early (Uusi-Kimppi and Jauhiainen, 2010). For these
reasons there is a need to develop alternative strategies to increase N use efficiency in stockless
organic farming (Berry et al., 2002; Méller, 2009; Borgen et al., 2012). These challenges and
opportunities have created a need for finding new ways to integrate food production and
renewable energy production in a sustainable manner. One approach is to use green manuring
leys, that are not competing with food production, for combined energy and organic fertilizer

production.
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Stinner et al. (2008), Tuomisto and Helenius (2008), Siegmeier et al. (2015), and Blumenstein
et al. (2018) all suggest the use of green manure leys as a feedstock in biogas production in
organic farming. As an added benefit, nutrients can be more efficiently reallocated in time
and space if these leys are harvested for digestion in biogas plants, instead of tilled in the soil.
This increases nutrient use efficiency and returns higher yields, thereby potentially increasing

productivity in the farming system (Msller, 2009; Méller and Miiller, 2012).

A further innovation was described by Koppelmiki et al. (2016). They proposed Agroecological
Symbiosis (AES); as a food system application of the more generic idea of industrial symbiosis
(Chertow, 2000), to further enhance nutrient recycling and to make full use of the bioenergy
produced within the system. AES is a food production and processing symbiosis of farms and
food processors. In addition, as a localized food system model, AES is expected to have cultural
and socio-economic benefits (Koppelmiki et al., 2016), which are not dealt with in this article.
The first AES is actively forming in the village of Palopuro in southern Finland. In this AES,

a dry-digestion biogas unit produces energy from green manure leys together with manure.

However, the knowledge gap regarding potential trade-offs between energy gains and changes
in food production, nutrient cycles and among other soil functions remains. There is a need to
ensure that the production system is optimized to minimize trade-offs and maximize synergies

between food and energy production.

In our study, we explore how agricultural biomasses that are not competing with food produc-
tion can be utilized in producing renewable energy and enhancing nutrient recycling in food
production and processing in an AES context. The aim of our paper is to explore the potential
of closing nutrient loops and increasing energy self-sufficiency in food production through
AES. We use Palopuro AES as a case and carry out an ex-ante assessment of a biophysical sys-
tem in terms of (1) agricultural and food products produced and sold, (2) nutrients produced
within, imported to, and exported from, (3) energy requirements, energy sources, and saleable
energy of the AES.

2.2. Materials and methods

2.2.1 Case description

In this study, we used Palopuro Agroecological Symbiosis (http://blogs.helsinki.fi/palopuron-
symbioosi/) as the pilot case of an energy-positive, circular food production system. Palopuro
AES is located in Southern Finland, approximately 50 km north of Helsinki, in the village of
Palopuro near the town of Hyvinkii (60°37'50"N, 024°51'35"E).
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Palopuro AES consists of the following operations: an organic cereal farm, an organic vegetable
farm, an organic hennery, a bakery, and a biogas plant (Figure 1). An investment decision to
build a biogas plant was made at the time of the study. From the beginning, the bakery has
participated in planning the AES and formulating a construction plan, but the investment
had not yet been realized at the time of our study. Hence, our study comprises of an ex-ante
assessment of the AES system, as compared to the current system (CS). A full description of

the Palopuro AES can be found in the Supplementary Material (S1).

The biogas plant serves as the heart of energy production and nutrient flows (Figure 1). By far,
silage from green manure leys of the farms will be the most important feedstock for the plant,
representing 71% of the total feedstock quantity. The use of grass biomass as a feedstock in
biogas production follows the ideas previously presented by Méller et al. (2008), Stinner et al.
(2008), and Tuomisto and Helenius (2008). Other feedstocks include chicken manure from
the hennery and manure from horse stables. Unlike the other feedstocks, horse manure is not
recycled within, but imported to the AES from stables located nearby. Receiving horse manure
is a service provided by the AES to small horse stables in the neighbourhood, as these often do

not have their own fields for manure spreading.

Through the anaerobic digestion of the biomasses, recycled within the AES alone, the AES
becomes a net energy producer (Koppelmiki et al., 2016). The biogas can be directly used by
the AES in on-farm processes, such as grain drying, and as fuel for the ovens in the bakery. The
rest of the biogas will be upgraded to biomethane for use as fuel for the needs of the AES itself,

and for sale at a gas station to be built next to the plant.

The nutrient-rich digestate will be used as organic fertilizer on the farm fields. The major-
ity of the fields at Palopuro AES have been managed under organic certification since 2010.
Currently, the crop rotations follow commonly used practices of stockless organic farms in
southern Finland. A five-year crop rotation consists of two years of perennial green manure
leys, followed by autumn- or spring-sown cereals, then a pulse crop and, finally, spring-sown
cereal with undersown grass seeds to establish the subsequent green manure leys. N fertilization
relies on the green manure leys and commercial organic fertilizers are used in part of the fields.
Horse manure is used as a soil conditioner. In an operating AES, the green manure leys are
replaced by dual-purpose leys: this serves as the biological N input into the system, but also

converts green manuring leys into mobile organic fertilizers.

2.2.2 Food production and nutrient flow analyses

In this study, we modeled a current scenario (CS), which represents the typical organic farming
system based on current agricultural activities of the farms participating in Palopuro AES. This

scenario was compared to the AES Scenario (AES), the functions of which were designed in
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the completed research and development (R&D) project (Helenius et al., 2017). The farm’s
arable land and hennery were systems boundaries for the CS. Arable land also included the
vegetable farm’s fields, which consisted of one ha of vegetables and two ha of green manure
leys. For the AES model, boundaries were the symbiosis’ farm fields and operations including

the biogas plant, which will begin operating in autumn 2018, and the bakery, which is in the

planning stage (Figure 1).
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Figure 1. System boundaries of the modeled case as (a) the current system and (b) as a system converted to agro-
ecological symbiosis (AES). The AES adds not just a biogas plant, but also a food processing unit to the system.

N and P flows were calculated, and a comparison was made between CS and AES. Nutrient
flows were illustrated using STAN 2.5.1302 substance flow analysis software. The data for
arable land were compiled from cultivation notes (available arable land and fertilization use)
taken at farms of the Palopuro AES and from the literature. Energy use and grain consumption
data for the bakery were compiled from Samsara Ltd., which has made plans to move its
operations to become part of Palopuro AES. The biogas plant operations were designed based
on the results of the R&D project, which was conducted in 2015-2017 (Helenius et al., 2017),

and on results reported from biogas literature.

For the CS, the area of green manure leys followed the common practices of organic crop farms
in the region, which meant that 40% of the crop rotation was allocated to green manuring.
For the AES, the area of green manure leys was set to meet the demand of the biogas plant
together with the other fallows, which were not included in the crop rotation. Crop rotation
was optimized to the demands of the AES framework, as applied to Palopuro AES. This means
that, in addition to supplying enough feed for the henhouse, the fields should also produce
enough baking-quality grain for the bakery and enough feed in the form of silage for the biogas
plant.
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The area of other fallows, nature management fields, and buffer zones was set to be the same as
in the farm’s current crop rotation, comprising approximately 8% of the total farm area. In the
AES model, the biomass harvested from buffer zones was used for biogas production. In the
CS model, the grass cut from the buffer zones was not used for agricultural purposes. In the
AES model, the use of harvest from the buffer zones added 0.5% to the N and 0.6% to the P
flows. In addition, a part of the nature management fields was harvested to meet the demand
for grass biomass in biogas production. Nature management fields and buffer zones are both
common agricultural land uses in Finland covering approximately 9% of the total agricultural
land area in the study region during 2017 (Natural Resources Institute Finland, 2018a). This
is because they are subsidized by the agri-environmental support system. According to regula-

tions, harvest biomass from these fields is allowed (Ministry of Agriculture and Forestry, 2014).

The total farmland was 385 ha in both scenarios, but allocations to the various crops and land
uses varied (Table 1). The crop yields (Table 1) were average organic crop yields in the region
(CS) (Natural Resources Institute Finland, 2018a) or adjusted (AES) as follows: in the AES
model, biomass from the green manure leys is harvested for anaerobic digestion in the biogas
plant. The digestate is recycled to non-leguminous crops. Based on published research (Méller
et al., 2008; Stinner et al., 2008; Méller and Miiller, 2012), the digestate had 10-28% better
fertilizer value in terms of crop response than the same biomass used as green manure. An
added benefit is that, while green manure is used in the same field parcel in which it was grown,
recycling in the form of digestate allows for re-allocation of nutrients based on optimization

between the parcels.

Table 1. Field use and yields* in the CS and AES models

Area (ha) Area (ha) Yield kg ha Yield kg ha' in

Field use CS AES in CS AES
Rye 40 40 1900 2660
Oat 42 32 2100 2 940
Barley 25 25 2300 3220
Wheat 35 70 2 000 2 800
Pea 20 20 1 800 1800
Pea-oat intercrop 51 57 2100 2100
Green manure leys 142 111 20 000 20 000
Nature management fields 20 20 15 000 15 000
Buffer zones (not in crop rotation) 9 9 10 000 10 000
Vegetables 1 1 12 000 12 000
Total area 385 385

* The crop yields in the CS model are based on average organic crop yields in the region (Natural Resources Institute Finland 2018a)
while the higher yield is factored in the AES model.
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To estimate the achievable yield increases resulting from the advantages described eatlier, we
calculated how much readily available soluble N (nitrite NO,, nitrate NO;’, and ammonium
NHy") for plants the digestate from biogas production would include. This was based on the
nutrient value of the feeds used. After that, we assumed that the soluble N in the digestate
would be used to fertilize non-leguminous crops in the crop rotation, thus increasing yields.
Based on these calculations, we estimated that 30 kg of soluble N ha' (total N 150 kg ha!),
available for non-leguminous crops in the AES model, increased cereal yields by 40%, com-
pared to the traditional organic farming practice in CS. The 40% yield increase is factored in
the modeling. This is based on N-rate yield response modeling by Valkama et al. (2013). This
model was a meta-regression with both Mitscherlich-type exponential and quadratic fit. It was
based on various Finnish N fertilizer experiments for low-yielding spring cereals in 1940-2014
at 17 sites in Finland. The nutrient content of the digestate (Table 2) was derived from the
nutrient contents of the feedstocks used multiplied by a solubility factor of 1.2 (Méller and
Miiller, 2012) to obtain the definitive soluble N value for the digestate. Grass biomass value
was based on average values for silage obtained from National Feed tables (Natural Resources
Institute Finland, 2018b). The value for horse manure was based on results from Luostarinen
et al. (2017). The N content of the hen manure was based on Luostarinen et al. (2017), but
the P value was calculated by subtracting the P content of the produced eggs and the disposed
hens from all the P inputs to the hennery. Other parameters and explanations for nutrient flow

analyses are given in Table 3.

Table 2. Nutrient content, biomethane production, and the quantities of feeds used in biogas production. The
nutrient values are based on average values in the National feed tables (Natural Resources Institute Finland 2018b)
and biomethane production (CH; Nm?/a) is calculated based on biomethane potential values reported by Seppili

etal. (2009), Wahid et al. (2015), Ménch-Tegeder et al. (2013), and Kafle and Chen (2016).

Horse Chicken Feed
Silage manure manure together Digestate

Feed FM tn a 2 450 800 185 3435 2 804
DM % 0.32 0.30 0.31 0.31 0.29
Feed DM ta’ 823 270 57 1150 813
TN kg ¢' FM 7.0 3.4 14.02 6.8 8.4
TNta' 18.1 27 2.59 23.5 23.5
SN kg ¢! FM 1.1 0.5 3.47 1.1 1.6
SN tn a” 2.7 0.4 0.6 3.7 4.5
TP kg m’ FM 0.7 0.8 6.3 1.0 1.0
TP tn a’ 1.8 0.6 1.2 3.6 3.6
CHj production Nm’ a! 233 632 28 800 18 508 280 940

Explanations: dry matter (DM), fresh matter (FM), Total nitrogen (TN), Soluble nitrogen (SN), Total phosphorous (TP).
To determine the digestate’s soluble nitrogen content, we used a solubility factor of 1.2 based on the review study by Méller and
Miiller (2012).
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Ecological intensification by integrating biogas production into nutrient cycling

2.2.3 Energy consumption and production

Data on energy use were collected from the farms and, for the biogas production and the
bakery in the AES model, we used data collected in the R&D project, where the functions of
symbiosis were planned (Helenius et al., 2017). The energy consumption data included the
electricity and heating needed for agricultural operations, the energy needed for bread baking
in the bakery, fuels for the machinery, and the biogas plant’s own energy consumption. All the
energy consumption data are expressed in Megawatt hours (MWh). The energy production
data consisted of the biogas production described earlier. The biomethane potential (BMP) of
the various biomasses was derived from the literature and is expressed as normal cubic meters
(Nm3). The BMP value for silage, 298 Nm3 CH4 tn-1 total solids, was based on values
(229-353 Nm3 CH4 tn-1 for various herbaceous grasses) reported by Seppili et al. (2009)
and the values (292-320 Nm3 CH4 tn-1) reported by Wahid et al. (2015) for grass-clover
mixtures. We determined the BMP for horse manure as 120 Nm3 CH4 tn-1 total solids based
on values (88-196 Nm3 CH4 VS-1) reported by Ménch-Tegeder et al. (2013) and we used
the value 324 Nm3 CH4 tn-1 total solids for chicken manure, based on results by Kafle and
Chen (2016). We assumed that the whole biomethane potential was realized over a digestion

time of three months.

2.2.4 Uncertainties and sensitivity analysis

The uncertainty of various factors was determined by classifying them into three different
uncertainty levels (10, 20, and 30%) (Supplementary Table 1). The classification was based
on ranges used by Antikainen et al. (2005). To account for the variability in flows depending
on management decisions and the availability of, for example, horse manure imported from
neighboring farms, we relied on personal communication with the operators of Palopuro AES.
After assigning uncertainty levels to each factor, data reconciliation was performed using the

STAN data calculation tool for uncertainty reconciliation (Cencic and Rechberger, 2008).

The sensitivity of results of the models” outputs to variation to input parameters was tested by
changing the parameter values one-by-one while keeping other variables equal. After this we
reran the calculation. To observe the sensitivity of the calculated nutrient surpluses from arable
land, we changed the original values within the uncertainty ranges. To observe the sensitivity
of energy production, we changed the feed dry matter (DM) content +10%, and to observe
BMP sensitivity, we used the minimum and maximum value ranges from the literature, as

explained earlier.
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2.3. RESULTS

2.3.1 Nutrient flows

Compared to CS, circulating the grass biomass and manure through the biogas plant in the
AES increased the mobile N input to the arable land, which resulted in increased crop produc-
tion and reduced nutrient losses from the system (Table 4). Nitrogen and P surpluses were
reduced by 36 kg ha" (1-70 kg ha) and 3.9 kg ha™ (2.8-5.1 kg ha™), respectively, compared
to CS. Also, the smaller area for green manure leys reduced the biological nitrogen fixation

(BNF) resulting in smaller N surpluses.

Table 4. Nitrogen and phosphorous balances and nutrient use efficiency (Beatty et al., 2016) for arable land in the

CS and AES models. Uncertainty range in parentheses. Units are in elemental nutrients kg'y™

N P

CS AES CS AES
Input 118 (£24.3) 136 (£23.9) 7.1 (x1.0) 8.9 (+0.8)
BNF 96 (£20.2) 77 (£14.3)
Manurelorganic fertilizers/ 18 (+3.0) - 7.1(x1.0) -
Digestate 55 (x8.6) 8.9 (x0.8)
Nitrogen deposition 3(x1.0) 3(x1.0)
Output 23 (+2.9) 76 (x10.2) 3.7 (x0.7) 9.4 (1.3)
Harvested crops 23 (+2.9) 76 (£10.2) 3.7 (x0.7) 9.4 (+1.3)
Surplus 95 (+20.2) 59 (+14.2) 3.4 (x1.4) -0.5 (+0.2)
Nutrient use efficiency 0.2 0.24 0.52 0.58
Surplus kg tn™ harvest 89 44 3.20 -0.40

By far, the most substantial N input to both systems was BNF from the atmosphere (Figure 2).
In the AES model, BNF was 30% smaller than in the CS model. The BNF quantity resulted
in the greatest uncertainty in N surplus (Table 5). The most substantial P input was derived
from the hennery (Figure 3). This was due to net imports of chicken feed concentrate, as
the exported eggs only contained 21% of the P imported in the feeds. Also, horse manure
contributed a substantial quantity of P to the system, resulting in 43% of the total P imports.
In the CS model, the majority of P was imported in the form of organic fertilizers (Table 4),
which were no longer used in the AES model. In both models, crop sales formed the largest N

and P exports.
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Table 5. Sensitivity to change in model parameters to the model outcomes of nitrogen and phosphorous surpluses.

Nitrogen Nitrogen Phosphorus surplus  Phosphorus surplus
surplus CS surplus AES CS AES

Sensitivity scenario kg ha kg ha kg ha! kg ha!

Green manure ley biomass +20% 16.0 12.5

Green manure ley biomass -20% -16.0 -12.5

Crop yields (cereals) +20% 2.7 -2.0 -0.5 -0.4

Crop yields (cereals) -20% 2.7 2.0 0.5 0.4
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2.3.2. Energy production
The AES produced 2 809 MWh gross energy from the green manure leys, fallows, and ma-

nures (Table 6). Silage harvest from the bioenergy-green manure leys was the most important

2

feedstock to biogas production. This produced approximately 83% of the total energy while

contributing only 71% to the total quantity of feedstock materials used in biogas production.
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The share of horse manure in the feedstock was 23%, but its contribution to produced energy

was only 10%. The operations of the AES consumed ca. 59% of the quantity of produced
energy. Energy production from the biogas plant was very sensitive to feedstock quality (Table
7). Energy produced was increased when the horse manure was replaced by silage with a higher

biomethane potential.

Table 6. Gross energy production and consumption in the AES model

Energy produced, and current

energy used MWh/a
Produced energy 2809
Silage 2336
Horse manure 288
Chicken manure 185
Consumed gross energy* 1650
Biogas plant 390
Cereal farm 625
Machinery 250
Grain drying 250
Electricity 125
Hennery 275
Vegetable farm 10
Bakery 350
Energy surplus 1159

* Consumed electricity was converted to needed primary energy using a factor
of 0.4 (Boyce 2001)

Table 7. The effect of increasing and decreasing various parameters in the energy production. Silage biomethane

potential min. and max. values described earlier

MWH a
Silage DM content + 10% 234
Silage DM content - 10% -234
Silage biomethane potential (max. value) 432
Silage biomethane potential (min. value) -541
Replacing 300 tn of horse manure by silage 179
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2.4. Discussion

Our study showed that biogas production based on utilizing biomasses available within the
farming system has the potential to increase primary production in farming, reduce nutrient

losses, and produce renewable energy in excess while enhancing nutrient recycling.

2.4.1 Increased nutrient use efficiency

Reduced N and P surpluses and increased nutrient use efficiency were consequences of in-
creased crop production from arable land, which led to greater outputs from the system. In the
AES model, the biogas plant plays a key role in nutrient recycling and in increased system-level
plant nutrient use efficiency by allowing for spatial and temporal nutrient re-allocation in the

crop rotation without importing new nutrient inputs from outside of the system.

The projected cereal yield increase was 40% for the AES model compared to average yields on
organic farms without livestock in Southern Finland. The digestate from biogas production
enabled an increased quantity of soluble N to be available for crops in spring, thus enhancing
crop growth. The positive effect on cereal yields attained by using digestate as a fertilizer is
supported by findings from other studies, though the reported effects have been smaller; 10%
by Stinner et al. (2008) and 14% by Brozyna et al. (2013). Farmers have reported a 20-25%
yield increase and increased protein content for cereals in a survey conducted in Germany
(Blumenstein et al., 2015). In the AES model, the assumption of a yield increase was based
on modeling results from metadata by Valkama et al. (2013): these indicated substantial yield
responses when original yields were low, as is the case in stockless organic farming in Finland.
Similar yield responses (37-38%) were achieved in a study by Blumenstein et al. (2018), where
the impact of integrated biogas production was modeled on yields in stockless organic farming.
However, the 40% yield increase presents the potential achievable yield increase in situations
when no other factors, such as unfavourable weather conditions or weed competition, limit the
yield response. We used the + 20% sensitivity range for the yield response to the digestate to
account for situations where agricultural yields vary depending on many factors not included

in the modeling.

In both the AES and CS, nutrient imports into the system were equivalent with the exception
of BNE which was substantially influenced by the reduced field area needed for green manur-
ing due to enhanced nutrient use efficiency. As a result, the nitrogen surplus was reduced by
38% in the AES model compared to CS. This reduction was further augmented by increased
crop yields per hectare and per system. Nitrogen losses were reduced, but further specification
of these N losses to air or water was not included in this study. Dahlin et al. (2011) compared
how harvesting the green manure vs. mulching affects N recycling in field experiments. They

suggested that harvesting the green manure leys’ biomass is likely to reduce both gaseous losses
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to the atmosphere and nutrient leaching compared to conventional mulching where grass

mulch is left on the ground.

In our study, we assumed that BNFs from green manure leys were equal in both models.
However, biomass harvesting can result in increased BNE Hatch et al. (2007) found that clover
leys increased BNF by 9-61 kg ha compared to treatments where clover was mulched and left
on the ground. Stinner et al. (2008) reported that reduced soil N availability was compensated
for by enhanced BNF, resulting in equal pea yields. However, biomass harvest has not always
enhanced BNEF, as Dahlin and Stenberg (2010) have reported. According to Dahlin et al.
(2011), only 14% of the N from the aboveground biomass is recycled back into grass growth

when used as green manure.

In the AES model, the P balance was slightly negative (-0.5 kg P ha™), whereas a surplus of 3.4
kg P ha' in the CS was near the average balance of 4 kg P ha in Finland (OECD, 2018). As
with N, this caused by larger yields in the AES model, which resulted in increased P exports
from the system. Phosphorus exported out of the system, including erosion, was replaced by

imports in the form of horse manure and concentrate feed for hens (Figure 3).

In our study, the hennery contributed 34% (CS) and 57% (AES) of total P imports to the
system, in the form of feed concentrate, but only 14% (CS) and 10% (AES) of the total P
exports, in the form of eggs. Most of the P in the chicken feed is excreted in the manure. This
results in a potential risk for P accumulation in soils where manure is used continuously. Such
an outcome was reported in Finland by Uusitalo et al. (2007), who observed greater P balances

resulting in increased P contents in the soils of livestock farms compared to arable crop farms.

In light of the slightly negative P balance in the AES model, imports are needed to compensate
for the exports to maintain soil fertility. As an outcome of decades of mineral fertilization at
rates exceeding plant uptake, current P levels in Finnish farmland soils are high and yield losses
are not expected in short term, even if negative P balances are maintained (Ylivainio et al.,

2014).

The AES is not a fully closed system, because certain nutrients are imported into and certain
nutrients are exported out of the system in the form of crop sales. Nitrogen required in crop
production can be supplied by BNF, but with P the interpretation of a desirable level of self-

sufficiency depends on the intrinsic or historic soil P level.

2.4.2 From energy consumer to energy producer

The AES model converted the studied production system from an energy consumer to a net

energy producer by taking advantage of available biomasses within the system that were not
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used in food production. Seventy percent more biogas was produced than was consumed in

total by the farm operations, bakery, and biogas plant (plant’s own energy needs).

In the AES model, biomasses from within the system boundaries, which included the green
manure leys and chicken manure, produced energy equal to 7.29 MWh ha™ in the AES field
area. The biomethane potential of horse manure is substantially lower than that of silage and
chicken manure (Seppili et al., 2009; Monch-Tegeder et al., 2013; Wahid et al., 2015; Kafle
and Chen, 2016). In terms of energy production, horse manure was not an important feedstock
and could be replaced by crop residues such a straw. However, horse farms often lack fields
for manure spreading, which means they may be willing to pay biogas companies for manure

management.

2.4.3 Sensitivity analyses

Results were sensitive to certain input factors in both models. Changes in grass biomass pro-
duced ha-1 substantially affected N balances as the formula for calculating BNF was based on
the quantity of biomass produced. Biogas production was most sensitive to the quality of green

manure leys, which were used as feedstock in biogas production.

2.4.4 Applicability and limitations of the study

Our study explored how integrating biogas production into a cereal production system af-
fected nutrient flows and energy self-sufficiency in an integrated system of organic farming
and food processing. Our study focused on one AES case located in southern Finland. The
results confirm previous findings that nutrient recycling from green manuring through a biogas
plant is productive in stockless organic farming. The introduction of dry biogas production
into a stockless organic crop rotation therefore allows for the arable area allocated to green
manuring crops to be reduced, which further negates undue competition between fuel and

food competition.

The case study further demonstrates that food production and processing can be made energy-
positive through its own bioenergy, with a dramatic climate change mitigation benefit through
the replacement of fossil energy. This requires re-localizing to the scale required for AES. The

results cannot be directly applied to other AES, as the concept requires situated system designs.

The green manure leys in the AES model have an important function: their purpose is even
more multi-functional than typical in organic crop farming. On organic farms, green manure
leys are traditionally used for BNE soil conditioning, and weed suppression. In the AES model,
the leys maintain these functions while also serving as feedstock for biogas production and for
the production of recyclable digestate, allowing for more efficient use of BNF and nutrient

reallocation within the system to better meet crop nutrient demand.
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Based on the results of our study, net energy production is significant in areas not used in
food production. If the fallows available in all of Finland were farmed for biogas feedstock
with the same productivity as in this study, they would produce over 4 TWh a™* of energy. As
a comparison, the motor fuel oil consumption in Finland’s agriculture and horticulture sector
was 2.45 TWh a™' in 2016 (Official Statistics of Finland, 2016).

In Finland, the proportion of perennial green manure leys is larger than in organic crop farms
in other Northern European countries or in Central Europe. In terms of energy production,
this makes the implementation of the AES system described in this study specifically relevant

to Finland, and more challenging in these other areas.

The results are applicable in stockless organic crop farms. However, both organic and conven-
tional farms typically have fallow land in addition to cash crops or rotational green manure
leys. This is a typical situation in Finland, where 11% of agricultural land was fallows in
2017 (Natural Resources Institute Finland 2018a), creating a substantial potential resource
for biogas production. However, yield increases as described in our study would not apply to
conventional systems, as there, the digestate would be replacing mineral fertilizers. This would

require re-parameterization of our model for non-organic conditions.

2.4.5 Further research questions

The feasibility of the AES mode-of-action needs to be studied for a range of food products
in variable production conditions at various spatial and organizational scales. In addition to
food and energy production and nutrient recycling, impacts on soil functions, such soil carbon
content, on greenhouse gas emissions, and on biodiversity should also be studied at the farm

level and at a regional scale.

In our case study, the integration of food processing and primary production at the farm
did not influence nutrient flows, because there were no losses from the bread-baking process.
Other types of food processing, such as dairy processing, meat processing, or vegetable clean-
ing and peeling processes, could potentially provide additional waste biomasses that could be
utilized in energy production and subsequently recycled back into food production. However,
it is notable that with a redesign for AES, a bread system can be converted from an energy

consumer to an energy producer, from primary production to deliveries.

In more intensive farming systems, the risk for trade-offs in various farmland functions in-
creases. For example, there might not be as much available grass biomass that could be utilized
in biogas production without competing with the conventional food production. However,

especially in warmer climates, a longer growing season means a greater potential for cover crops
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to produce substantial biomasses, which can function as an alternative feedstock in biogas

production without competing with other farmland functions.

In this study, results were based on modeling. The Palopuro AES case needs to be evaluated by
direct measurements and ex-post assessments once fully functional. Field experiments examin-
ing the fertilizing effect of digestate have been conducted with digested slurries or other slurries
combined with energy crops or crop residues (Stinner et al., 2008; Maller, 2009; Benke et
al., 2017). To our knowledge, no other available studies have explored the fertilizing effect of
digestates with as high of a dry matter content as the digestate from the dry-fermentation type

of biogas plant modeled in our case study.

2.5. Conclusions

Agroecological Symbiosis serves as an adaptive model in meeting the challenge of nutrient
recycling and the transition to renewable energy for ecologically intensified localized food
systems. Such utilization of the multiple beneficial functions of leys helps diversify rotations
in, especially, specialized arable farms. AES systems may turn food production and processing
to an energy-positive sector, while reducing environmental loading. Our study demonstrated
the impacts of biogas production on nutrient flows and energy production. However, other
environmental impacts, including soil organic matter changes and greenhouse gas emissions,
should be studied in the future. Also, the N value of digestates should be studied with plot
experiments. Further studies concerning variable production conditions, including other types
of food production systems, are needed to gain full understanding of the potential of an AES

for sustainable food production.
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Appendix. Supplementary material

S1 Description of the Palopuro Agroecological Symbiosis

Knehtild, an organic arable cereal farm of 382 ha, is at central part of Palopuro AES. It has
traditionally served as a venue for local food markets and catered other events, and has invested
in a farm café and restaurant with a meeting facility. Mantyméien Luomu is an organic hennery
of 5600 egg-laying hens, and is located approximately two km from Knehtild. The vegetable
farm, Lehtokumpu, is also located close by. The energy company, Nivos Energia Ltd, is a
regional enterprise prospecting on biogas business. Nivos Energia together with the two farms
and with the Finnish technology provider Metener Ltd joined in the AES to establish Palopu-
ron Biokaasu Ltd for owning and running the biogas operation. When writing this report in
2018, the plant is being built in the geographical center of the AES. It is planned to be fully
operational for processing the ley harvest of 2018. The biogas plant comprises of two leach bed
silos (800 m3) and a percolation liquid tank. Biogas is produced in a batch process, where the
silos are filled with dry feed material and percolation liquid is circulated continuously through

the bed during anaerobic digestion.
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S2. Suppelmentary Table 1

Supplementary Table 1. Uncertainty levels for various factors. Uncertainty levels were determined based on ranges
used in the study by Antikainen et al. (2005)”. To account for the variability in flows depending on management

decisions and availabilities, such as horse manure imported from the neighboring farms, we relied on personal

[\

communication with the operators of Palopuro AES. The flow numbers refer to the numbering in Figures 2 and 3.

z
Uncertainty level (%) Flows Flow number g
10 Flour 6
Feed 7
Bread 8
Chicken feed 12
Eggs 14
20 Digestate 3
Crop sales 4
Horse manure 9
Chicken manure 11
Losses 18
30 Nitrogen deposition 1
Nitrogen fixation 2
Green manure leys 5
Ready-to-lay poultry 13
Hens 15
Losses 16
Losses 17
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Abstract

Critics of modern food systems argue for the need to shift from a consolidated and con-
centrated, often monoculture based agro-industrial model toward diversified, post-fossil,
and nutrient recycling food systems. The abundance of acute and obvious environmental
problems in the agricultural sub-systems of the broader food system(s) have resulted in a
focus on technological and natural scientific research into “solving” these point of produc-
tion problems. Yet, there are many facets of food systems that are vital to sustainability
which are not addressed even if the environmental problems were solved. In this article,
we argue for agroecological symbiosis (AES) as a generic arrangement for re-configuring
the primary production of food in agriculture, the processing of food, and development
of a food community to work toward system-level sustainability. The guiding principle of
this concept was the desire to base farming and food processing on renewable bioenergy,
to close nutrient cycles, to break away from the consolidated food chain, to be more
transparent and connected with consumers, and to revitalize the rural spaces where farms
generally operate. Through a consistent and robust collaboration and co-creative process
with transdisciplinary actors, ranging from food producers, and processers to policy actors,
we designed a food system model based on networks of AES (NAES). The NAES would
form place-based food networks, replacing the consolidated commodity chains. The NAES
supports sustainable interactions from a biophysical and socio-cultural perspective. In this
paper, we explain the AES concept, give an overview of the process of co-creating the pilot
AES, and a proposal for the extension of the AES, as NAES, to create sustainable food
systems. Overall, we conclude that the AES model holds potential for creating place-based

food systems that further the sustainability agenda.
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3.1. Introduction

Critics of the current dominant food system argue for the need to shift from a centralized,
agro-industrial model toward diversified, post-fossil, and circular food systems (Pimbert, 2009;
Monteleone, 2015). This type of shift would mean a reversal of the trend of globalization and
consolidation in food systems in favor of (re)localization (IPES-Food, 2016, 2017). There
are well-justified arguments for abandoning the productionist agricultural model (Lang and
Heasman, 2004), which include environmental, public health, socio-cultural, and economic
reasoning (Marsden and Sonnino, 2012; Willett et al., 2019).

Along with the loss of important structural characteristics, such as local adaptations and
diversity, the agro-industrialization of food systems has resulted in loss of the essential
functional properties of stability and resilience. The excessive environmental impacts of these
agro-industrial systems include the wasteful use of, and associated pollution and emissions
from, the extracted natural resources, such as plant nutrients. In addition, the agro-industrial
system contributes to loss of biodiversity, and loss of services from the ecosystems, such as pol-
lination and carbon capture to soils. In addition, it contributes to the pollution and ecosystem
impacts of plant protection chemicals. Globally, the current modes of food production are a
major cause of exceeding the known planetary boundaries, particularly the ones of biological
diversity, and nitrogen and phosphorus cycling (Steffen et al., 2015). The misconception of
industrializing food and agriculture has resulted in extreme environmental degradation and
destruction (Campbell et al., 2017; Willett et al., 2019). Failure to recycle the nutrients used in
agriculture production is striking (Buckwell and Nadeu, 2016; Sherwood, 2020). The present
system is highly dependent on external and excessive energy inputs, especially in the form of
fossil fuels (Sherwood, 2020).

From a socio-culture perspective, the agro-industrial model (Figure 1) contributes to the
homogenization of food supplies and diets (Khoury et al., 2014), and the fragmentation and
homogenization of rural landscapes (Jongman, 2002). The fundamental set up of the industrial
agricultural model renders the products of primary production placeless, as they move through
middlepersons and into vast storage facilities. Food produced through the processes of the
industrial agricultural chain has been likened to being from “nowhere” as the links between
producer, processer, and consumer are complicated and difficult to trace (Schermer, 2015).
There are also externalized costs of agro-industrial food systems, as they do not serve public
health and create imbalance and inequity in entitlement to food. On one hand these agro-
industrial food systems are contributing to diet-linked, non-transmittable diseases, and on the
other hand they contribute to hunger and malnutrition (Tilman and Clark, 2014; Willett et
al., 2019). One is justified to ask if agribusiness and the consolidated food industry on their

own can make the transformations needed to transition to more sustainability oriented systems.
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Global and national food policies seem to be needed, and at the same time, transformative

initiatives formed at the grassroots level need to be enabled.
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FIGURE 1. Schematic model of the conventional food system wherein the production, processing, and consump-
tion functions primarily as a “food chain,” in which the product flows and economic exchange are the focus with
little regard to externalities or contextual factors whether biophysical or socio-cultural. The size of the boxes sym-
bolically illustrates the number of participants in that level of the system and the size of the arrows represents the

volume of the flows.

These challenges appear to be as equally pressing as the need to reverse the food systems
disproportionate contribution to and impact from global climate change (Wheeler and von
Braun, 2013; IPCC, 2019). The globally shared commitment to every persons’ entitlement to
food and adequate nutrition is derived from Article 25 of the Universal Declaration of Human
Rights (UN, 1948), which provides a clear goal for improving food systems. The stark failure
of the conventional food chain in addressing human rights is well-documented, but largely
ignored even in (food)policies, not to mention the commodity-based agribusiness (De Shutter,
2010). The dominance of consolidated food chains threatens food security and leaves the food
system vulnerable, with little resilience to external disturbance. In the context of the Covid-19
pandemic, this concern was publicly brought up by news media, as the centralized meat chains

in several countries stumbled (see for e.g., van der et al., 2020).

The socio-cultural impacts of the globalized food system revolve around the homogenization
of food cultures, the physical and cultural distancing of an increasing majority of “consumers”
from the producers, and associated loss of sense of food. By the concept of sense of food,

we mean a loss of understanding about the food one consumes in its full place-based con-
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text (Wilkins, 2005; Kneafsey et al., 2008; Spiller, 2012). These developments have had the
alarming consequence of resulting in lack of public interest in food policy, or in insufficient
policies. Calls for increased food sovereignty—food systems that are designed to accommodate
the context and needs of the participants in the system (Rosset, 2008; Patel, 2009; Clapp,
2016)—and agroecology as a movement (Wezel et al., 2009) have emerged as a response, but
often represent resistance and alternatives rather than full systemic transformation. From an
economic perspective, the industrial food system and the “cheap food” it produces, creates
imbalance and dysfunction (Patel and Moore, 2017). It has contributed to the decline of rural
livelihoods, farmer incomes, and to a vicious cycle of an ever-increasing need for intensification
to maintain yields from agricultural land (Tilman et al., 2002; IPES-Food, 2016).

In the context of addressing the need for transformative change of the food system, many if
not most of the scientifically well-founded analyses focus only on parts of the food system,
which appears as only a partial optimization, or even redundant. This is especially true in
attempts to improve sustainability of agriculture by tinkering around with the details of the
agricultural system while taking the rest of the system for granted. In other words, agriculture
cannot achieve sustainability separately from the wider food system, where it is a foundational
building block. This understanding is emerging, even if it is still only partially addressed, in
the ongoing debate about “sustainable intensification” of agriculture (Rockstrém et al., 2017).
The abundance of acute and obvious environmental problems in the agricultural sub-systems
of the broader food system(s) have resulted in a focus on technological and natural scientific
research directed at “solving” these point of production problems. Within agricultural sciences,
agroecology with its sustainability science orientation and multiple facets—that is as a science,
practice, and socio-cultural movement—serves to address sustainability at the food system level
(Francis et al., 2003; Helenius et al., 2019).

Developing food system(s) to support sustainability is a typical “wicked problem.” The
problems of the food system cannot be directly “solved” by science alone (Rittel and Webber,
1973). The systematic integration of other types of knowledge is needed to begin to approach
the sustainable transformation of food systems. There is also need for citizen led initiatives
and scientific processes supported and augmented by food system participants at multiple
levels. Involving persons living and working within the agricultural system carry knowledge
about the system that cannot always be gleaned from top-down science and policy (Schillo and
Robinson, 2017). Yet, the introduction of new actors and modes of collaboration has potential
for creating tension and must be administered thoughtfully and in a way which respects the
context of the transformation (Keune et al., 2015). Even with the introduction of co-creative
processes and engagement of transdisciplinary actors and citizen scientists there are no simple
solutions when it comes to food system redesign. Each facet of the food system has many

sub-facets that must be taken into consideration when seeking transformational change. For
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example, this becomes obvious when looking at how the challenge of transforming almost
any aspect of the food system links (FAO, 2018a) to the 17 sustainable development goals
of the United Nations (SDGs: UN, 2015). Yet, there are some emergent and promising food
systems models which speak to food system redesign and supporting a sustainable, holistic
food system. Transformative change requires supportive policy mixes and governance (Geels
and Schot, 2007; Diercks et al., 2019), which are outside of scope of this article. However, we
witnessed this through a co-creative process with the involved non-science actors, for example
the farmers, entrepreneurs, and consumers in place. All these parties came together and par-
ticipated in the development of a food system model that, as we argue, deserves full attention
for supportive and enabling policies and governance. In this article, we argue for agroecological
symbiosis (AES: see Figure 2) (Koppelmiki et al., 2016, 2019; Helenius et al., 2017) as a
generic model for re-arranging the primary production of food, from the agricultural and
processing perspective, toward sustainability. Furthermore, we propose that using AES as the
organizing principle to form networks of agroecological symbioses (NAES: Figure 3) would
serve sustainable transformation at food system level. In this paper, we will: (1) explain the
concept of AES; (2) propose a network of AES (NAES) as a foundation for a sustainable food
system; (3) discuss the sustainability of NAES-concept based on analysis on Huber’s (2000)
generic framework of transformational strategies toward sustainability in context of industrial
ecology; and ultimately, (4) we will describe the co-creation process from the first AES pilot

case to the further implementation of the concept.

Eating and Food
t=]
food citizens market
Farming 5 Ffm(_‘. 5
processing
Bio-energy
production
Food
Primary productions,
Energy l)mmzlss, nutrients
clients ‘ Energy

FIGURE 2. Schematic model of an agroecological symbiosis (the AES itself is represented within the dotted box).
It is a recycling, bio-energy self-sufficient industrial symbiosis of farm(s), an energy producer, and food processor(s).
It produces contextual food identifiable to consumers, either directly or via the market, with an emphasis on local-
ized production, processing, and consumption. The AES brings the people who eat to the community it creates,
bolstering the creation of a food community. The arrows within the AES represent primary product flows, recycling
of plant nutrients, and bioenergy. The arrows from the AES represent flows of products: food and any excess bio-

energy to the market.
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FIGURE 3. Schematic model of the agroecological symbioses (see this figure for a detail of an individual AES)
forming a localized food production and processing system, an AES network (NAES). The NAES is an open sys-
tem. The AESs can serve in neighboring NAESs, and together, the NAESs form a regional grid that connects to a
national, and even a global meta-system. It represents a circular economy, runs largely on its own bioenergy with
high climate-efficiency, and forms a foundation for a cyclical, adaptive, and resilient food system. In this system,
the consumers become sovereign members of a food community created through the shared NAES. They gain an

increased sense of food, and sense of place in the agroecological context of the NAES.

3.2. Agroecological Symbiosis (AES)

By our definition, an AES is a food production and processing industrial symbiosis that runs

on renewable energy derived from its own feedstocks (Figure 2).

Definition for Agroecological Symbiosis (AES)
Agroecological symbiosis—AES—is a form of food production and processing in which the farms, the

Jfood processors, and the energy producers function in an integrated manner. The operations are
running in spatial proximity to each other allowing efficient material and energy integration. In an
AES, nitrogen as plant nutrient for the primary production is biologically fixed. The main source
of energy is rencwable, generated from the biomasses produced within the AES in a biorefinery,
such as a biogas plant, belonging ro the AES. In case of a biogas plant, the biorefinery has the dual
purpose of providing the energy, and in the form of the digestate, producing the organic fertilizer
and soil-conditioner for recycling plant nutrients back to the farmland. An AES sells agricultural or
horticultural producrs, food products, and if produced in excess, bioenergy. The volume of the pro-
duction, and the reach to the surrounding farmland within the AES are limited by the biophysical
potential of the specific agroecosystems without compromising the other ecosystem services. The spatial

extent of the biophysical operations is limited to sustainable logistic efficiency for the transport of the
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Sfeedstock and the recycling fertilizers. The AES strengthens the local socio-economic connections and

diversifies the regional food culture.

The term agroecological symbiosis (Koppelmiki et al., 2016) stems from the concept of in-
dustrial symbiosis, which—with extensions—we applied to the food chain. Chertow (2000)
describes how mutually beneficial inter-firm cooperation, as an application of industrial ecol-
ogy (Frosch and Gallopoulos, 1989; Graedel and Allenby, 2010), can be organized to form
“industrial symbiosis,” such as eco-industrial parks. Chertow (2000) argues for the benefits of
the spatial proximity of the industrial partners who seek to maximize resource efficiency from
minimizing the waste of materials and energy through forming a symbiosis. In the pilot AES,
described in section Co-creation in the Palopuro pilot project below, the biophysical range was
within a radius of approximately 15 km, but this may vary widely from one agroecological
region to another. As we describe in the following sections, agroecology as a prefix refers not
only to ecological outcomes of the redesigned food system model, but also to socio-economic

and to cultural outcomes.

3.2.1 Organizing Principles and Functions

Food production inseparably relies on ecological primary production through photosynthesis
of plants, and (not obligatorily) on secondary production of livestock fed with plants. Diverse
food products are produced through the industrial processing of agricultural plant or animal
“raw-materials,” but the energy, the proteins, and the nutrients (some mineral or synthetic
vitamin additives as exceptions) of food originate from farmed crop plants grown in farm-
land soil. From the ecosystem origin of food, it follows that all that is required for ecological
sustainability of the use of ecosystems in general, applies to food production and agricultural

ecosystems specifically.

An essential condition to ecosystem functioning is ecological integrity, which depends on
biological diversity within the ecosystem (Hooper et al., 2005). This integrity is, in principle,
similar to what is required for the functioning of mechanical machines as systems with many
subsystems and parts, for example engines or computers. The difference is that ecosystems—and
life—are orders of magnitude more complex than anything humans have ever manufactured.
The lack of understanding of the structural details, the role of species diversity, the feedbacks,
and the fine-tuning that exist in life-supporting systems, i.e., the ecosystems, must at least
partly explain their neglect in decision making. The social psychology of continuous ecological
destruction (Oskamp, 1995) is outside of scope of this article, but it must be closely linked to
growing loss in increasingly urbanized societies of the sense of food and the understanding of

the ecosystem as the origin of food.
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Awareness of place and the embeddedness of agriculture goes hand in hand with the concept
of sense of food, and is a necessary component in developing a (re)localized production and
consumption system (Murdoch et al., 2000; Feagan, 2007). Place is a concept that is essential
to both the producer and consumer sides of food systems, as it transcends both the physical
and the socio-cultural valuation of any specific food product (Feagan, 2007; Cresswell, 2013).
Every single agricultural product that is grown in the world has a physical location, a discrete
space where it came into being. In addition, every food item that is consumed in the world is
also rooted in the physical action of biological primary production (that is growth), which takes
place in a real physical space. Even as the ease of transportation has created a smaller seeming
world; technology still has not created a provision to provide “wireless” calories, or “land-
less food.” The social disconnection from food production continues to happen at multiple
levels, including biophysical and social (Dorninger et al., 2017). This disconnection has been
articulated as the metabolic rift (Foster, 1999; Wittman, 2009; Schneider and McMichael,
2010), which extends across both the biophysical and social metabolisms of food production,

process, and consumption.

The number one consideration for an AES is that while the agroecosystems are managed to
serve the production needs, at the same time the needs of the system also must be served. In
anthropocentric terms, serving ecosystems aims at maintenance of their ecological integrity,
as an essential condition for continuous productivity. In AES thinking, ecosystem services are
reciprocal rather than a one-directional concept (Comberti et al., 2015). The ecosystem has
multiple functions in the mosaic that comprises the biosphere; while it is still used by humans

to extract products and value, humans are obliged to return these services.

The number two consideration is recognition of agroecosystems as subsystems in the wider
food systems. City dwellers living solely in metropolitan areas may well-hold escapist illusions
of being decoupled from agroecosystems, yet with every mouthful of food they most concretely,
physically link upstream to the material and energy flow of the food from the farmland field
ecosystems that comprise their foodsheds (in an analogy to watershed, Kloppenburg et al.,
1996). Spiritually, if this aspect can be acknowledged, eating is an everyday sacrament, devoted
to the food’s ecosystems of origin. This sacrament includes acknowledging the work fellow-
citizens do in the food chain, but essentially, it represents a personal and essential biophysical

linkage to the ecosystems, and to the life-supporting integrity of the biosphere at large.

Food systems need to be adaptive and resilient. It follows from their place-bound ecosystem
foundation that adaptiveness and resilience must emerge at each place of production, down to
the most local farm scale. From the local scale, these properties can then be expanded to wider

system scales.

65

Chapter 3



Chapter 3

From the above considerations we propose an AES maintains and as needed, increases and

improves:

1. biological diversity, the ecological community essential for ecosystem function;

2. abiotic soil, water and atmospheric condition required by the ecological community;

3. recycling of elements, called plant nutrients that the process of primary production of crop
plants take up, but need again for the next harvest;

4. energy-self-sufficiency of the system through its primary production by photosynthesis of
solar energy;

5. psychological, socio-cultural (mental, spiritual) connection to the food ecosystem of the

people who eat through fostering a sense of food and food citizenship.

3.3. Networks of AES (NAES) as A Foundation for A
Sustainable Food System

As complementary modules in an interacting network of AESs, the AESs form a foundation for
a transformative food system. Conceptually, a network of agroecological symbioses (NAES),
represents a distributed model for the food processing industry. It redefines the vertical integra-
tion between the processor and the primary producer: the farmers in the AES sell primary
products directly to their processing AES partners, which increases the transparency in the
production system as one can track the journey of particular primary products into produc-
tion. The communication is direct. In the conventional system, the farmer usually sells the
commodity to an anonymous commodity market, often to middlepersons running centralized
storage facilities. Farm products are not often sold directly to a specific processor and often are
mixed into a bulk of “commodity,” which results in losing knowledge about the origin of spe-
cific primary products during the journey through consolidated industrial processing. NAES
also adds horizontal integration that is lacking in the conventional system. This integration is
between the AES-units of production and processing. This can be visualized as working within
the context of the rural landscape as the specific configure of the integrated entities is malleable
within each AES. The key is spatial proximity and a scale consistent with requirements of the
ecosystems economy—not just the bio-economy—and circular economy. In practice, spatial
proximity is determined by the extent to which it is economical to transport biomasses such
as manures, (other) recycling fertilizers, or feedstock for bioenergy. Within a NAES, each AES
contributes, with its own food and energy production, to the total production of the NAES.
The individual AESs specialize in seeking optimal roles within the reality of their individual

production capacities. These capacities converge at the NAES level.

By definition, a NAES is a network of many AESs. A NAES forms a foundation for a local food

system, when it produces food products from its agroecological context to the market and to
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the people who eat those products (Figure 3). When forming a national and global grid, at the
meta-NAES level, the NAESs are building blocks for a sustainable food system.

Wezel et al. (2016) proposed “agroecology territories” as territorial sustainable food systems.
We find the NAES would be a food system model for such a transformation. Wezel et al. (2016)
criticize the narrow emphasis on sustainability of a single agricultural commodity production,
or on a single food product chain. With its emphasis on adaptation of agricultural practices to
local and regional agroecological conditions, and on embedded food systems, the agroecology
territories concept is consistent with the NAES concept. Wezel et al. (2016) list within-territory
conservation of biodiversity and natural resources as conditions for the biophysical adaptation.
NAES adds reliance on renewable energy produced within-territory, and recycling of plant
nutrients. Owen et al. (2020, p. 2) propose that “geographical indications” (Gls) as a rural
development mechanism that can serve in delivering transitions to agroecology territories,
to “quality-led, place-based food systems.” In the GI scheme, a value-adding geographical
indication can be administratively granted to a product (EU, 2020). Owen et al. (2020) cite
Bowen’s (2011, p. 326) definition of a territory as “a space that is socially constructed, cultur-
ally marked, and institutionally regulated.” They call upon stakeholders adopting a territorial
governance approach consistent with the Food and Agricultural Organization’s “10 elements
of agroecology” (FAO, 2018b). GIs are consistent with, and would serve in supporting, the
transition to NAES.

As an organizing principle for the food system, NAES contrasts with current industrial consoli-
dation and the type of vertical integration, the monocultural concentration, characteristic to
globalizing food chains. These treat food as a manufactured product, and the farmed products
as commodities without recognition of food systems’ unique biosphere-base in agricultural

ecosystems, and their socio-cultural foundation in the rural landscape.

Industrialization of the food system goes hand in hand with discourses of “feeding the world.”
The principle of adapting the food system to a safe operating space set by the (agro)ecosys-
tem directly challenges the idea of feeding the world at any cost. This position is echoed in
other strands of the discourse, for example, in the polarized debate concerning whether food
security is only possible through further intensified industrial agri-business, or only through
the widespread uptake of organic farming (Connor, 2013; Eyhorn et al., 2019). It is obvious
that planetary boundaries exist, which sets a ceiling to how big a population can “be fed”
(Rockstrém et al., 2017). Food policies need to be explicit about their positioning regarding
the underlying balance between population size and quality of life, including the quality of
food and nutrition. Population increase enforces drivers that may push toward tipping-points
of the system, result in loss resilience, and generate reactive rather than proactive regime shifts

(Pereira et al., 2020). In advocating the principles of circularity, reciprocity of ecosystem ser-
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vices, reliance on self-produced non-fossil energy, and engagement of the people who form the
food community, NAES suggest discourse of ensuring entitlement to food and nutrition, more

a “right to eat,” rather than “right to become fed.”

With any combination of farming practices, diets, food cultures, and population size, there is
a ceiling set by the carrying capacity of the biosphere. How the key questions are answered of
who produces what, where, how, and to whom, there still looms a planetary boundary for in-
creasing the production. This speaks to the far to future reaching vision of NAES for dynamic,
but harmonic equilibrium between population and use of the biosphere for food production. It
reinforces the idea of food sovereignty—but not individuality—as the NAES food communi-

ties define their own food, but are also entitled to their food production systems.

In contrast to the conventional, increasingly delocalized or globalized, and centralized food
production chain of the industrialized countries (IPES-Food, 2016, 2018; Ellen MacArthur
Foundation, 2019), NAES as a generic model would result in a “glocalized” (e.g., Quaye et al.,
2010) and distributed system of food production. In terms of food cultures, it would result in
diversification as opposed to the current trend of homogenization (Ritzer, 2013; Clapp, 2016).
Such a reorganization would boost rural livelihoods, and would have implications to structural
developments in the society, including the current unsustainable and fossil-fueled trend of
urbanization toward metropoles. Without trying to explore the issue of urbanization further,
we express our deep concern about the possibility to “feed the big cities” within any sustainable
realm at the same time when people are abandoning the regions where food is produced.
Without prior planning nor control, the cities simply mushroomed as products of the fossil
fuel era. The metropoles are comparable to feedlots in animal farming, highly unsustainable,
highly dependent on continuous feeding from the global rural. Food communities around
NAES are best when local; the NAES-based food system offers a possibility to sustainably
de-structure the big cities. To achieve this goal in addition to other supports for sustainable

food systems, policies for “ruralization” need to link with food policies.

NAES gives the promise for increased food sovereignty and resilience in terms of food security.
It gives promise for transformative change from extractive food capitalism toward sustainable
ecology-based food systems. This is a functional model of human-scale agriculture that is flex-

ible to be adapted for the local contexts it inhabits (Condon et al., 2010).

3.4. Efficiency, Sufficiency, and Consistency of NAES

In the following sections, we use Huber’s (2000) framing of efficiency, sufficiency, and consis-

tency to explore the promises for sustainable transformation in the NAES food system model.
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We took the liberty to interpret what Huber presented as complementary strategies, as criteria
for sustainable transformation. All three criteria need to be met to achieve a sustainable trans-
formation in a production and consumption system. By consistency, Huber (2000) refers to
coherence with the wider goals of environmental sustainability. We found this framing useful
because it speaks to the viewpoints and driving motivations of multiple actor groups within

sustainable transformations.

In discussing industrial symbiosis, Chertow and Ehrenfeld (2012) point out the need for
explicit recognition and institutional support as enabling factors, if such symbiosis is adopted
as an organizing principle for sustainability transformation. There is the pitfall of eco-efficiency
being a winning strategy for the business through financial savings, while ignoring the rebound
effect and hence, not resulting in ecological savings (Hukkinen, 2001; Heikkurinen et al.,
2019). In any case, technologies and policies enabling eco-efficiency are surely welcomed by
industry. At the same time, there is a public interest in policies that control the rebound effects,
ensure sufficiency as a ceiling to material growth, and govern for consistency—in both meeting

societal goals and the grand planetary challenges.

3.4.1 Efficiency of NAES

In generic terms, ecological efficiency simultaneously allows further economic growth and
ecological adaptation of industrial production (Huber, 2000). In the context of food produc-
tion systems, increasing efficiency means producing more food per unit of resource used. In
crop production, efficiency is commonly measured by a ratio of quantity of product (harvest)
to area of agricultural land harvested. Emphasis on land productivity tends to leave other
natural resource efficiencies unnoticed, even though water, nutrients, and energy efficiencies
are equally important. For example, nutrient use efficiency (NUE) measures how well-crop
plants use the available nutrients for the harvestable product (Reich et al., 2014). Similarly,
in livestock production, the feed conversion ratio measures the ratio of feed inputs to food
outputs (Garnett et al., 2015). Nevertheless, these all are efficiencies measured at process level,

or at sub-system level within a system, rather than indicators of system level efficiencies.

For understanding system-level efficiencies, it is essential to understand through what kinds of
feedback the processes within sub-systems operate, and how the sub-systems are connected to
other parts of the food system at different spatial and temporal scales. Field scale efficiency is
not equal to farm scale efficiency. Similarly, farm scale efficiency does not guarantee efficient
use of resources at regional or wider geographical scales. This disconnect is demonstrated by
the following example. A crop farm using mineral fertilizers may produce high yields of cereals
utilizing a relatively small fertilization. In other words, the ratio of outputs to inputs is high.
A livestock farm, located next to the crop farm, produces moderate yields by applying high

quantities of manure as a fertilizer, which results in a much lower ratio of outputs to inputs
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when compared to the crop farm. A simple conclusion is that the crop farm has a better NUE.
However, when considering efficiency, it is essential to take also into account what happens
after harvest. If the cereals harvested on the crop farm are used as feed on the livestock farm, the
NUE looks different when considering both farms as a single continuous feed/animal produc-
tion system. Furthermore, the origin of inputs and the quality of output varies on these farms.
This implies that conclusions about efficiency cannot be derived by observing efficiencies at the

sub-systems’ level only, or only at a small spatial scale when the feedbacks reach larger scales.

In the current conventional agricultural sub-system of the food chain, two trajectories have had
a substantial impact on efficiency. First, a low-cost feed transport has enabled livestock farms
to concentrate and to spatially disconnect the animal husbandry from local feed production
and secondly, mineral fertilizers have enabled farms to increase crop per-unit-area productiv-
ity while simultaneously releasing farms from the need—or possibility—to recycle the plant
nutrients in crop production. As a result of this specialization at the farm and regional levels,
nutrients are concentrating spatially; nutrients are dislocated and recycling is disrupted (Buck-
well and Nadeu, 2016; Schulte et al., 2019; Parviainen and Helenius, 2020; Koppelmiki et al.,
2021). What has looked like increasing efficiency in crop and in animal production has in fact
been a dramatic decline in efficiency of the use of plant nutrients at the food system level, and

an inefficiency in producing food.

Instead of increasing efliciency at the sub-system level, while sacrificing it at the whole-system
level, the aim should be in system’s efficiency. This is what NAES provides, it allows for ex-
plicit system level efficiency indicators and improvement (Koppelmiki et al., 2021, submitted
manuscript). The requirement of circularity alone is a strong incentive for example, to the
farms of the NAES to match the number of animals with the local feed production, in case
NAES produces foods of animal origin. Feed imports from outside the agroecological region
where the AES functions do not match with the concept, and if done, need costly arrange-
ments for recycling the plant nutrients back to the feed producing farms. By-products from the
food system, such as plant nutrients recovered from food waste and from municipal sewage,

represent recycled resources within an NAES-based food system.

The requirement of reliance on internally sourced bioenergy, linked with the system’s property
of biological nitrogen fixation makes NAES by far more climate efficient than systems that
rely on fossil fuels and on industrial nitrogen fixation, such as present industrial farming. In
addition, requirements for increased rotational diversity, increased share of leys in the rotation,
and use of organic recycling fertilizer, such as the digestate, serve stocking carbon to soil and

reversing the current loss of carbon from farmland.
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In the context of sustainability, efficiency as a system’s output per unit of negative environmen-
tal impact generated also needs to be quantified, or at least qualitatively assessed. For example,
at what rate per unit product does the food system cause biodiversity loss? Expressed this way,

the expectation of increased biodiversity would return a negative value for a positive trend.

We argue that redesigning the system of primary production and processing of food along the
lines of the NAES concept increases efficiency at food system level. As a food web rather than
a food chain, NAES can produce more food energy and protein per unit farmland area, with
less nutrient loading and less atmospheric emissions per unit farmland, and per unit of food
produced, than would be the case if the production continued conventionally. Compared to
current conventional practice, agroecological benefits include increased organic matter input
to farmland soil, diversification of crop rotations, maintenance of soil organic matter and soil
fertility, increased or even full self-sufficiency on biologically produced nitrogen, practically full
recycling of phosphorus and other mineral plant nutrients (Koppelmiki et al., 2021, submitted
manuscript), and radically improved climate-efficiency per hectare of farmland and per unit
product. NAES makes it possible not only to enhance ecosystem services to production, but

also to serve the ecosystems in maintaining their biological diversity, integrity, and function.

3.4.2 Sufficiency of NAES

Huber (2000) argues that efficiency can only be an intermediate for sufficiency. The concept of
sufficiency encompasses a strategy involving consumption patterns and lifestyle, explicitly ask-
ing the question, how much is enough? (Huber, 2000). The need to ask this question follows
from the limited planetary operation space. In food systems, the most critical factors to what

becomes “too much” are population and diet.

Increasing efficiency in agricultural land use seems to give temporary relief, while simultane-
ously, global analysis already emphasizes the need for controlling diets (Foley et al., 2011),
and even population (Crist et al., 2017). During the last decades, the area of agricultural land
necessary to feed one person has deceased, but population growth and dietary change have off-
set the potential land savings from this increased productivity (Kastner et al., 2012). In NAES,
the volume of primary production is limited by the agroecosystem’s biophysical potential to

produce biomass without substantially relying on external nutrient and biomass inputs.

In the “feeding the world” discourse there is a lively and persistent side-stream, the land sparing
vs. land sharing debate (Loos and von Wehrden, 2018). The proponents of land sparing argue
for increasing productivity of the existing farmland as a means to save nature (which in this
thinking, is found outside of farmland). The productivity would be increased by increasing
input intensity. As a rule, this camp ignores the fact that the path of intensification has come

to an end (Tilman et al., 2002), hitting the wall of ecological sustainability. The proponents
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of land sharing argue for farming that would allow wildlife to share the farming environ-
ments with crops and cattle. This sharing would aim to wider biodiversity goals than simply

maintenance of the “ecosystem services” of farming (Zhang et al., 2018).

Obviously, “sustainable intensification” (Rockstrom et al., 2017) would be sustainable, and
wherever ecological space there is for it, it may push the population-times-diet limit further.
In our theory of NAES, while we find that it provides means for sustainable intensification, we
rely on the idea of sharing. As the human impact reaches all ecosystems in the biosphere, it is
best to learn to live decently with our fellow species. With this thinking, the focus is on adjust-
ing the intensity to ecological sustainability. For industrial, input intensive farming, this would
mean lowering the intensity and even lowering productivity per unit land area for increasing
productivity per unit other inputs, including biological diversity. In subsistence farming, in
which the insufficiency of sustainable inputs, e.g., recycling fertilizers, coupled with a high
rate of population growth often results in land degradation, there is space for agroecological
intensification (Pretty et al., 2006). In terms of sufficiency, what is enough must not exceed
what is too much for the ecosystems that the human species shares with other species, both

presently and in the future.

In the NAES thinking, agroecological contextualization brings a geographical dimension
to sufficiency. What is sufficient in what place? NAES food systems would favor adapting
diets to local ecological provisioning and limits (knowing that such an adaptive arrangement
might not be politically achievable). This would ease the burden of the (still missing) global
food governance in holding back the pressures that created the present commodified, agro-
industrial system, which lacks inherent control other than destruction of land as a result of
over-exploitation. The idea of a food community in NAES implies participation by those who
eat. Even though food production is localized (i.e., relying on local integrated nutrient recy-
cling and energy production, local feeds in livestock production, and local food processing),
food is exported from NAESs to other regions and also globally. Participatory governance by
the food community should reach the production systems of origin of the exotic foods alike.
Philosophically, these exotic foods may be geographically imported, but still not imported

from outside of the NAES food community.

Another diet related aspect of sufficiency is the share of exotic, imported foods. In many cases,
local food production could provide foods with the same function. For example, in the Nordic
countries several berries, as horticultural or non-wood forest products, are available to anyone
willing to pick them. Reengaging with locally available foods would reduce the need of import-
ing exotic fruits and berries. In the NAES thinking, local products rather than imported ones
would add value, as the production system and its possible externalities would be internalized.

Rather than merely seeing added value in local production, the efficient utilization of locally
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available resources should be seen as a value choice. The composition of diet is a sensitive

cultural issue, but prone to value-driven changes.

Some of the material flows in the industrial systems are incompatible with sustainability (Hu-
ber, 2000). This also applies to current food systems. This incompatibility is related to land use,
food consumption, and inputs used in food production. From the land use perspective, food
production must be compatible with the supply of other ecosystems services. For example,
in peat lands the cultivation of annual crops produces greenhouse gas emissions in quantities
substantially higher than use of these lands for perennial leys (Maljanen et al., 2007). In the
NAES model, these peatlands would be used, for example, to produce grass to feed cattle or as
a feedstock for biogas production instead of cereal production. In the NAES thinking, land use
should not be incompatible with sustainability, but rather adapted to growing biomass that is

suitable to that specific agroecosystem.

Material flows are currently largely based on non-renewable resources (Haas et al., 2015).
In the conventional food chains, agriculture relies heavily on external inputs such as mineral
fertilizers and fossil energy. Many of these flows are related to intensive livestock produc-
tion. This has created a need for massive biomass imports to feed cattle resulting in nutrient
concentrations in livestock farms (Buckwell and Nadeu, 2016; Uwizeye et al., 2016; Spiegal et
al., 2020). Food production that is so heavily relying on inputs from non-renewable resources
is not compatible with sustainability. As such, this leads to the fundamental principle that

sustainable food systems must be based on use and maintenance of renewable resources.

3.4.3 Consistency of NAES

In Huber’s (2000) framing, consistency relates to the production processes in a system and
their ecological functioning in support of the development of balance and compatibility
between the natural and industrial metabolisms of the system in question. It should be noted
that while Huber (2000) does not make a direct reference to Marx’s concept of metabolic rift,
the balance between the industrial and ecological metabolisms is in line with the academic
work which revolves around healing the metabolic rift (Schneider and McMichael, 2010).
The NAES model speaks to Huber’s conceptualization of consistency through its development
and implementation of new systems level materials flows, which serve to change the underly-
ing qualities of the industrial ecology of the agricultural system, and the food system based
on NAES. The innovative material flows in the NAES model are fundamentally aimed at
the sustainable transformation of the overarching system, rather than simply minimizing the
impacts of the traditional material flows within industrial farming. Within the NAES model
the focus remains on integrated environmental solutions, rather than piecemeal solutions or a

focus on solely downstream remediation measures. We argue that NAES is consistent with the
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goal of circularity, as each AES in it is designed to recycle, and within the network, the AESs

can co-operate in recycling.

The aim of NAES is not to mimic a natural ecosystem, as it remains a food production and
processing system that does require inputs and produces outputs. However, it does bring the
industrial and natural ecology into a more harmonious metabolism by respecting and working
with the biophysical and socio-cultural realities of each individual place. In addition, the NAES
model is not a top down or rigid interpretation of what constitutes a sustainable agricultural
system. Rather, it is a co-creative model focused on utilizing the creativity and motivation of
the people participating in the discrete system. Too often system models are designed in the
academic or policy sphere with not enough deference to the challenges faced on the ground.
The NAES model overcomes this problem through its flexible approach to the goal of creating
local and regional food systems. An important aspect of the consistency strategy is to foster
an innovation process that utilizes the productive capacity and creativity of modern society
(Huber, 2000). We interpret the role of co-creation as an expression of citizen science, which
fills this facet of consistency. In the next sections we will discuss the role of non-academic
participants in the design and implementation of the pilot AES and the subsequent expansion
to the NAES concept.

While Huber (2000) refers to consistency within environmental sustainability, any suggested
transformative food system needs to meet with wider sustainability goals. A framework through
which integrated solutions are accessible and widely understood are the Sustainable Devel-
opment Goals (SDGs) of the United Nations (UN, 2015). Each of the goals represents an
approach to sustainability that transcends siloed approaches and seeks for holistic solutions to
the wicked problems which are a barrier to transition (Rittel and Webber, 1973). We agree with
the caution raised by Randers et al. (2018), and with their concern that the socio-economic
goals in the SDGs are not compatible with the aim of not exceeding planetary boundaries. We
find that the NAES approach to food systems is consistent with the idea underlying the SDGs,
given that the socio-economic goals need to be consistent with the environmental goals, and

that the systems operate within the planetary boundaries.

3.5. Co-Creation in Developing the AES And NAES Concepts

Bringing industrial symbiosis to the food production arena creates some additional challenges
and opportunities. The AES model asks not only for a transformation in spatially detached pro-
duction systems, but a redevelopment of the physical spaces where the involved entrepreneurs
live and produce food. This is because one feature of involving farms is that they often serve a

dual purpose of being production spaces, but also human spaces where people live within the
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landscapes. All the farms in the pilot project were homes as well as being productive spaces.
This dual use of the land requires a fundamental buy-in from the people that live within the
symbiosis, this is one of the reasons why the co-creative model and the involvement of the
farm-based entrepreneurs was so fundamental to our development of the AES and NAES
concepts. For the food processing partners in an AES, the mental step is different, but equally
big. In the present system, the agricultural products which they use to make food products are
commodities from the general market, and location of their processing plants is not dependent
on where these commodities are produced. In an AES, the food processor with their processing

plant comes physically to the location of the agroecosystem.

3.5.1 Co-creation in the Palopuro Pilot Project

The term agroecological symbiosis (AES) was first used in the development of a redesigned
production system in Palopuro village, Finland (Koppelmiki et al., 2016; Helenius et al.,
2017). The co-creation process was integral to the Palopuro case and the expansion of AES
into the NAES concept. The entrepreneurs in Palopuro came together naturally to figure out
a model for integrating their operations for mutual benefit. This was a result of their everyday
interaction and shared goals for the development of their respective businesses. At the start of
the co-creative endeavor there were three farmers based in Palopuro village and a bakery owner
from the Helsinki capital region. An energy company, represented by its CEO, joined at a later
date. It was these entrepreneurs who developed the first proposal for what this cooperation
might look like in practice and the entrepreneurs contacted the scientists at the University of
Helsinki to assist with moving from idea to practice. The entrepreneurs and other transdisci-
plinary actors such as, civil servants from the relevant municipality and the ministries served
as transformative agents in this project and were active in asking the scientific participants to

investigate issues that were pertinent to their community (Shirk et al., 2012).

In practice this project would not exist without the cooperation from both the academic and
non-academic actors. Both types of knowledge were needed to identify the problems and solu-
tions that went into designing the pilot project AES. It should be noted that the farmers and
the other entrepreneur actors at the heart of the pilot had a base motivation of improving the
livelihood of their lived environment. They were the initiators of the transformative process.
The farms and the bakery were already practicing organic production when the pilot project
was planned. Alternative production methods when implemented in isolation, like organic
production, do not change the entrepreneurs’ position in the food systems. In that sense the
substantial change from the actors’ perspective is re-designing the roles of the actors and their

respective agency within the food systems.

The entrepreneurs played a key role as food system innovators. A grain farmer living in Palopuro

led the charge to develop a redesigned food and farming system as he was not happy in being
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an anonymous supplier to the industrialized grain supply chain, serving equally anonymous
consumers. The development of the AES model could be characterized as taking back agency
over the functioning of the local food system. This collaboration was also born in the idea of
being able to add value to the grain produced, when sharing with other farmers the problem of
increasing price margin between farm price of the grain agricultural products and price of food
in the market for the consumers. This general phenomena in the commodity chain means de-
creasing share to farmers, and is the main cause of loss of farm income (Peltoniemi and Niemi,
2016). For example, the grain farmer saw that a shift from solely supplying a raw commodity
to the grain food chain, to producing an added value local product with the bakery serves
as insurance against the ups and downs of the global grain market. While there also was an
economic aspect to the development of this idea, focusing solely on the economic component
does not capture the scope of the motivation. There were considerations that extended beyond
the financial, including quality of life and the development and maintenance of a vibrant local

community.

Additionally, in the co-creation of the AES model the producers sought for an avenue to
step back from the fossil-based industrialized food system. After listening to the goals of the
entrepreneurs in Palopuro, it was relatively straightforward for us as scientists to match their
vision to the concept of a circular, localized bioeconomy. For example, our previous theoretical
work on producing biogas from nitrogen fixing leys and using the digestate as recycling fertil-
izer (Tuomisto and Helenius, 2008) matched perfectly to the case. Neither farm scale biogas
production or localized small scale food processing were novel ideas [for farm-scale biogas in
the Nordic context see Berglund and Bérjesson (2006); Raven and Gregersen (2007); Ahlberg-
Eliasson et al. (2017)]; rather, what is unique in AES, it is the combination of existing ideas to

develop a symbiosis that explicitly addresses several facets of sustainability.

Existing spatial and social connections significantly lowered some potential barriers to this
co-creative collaboration. The academic aspect of the co-creative endeavor served to support
the actualization of the initial ideas of the entrepreneurs, rather than directing the project.
Thus, the initial motivation and design ideas came from the bottom-up and were led by the
persons in place. This helped in developing ideas that were appropriate for the place and people
that would be implementing these ideas in practices. There was a mutual decision to apply for
public funding to further explore the validity and feasibility of the proposed system, which
led to the development of the Palopuro AES pilot project. It should be noted that the name
agroecological symbiosis itself was coined by a policy actor who was invited into the grant
writing process as an advisor. The inclusion of policy actors, for example from the municipal
and ministerial level, was an important step in actualizing the pilot project as they were integral

to accessing the funding mechanisms that made the implementation possible.
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In discussions of food system change there is a focus on consumer behavior, usually centered
around on what consumers do and do not buy (for e.g., Kneafsey et al., 2008). Understand-
ing this dynamic is important; however, the role of consumer behavior alone is not enough
for systems level change, as the farmer and the food processor must be willing to participate
in a system that steps back from the conventional system long before the food reaches the
consumer. The role of farmer-level and food processor level buy-in is vitally important for
designing contextually appropriate and actionable food systems. It is very difficult for policy
players and other non-farm-based actors to design a place-based model to support food system
redesign as if place-based, the food systems are intimately tied to the context of the individual
place where they operate (Murdoch et al., 2000; Feagan, 2007; Woods, 2012). In addition,
the dual role as farmers and residents of the physical space of the food system gave the farming

partners in the symbiosis a unique insight into what would work for their iteration of the AES.

There were parallel goals in the AES pilot of designing a sustainability-based production and
processing model and revitalizing the surrounding rural area. In the face of other socio-spatial
changes in the area, opening a social space on the farm through the farm market and other
activities filled a void in the fabric of the Palopuro community, as many of the publicly acces-
sible social spaces in the area were defunct. The opening of social spaces within the production
landscape of the farm served the function of bringing the “people who eat” quite literally to
the farm. Please note that the widely used term “consumers” does not fully capture the range
of roles that play out in a food system based on the principles of agroecology, however, for the

sake of clarity we will continue to use this term in this paper as needed.

Bringing non-farming actors into the food system in the AES pilot project served to lessen
the distance between producers and consumers, both physically and mentally. It served in
building the consumer side of the food community within the AES. The farmers of Palopuro
AES specifically wanted their farms to be more than remote places, they wanted their farms to
be more accessible, shared space where citizens can get in touch with their local food system.
One of the goals in bringing the consumer participants to the farm was exposing functions of
the food system that are not in the realm of the consumer experience in an industrialized food
chain. For example, the baker was excited about the possibility of making concretely visible to
the consumers how the grain flows from the farm to the bakery and is turned to bread through

the use of transparent piping in a production area that was visible to visitors.

This acquaintance takes place on multiple levels, both through a growing familiarity with the
process of turning raw materials into retail food products and developing one-on-one social
ties with their local farmers and food processors. The farmers and food processors are a central
feature in the farm markets held in the farmyard of the grain farm in Palopuro. In addition

to the strictly food system-based participants, these markets also support the participation of
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other types of food retailers and local craftspeople. Creating a consistent space where these
various types of local makers could come together allowed the farm to serve as a point of con-
nection where social relationships were formed, and information was shared. In addition to the
farm markets, the social space has also served as an education space for information exchange
hosting numerous visits of other farmers, academics, and policy players to learn about the AES
model and share their own experiences in redesigning local food systems. Creating platforms
for this level of knowledge exchange supports the ethos of continuing opportunities to engage

in citizen science (Ryan et al., 2018).

The way in which the scientific and non-scientific participants came together was both co-
creative and contractual, as the members of the community in question were the drivers in
identifying the key themes pertinent for their community (Shirk et al., 2012). For example,
the food producers and processors decided that they wanted to change their positioning within
the food system, rather than an entity outside the community indicating that there should be a
change to serve a broader purpose. The level of buy-in in the pilot project was high, this most
likely a result of the core ideas emanating from the participants themselves. “Science” in isola-
tion can design a tight and interesting model, but if it is not functional for the people who aim
to live with it, then ultimately it will not work in practice (Poulsen et al., 2014). The Palopuro
AES has been a grassroots effort, rather than an innovation that came from the top down.
While there were scientists involved in the process from very early on, they came to the table
on an equal footing as the entrepreneurs. There were multiple forms of knowledge explored
and respected in the formation of the AES model. Both the AES idea, the pilot AES, and to a
lesser degree the subsequent networks extension for a food system model, are manifestations
of citizen science in action. Regular people in place working with scientists to design a food
production and processes system that served to improve the local foodscape, while fostering
sustainability and livelihoods. Citizen science and knowledge co-production are the vital links

between designing a sustainable food system in theory and practice (Poulsen et al., 2014).

3.5.2 Co-creation in the NAES Concept

The successful collaboration over the AES pilot project laid the ground for the continued
co-creation of knowledge that has led to the expanded concept of NAES. It should be noted
that both these concepts support the development of placed-based food systems that are bio-
physically, socially, and culturally appropriate for the area where they operate (Feagan, 2007;
Woods, 2012). Having the entrepreneurs as the initial drivers of this relocalization driven
transformation of the food system was vital to creating a robust buy-in to the project. In
addition, by bringing many different types of actors to the table, each actor was able to lean
into their strengths and expertise. This aided in bringing the system from initial concept to

functioning pilot in a relatively short period of time.
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The NAES concept builds on the AES concept by proposing networks of AES forming the
production-processing foundation for transformative change from food chain to sustainability.
The continued development of the more generalized food system model moved beyond the
direct work with the on the ground actors. The extension from AES to NAES, which addresses
a higher system level, made it obvious that new stakeholder groups must be included in the
co-creating process. We are working on this in our current project, “Eco-Industrial Symbioses
for Food Production Chain-Feasibility for South-Savo” (2020-2021, Regional Council of
South-Savo, Finland). We aim to engage key people representing regional administration,
policymakers, marketing channels, food processing companies, and action groups among
farmers committed to the creation process. Redesigning a food system beyond the local level
is an endeavor that requires a range of actors, including those close or within the existing
system to be able to accurately reflect the reality on the ground. It is necessary to have a suf-
ficiently deep level of co-creation between the stakeholders to achieve systemic transformation.
Transformative change is more than simply societal intervention, requires co-creation beyond
citizen science, and involves contributions from, to, and between the micro, meso, and macro
levels (Schifer and Kieslinger, 2016). Our experience encourages such an endeavor even if
enabling policies are not (yet) there. This is because scientists as public servants may rather
underestimate than fully appreciate and tap to the skills, enthusiasm, and ability of, especially,
the entrepreneurs to creatively solve any emerging challenges as they appear. The scientists’
role becomes one of process facilitators, especially in regard to analytically cross-checking the

system model proposal against sustainability criteria (Horlings et al., 2020).

A system can be co-creative, yet still very linear and conventional in its manifestation. The
motivation of the producers and processors revolves most directly around the economic sphere;
an AES must ultimately allow the entrepreneurs to maintain, with a prospect of improving, a
livelihood while making commitments to participate. For co-creating a NAES, it is important
to find further support for maintenance and improvement of the livelihoods through the
network. The scientific actors are more directly able to keep the detailed environmental and
wider sustainability goals in mind and at play within the development of the system, while the
non-academic actors are able to keep track of what is functional within their community. The
co-creation is not about just different groups reporting what they want. Rather it is activation,
enthusiasm, and personal involvement of the parties at each level—producers, policy players,
science practitioners, and the citizenry—all working together in the interest of sustainability

and local food.
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3.6. Concluding Remarks

In this paper, we argued how rearranging farming, food processing, and energy systems to
follow the concept of AES would result in a shift to sustainable food production at systems
level. Such a transformative change would require networks of AES, NAES, which would serve
as the foundation of an emerging agroecology-based, geographically, and culturally contextual-
ized food systems. We propose NAES as a generic principle for a transformative change in
food systems toward sustainability. The NAES concept offers a systems-level alternative to the
industrial and globalized food chains. NAES are distributed rather than consolidated, and
entrepreneurial rather than centralized agribusiness. NAES based food systems are adaptive
and resilient, ecologically more efficient, inherently more sufficient, and more consistent with
sustainability goals than the present conventional agribusiness-based food chains. We argue
that food systems based on NAES grids are able to produce enough food for a healthy diet at
the local level. This may require deintensification of farming systems in some regions, while
intensifying food production in other regions. The NAES food system(s), like any other system,
is explicitly not proposed for “feeding” any population at any cost; rather, we propose NAES
for a transformative change in which the population times diet times sustainability equation

is explicit.

The AES model supports agency for the participating farmers, food processors, and energy
producers engaged in developing place-based food production systems. At the wider system
level, the NAES invites the food market and the people who eat the food from the NAES to
participate in forming a food community, and in regaining an agroecosystem-based sense of

food.

There are benefits to the system from a biophysical and sociocultural perspective. As the
AES and NAES, represent a circular bioeconomy, that runs on—and even in some cases can
produce in excess—renewable bioenergy, the obvious environmental benefits include plant
nutrient recycling and balanced nutrient flows, as well as unforeseen climate efficiency. We
have not yet quantified the carbon sinks or offsets of emissions from our pilot AES to give an
example. This needs to be done. Diversification of agricultural land use gives some benefits
to biodiversity, but further guidelines need to be developed, following the principle of land
sharing. An obvious danger is biofuel production supplanting food production; in the AES
concept, the biofuel production is integrated to, and primarily serves the primary production,

processing, and delivery of the food that the AES produces.

From a social perspective there are benefits for the entrepreneurs through their direct involve-
ment in the co-creation of the NAES. These include creating sustainable and viable livelihoods

in place, while creating a food and energy infrastructure that supports a robust local food
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system. Under the NAES model both farming, and food processing can move away from the
fossil-fuel based, industrial model. In addition, the producers are more able to develop food
systems that speak to their own needs, rather than being solely at the mercy of the globalized
market. In addition, the NAES concept allows for the potential of community development in

the rural spaces as evidenced by the use of the social space in the AES pilot project.

We based our concept development on co-creation of the first pilot AES, the Palopuro symbio-
sis (in Hyvinkdd, Finland). It cannot serve as a universal model, rather we used it to propose

design principles and a system vision.

We have not studied the issues of the food market. For example, how to best organize the
purchasing procedures for the distributed food production. We have no direct evidence of
the higher (environmental and social) value of the products mirrored in the relat