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Abstract There is a large and growing interest in pro-
ducing proteins, oils and other important commodities
in bioreactors. Mineral fertilisers, especially nitrogen
(N) and phosphorus (P), are used to supply the living
organisms with nutrients, and for growing of fungi,
carbon must be applied from sugar or starch products.
This input-for-output approach does not contribute to
cycling of nutrients and organic matter in the society.
Organic*' agriculture has a strong interest in recycled
fertilisers and best utilisation of organic materials, and
appliccable products should be developed not only for
use in agricultural fields but also for other purposes,
such as hydroponics, aquaponics and bioreactors.
Animal bones and precipitated struvite from waste water
are examples of materials which may be applicable in
bioreactors. Containing easily available N and P, recent
studies have shown that these materials are valuable for
amendment of soil fertility and crop productivity in
land-based agriculture. Studies should be initiated to
design bioreactors utilising locally available sources of
nutrients and organic matter, to make the bioreactors
more sustainable and develop organic* farming systems
in a context of landless farming.

'To distinguish between the term “organic” as in certified organic
farming, and “organic” as in soil organic matter, the first notion
will be indicated with an asterisk (*).
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Introduction

Human populations grow, and undisturbed environ-
ments decline. Urbanisation, salinisation, desertifica-
tion, rising sea levels, floods and erosion pose signifi-
cant threats to the global capital of cultivated land.
Options are sought and required, to produce food and
feed with other methods than traditional cultivation of
agricultural land, and natural collection. Landless food
systems are called for, e.g. in a paper aiming at securing
the availability of food in Africa in 2100 by more
circular and sustainable food chains (Rahmann et al.
2019). The authors propose a combination of landless
and land-based food production as the last, and most
important, out of totally 10 actions towards this valuable
aim. The main idea is to establish a system of bioreac-
tors to circulate nutrients and produce calories (food
ingredients) for food and feed. Microalgae and fungi,
especially yeast, are the most relevant organisms to be
grown in bioreactors. Growing yeast in closed systems
is a well-established industry. Fungi are dependent on
supply of a source of fixated carbon (e.g. sugar), where-
as microalgae fixate carbon from the air with light as
energy source. Both groups of organisms are dependent
on supply of some elements like nitrogen (N) and phos-
phorus (P).

Strains of yeast have been cultivated since about
1900, and strains may be traditionally bred, or
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genetically modified, for different purpose. For instance,
it is possible to produce “animal-free milk” from a strain
designed for this purpose, by inserting genes for milk
production into the yeast fungal cell, multiply the strain,
add nutrients and sugar required for fermentation and
filtering off the requested product (Kowitt 2017).
Research on enzymes being able to degrade complex
types of organic matter such as lignin to sugars is
vigorous, and proteins for feeding fish are planned to
be produced from wood (@verland and Skrede 2017).
Some yeast species produce filaments which may be
useful for extracting food and feed-like materials from
the fermentation broths. A product called mycoprotein
is grown in bioreactors from a filamentous type of fungi
originally isolated from soil, Fusarium venenatum. The
output is a material comparable to minced meat. Mixed
with a binding agent from eggs or potatoes, the com-
mercial product “Quorn” is increasingly popular, but
also questioned for being far from natural (Blythman
2018). Growing single animal cells in bioreactors is
another approach (e.g. JUST meat).

Microalgae have been harvested from natural envi-
ronments for human consumption, e.g. in pills and
cookies, commercially cultivated for human consump-
tion and aquaculture, and broadly studied for technical
applications (biofuel) and/or application as food ingre-
dients (protein, lipids, polysaccharides, prebiotics)
(Caporgno and Mathys 2018). For this group of organ-
isms, research has so far rather concentrated on utilising
various naturally occurring species, than breeding
new strains. Species may be harvested for further
cultivation both from sea water and fresh water.
The sea water species Spirulina platensis, being
very high in proteins, has received a special inter-
est (e.g. Lupatini et al. 2017). There is a possibil-
ity for utilising wastewater (Lundquist et al. 2010)
or salinised drainage water in cultivation systems
for microalgae (Bosschaert 2001).

Whereas the interest in producing alternatives to
meat, and transforming less valuable organic materials
to biofuels, is massive, the interest for combining such
approaches with recycling of nutrients from organic
waste instead of purified mineral fertilisers is low. The
authors of the landless food concept are ambitious: 1 ha
of cropland should be replaced by not more than one
square meter of bioreactor space (Rahmann et al. 2019).
Available cropland should be used for production of
high-quality, fresh and edible food items. The food
system should be able to produce enough, healthy and
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affordable food for 11-16 billion people by 2100. To be
apart of a complete organic* food system, these reactors
should be fed by recycled fertilisers and poorly utilised
sources of organic matter, being locally available and
integrated in a circular economy. Hydroponic and
aquaponic growing systems and raising of snails, larvae
and other nutritious organisms are other examples of
food and feed production which may occur in landless
food production, where recycled fertilisers and organic
waste may be utilised and upgraded. Such production
methods are out of the scope of this paper.

Landless approaches to food production challenge the
concept of naturalness, emphasised by many environmen-
tally concerned consumers and developed, e.g. in certified
organic* food production. As discussed by Blythman
(2018), a lot of processing and food additives are required
between the reactor and the final consumer. On the other
side, a better recycling of nutrients and increasing food
security for all are challenges where organic* food pro-
duction needs better solutions to design a complete food
system which can contribute significantly to sustainable
development.

In the present paper, basic requirements for
fertilisation of organisms produced in bioreactors will
be presented, focussing on microalgae and yeasts. Based
on results and experiences with various recycled
fertiliser materials and using animal bones and struvite
from sewage as examples, it will then be discussed how
we may design landless food reactors adapted to such
sources of nutrients, rather than conventional mineral
fertilisers. The aim of the paper is to present relevant
research findings and discuss how they may contribute
to realise a system of food and feed producing bioreac-
tors required in a landless food system, utilising recycled
nutrients and sources of organic matter.

Conditions for growing microalgae and yeast fungi
in bioreactors

Required elements

Terrestrial crop plants acquire carbon (C, as carbon diox-
ide, CO,) and oxygen (O,) from the air. They acquire
hydrogen from water (H,O) and essential macro-minerals
nitrogen (N), phosphorus (P), potassium (K), calcium (Ca),
magnesium (Mg) and sulphur (S) from the soil. Legume
plants can also assimilate N, from the air. Additionally, a
range of microminerals (boron (B), chloride (Cl), copper
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(Cu), iron (Fe), manganese (Mn), molybdenum (Mo),
nickel (Ni) and zink (Zn)) are required.

For microalgae, the nutrient demand is somewhat
different. The basic mineral requirements are equal for
all species of microalgae and comprise N, P and carbon
(C) (Khan et al. 2018). Some marine microalgae species
also require silicon (Si) as a macronutrient. Microalgae
demand B, cobalt (Co), Fe, potassium (K), magnesium
(Mg), Mo, Mn and Zn in trace amounts for successful
growth. Microalgae absorb O, and H, from water. The
concentrations of available N in the culture substrate
have a strong effect on algal growth. N limitation may
reduce algal growth and biomass productivity but may
increase the production of carbohydrates and lipids. The
source of carbon can be organic forms, such as glycerol
or acetates, or CO,, which may allow for a concurrent
carbon sequestration if the gas is well utilised by the
algae. However, in practice, this may be difficult to
achieve (Slade and Bauen 2013).

For the growing of single cell protein or other com-
pounds from yeast, N, P, S, Fe, Cu, Zn and Mn are
essential elements required, in addition to carbon,
oxygen and hydrogen. Sugars are most often used
as the C source, but with the right enzymes avail-
able, also much less readily degradable materials such as
cellulose and even lignin may be used as raw materials
(Bekatorou et al. 2006).

Other conditions

Microalgae are dependent on a source of energy, either
from the sun or artificial light. Commercial production
of microalgae occurs in two principally different sys-
tems; the raceway pond system, which occurs outdoor in
a flat area with good access to sunlight, and the photo-
bioreactor system where the algae are cultivated in
transparent tubes or containers in a controlled environ-
ment (Slade and Bauen 2013). In both systems, the broth
of algae and nutrients must be circulated to avoid sedi-
mentation or clogging. In regions of the world with
good access to sunlight, fresh water is commonly a
scarce resource and marine species of algae may be a
better option. Since controlled environment raising of
microalgae is quite expensive, a two-step system where
the initial phase of cultivation occurs indoor, and the
final growth phase in a cheaper raceway pond may be
relevant. Cheap access to CO, and fertilisers (N, P) is
crucial for economic viability, and plants may well be
combined with cleaning of exhaust and waste water to

benefit from cleaning gate fees (Lundquist et al. 2010).
Most microalgae prefer a temperature arrangement of 15
to 30 °C, and the pH in the growing media should be 7—
9 (Esbroek 2018).

For the production of biomass by yeast cells, no light
is required, but the process demands a continuous aera-
tion. While yeasts can grow over a range of tempera-
tures from 0 to 47 °C, the optimum temperature for
growth is 20-30 °C. Yeasts favour acid conditions and
grow well at pH 4.0-4.5 (Battock and Asam-Ali 1998).

Recycled fertilisers applicable for fertilisation
of bioreactors

One of the characteristics of residual and waste materials
of organic origin is that all elements are integrated in
tissues which are often easily degradable, and large
molecules with characteristics quite different from the
soluble salts in mineral fertilisers, or the dissolved nu-
trients in liquid fertilisers. A “final” treatment of organic
waste materials occurs in waste treatment plants, which
may be very different across the globe dependent on
local conditions and scale. Mixing with soil,
composting, anaerobic digestion (fermentation), dump-
ing (in rivers or the sea) and incineration are some major
pathways of treatment for solid waste, whereas liquid
waste and sludges are commonly treated in water treat-
ment plants or applied to soil. Huge amounts of nutrients
and organic matter (carbon) are currently poorly utilised
in both small-scale and large-scale treatment systems of
organic waste, and there is a conflict between the aims
of producing high-quality food with low concentrations
of not wanted elements and compounds such as pesti-
cide residues and potentially toxic elements (heavy
metals), and the need to maintain soil fertility and avoid
polluting the environment with excess nutrients, e.g. by
eutrophication (Lees and Adler 2019).

Producing more food and feed nearby the sites where
large amounts of organic waste materials are produced
may open new possibilities for better utilisation of valu-
able nutrients and organic matter. However, since or-
ganic materials are susceptible to degradation and hence
commonly the place of living for a range of organisms,
they may be challenging to utilise in a simplistic system
where only one type of organism is expected to survive,
such as in a bioreactor. Procedures to sanitise the mate-
rials before applying them to the reactors may be
required.
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For utilisation in a food and feed-grade bioreactor,
one option is to apply fertiliser inputs which are also
food grade, e.g. derived from food industry. This applies
to large volumes, e.g. of bone-rich residues, which have
proven to be highly efficient fertilisers for crop plants,
being rich in N, P, Ca and other minerals. The challenge
would then be to maintain food-grade quality through-
out the production chain, e.g. during storage and distri-
bution of the fertilisers.

Another option could be to precipitate minerals such
as struvite (magnesium-ammonium phosphate) from
waste water, and thereby remove both N and P and
reduce the environmental load to natural waterbodies.
By this chemical processing, very pure minerals are
achieved, reducing the risk of contamination, e.g. with
bacteria or heavy metals.

Recycled organic fertilisers: sediments from oil
and protein extraction

After removal of the commercially available meat parts,
cartilage and muscle fibres rich in N are still present on
animal bones, which are also in themselves rich in N, in
addition to P and Ca. Such residues may be grinded and
hydrolysed, and food or feed grade oils may be pro-
duced, along with food or feed grade soluble proteins.
Until now, less use has been made of the remaining
sediments, which still contain significant amounts of N
in proteins not dissolved by hydrolysis, plus Ca and P.

Studies of sediments from grinded bones of laying
hens, and white fish (cod, saithe) at NORS@OK have
shown that plants grow vigorously with such materials
applied as fertilisers (Loes 2017; Ahuja and Lees 2019).
The growth effect is much more rapid than for calcium
nitrate, which is considered as a rapidly available
N fertiliser. This may be due to the concurrent
availability of P. However, it may also be that
the N in the animal residues is not necessarily
being mineralised into ammonium and/or nitrate
but taken up directly by the plants. This is not
easy to study in practice, but research has shown that
plants may assimilate small organic molecules and not
only dissolved ions (Dion et al. 2018).

The potential use of such sediments in a bioreactor
needs to be studied. The rapid availability of nutrients in
experiments with crop plants indicates that nutrients
may become available also in a circulating solution.
Microalgae are rich in protein and demand high N
concentrations. The concentration of N and P can vary
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quite substantially, from 5 to 10% of dry matter for N
and 0.3-1.2% for P (Lundquist et al. 2010), and the
utilisation efficiency of N (which may be susceptible
to gaseous losses) on average may be assumed to be
about 50% (ibid.).

One option to avoid that bioreactors are filled up with
solid particles could be to keep materials like this in
nylon bags which the water circulates through.
However, this will increase the energy consumption
for water circulation.

Recycled mineral fertilisers

Phosphorus is a scarce resource, which has the ability to
circulate in the soil-plant-food-soil continuum with a
clever design of farming systems. A significant propor-
tion of the total amount of P available for such cycling is
found in wastewater (sewage; Moller et al. 2018). In
some countries, biosolids from sewage are used for soil
amendment, but in other countries, such material is
incinerated. In biosolids, the P is often bound by
chemicals making the P very little available for uptake
in plants or other organisms. Even with such binding of
P, treated wastewater may still contain significant con-
centrations of P. Hence, there are many reasons to
improve the removal of P from wastewater. N may be
emitted as gas, which reduces the risk of eutrophication.
A better option could be to also remove the N in solid
form. Precipitation of struvite implies removal of both N
and P. This mineral is easily solubilised in soil, even if it
is not water soluble. Applying this mineral to organical-
ly managed soil could be an efficient way to increase P
cycling (Rittl et al. 2019), since P is often depleted by
long-term organic* management (Cooper et al. 2018).

If conditions can be made for dissolving the salt,
struvite may be a very relevant fertiliser to apply in
bioreactors. Another option is to combine bioreactors
with wastewater treatment, to utilise the capacity of the
living organisms to take up N and P.

Discussion

Two types of waste materials have been presented here.
These materials were selected because they have shown
promising effects in recent studies with crop plants, and
the author has an up-to-date, hands-on experience with
these fertilisers. However, several other materials are
available in addition which may be useful for applying
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elements (N, P, K, S, Ca, Mg, micronutrients) and/or
organic matter as a source of C. Liquid anaerobic
digestate, or liquid animal manure, may be applicable
since this material is easy to mix into a fermentation
broth or liquid media for microalgae. Digestate from
plants treating food waste often comes in a sanitised
state, but this status is challenging to maintain since the
content of mineral N and other nutrients is high and
there is still much organic material ready for decompo-
sition. Liquid animal manure is far from sterile, but in a
system where the growing medium is exposed to solar
radiation (such as in a raceway system for microalgae),
these organisms may die off rapidly.

As for other innovations, the question of scale is
crucial. Organic waste is produced on a small-scale level
with individuals and families, on a medium-scale level
from catering services, and on a large-scale level in food
and feed industry. Bioreactors with yeast or microalgae
are likely less robust than, e.g. crop plants towards
infectious diseases or suboptimal growing conditions.
With their generally short life span, the natural behav-
iour of these organisms will be to spread vigorously and
utilise events of satisfactory conditions for a very rapid
growth (e.g. leading to algal blooms), leading to a wave
of repeated/further spreading. Crop plants may demand
more care and infrastructure (e.g. weed-free soil, water,
sunlight, fertilisers), but when established, they have
some resistance, e.g. towards diseases and pest attacks,
and ability to recover from temporary unfavourable
conditions. Hence, bioreactors call for substrates which
are easier to handle than, e.g. source-separated house-
hold waste which is a very diverse mixture of materials
and better suited for a more robust treatment such as
anaerobic digestion. The digestate, however, may be
suited for application, and the same is valid for compost
tea.

The high concentrations of both N and P in animal
bones (including fish bones), and struvite precipitated
from wastewater, match the demand for these elements
in both yeast and microalgae. This is interesting,
since both these types of recycled fertilisers are
poorly balanced with respect to the needs of crop
plants (Ahuja and Lees 2019; Rittl et al. 2019),
and hence need to be applied only in special
cases, e.g. of P depletion or mixed with other
materials. Possibly, bioreactors can be a growing system
where these fertilisers fit especially well to the demands
of the organisms being grown. However, this needs to
be studied in detail.

Until now, staple food produced in bioreactors is still
quite rare, but research efforts are extensive. As shown
by Lundquist et al. (2010), the infrastructure for biore-
actors is costly, and variable costs such as costs for
growing substrates (sugar), nutrients and light are sig-
nificant. Hence, combining such reactors with other
purposes, such as cleaning of wastewater, may be ben-
eficial. Since bioreactors demand relatively much P, but
less of other macronutrients, the potential of such grow-
ing systems to contribute to increase the proportion of P
which enters a cycling instead of an “input-output-lost
for cycling” approach is also of high interest.

All in all, it deserves a further consideration, and
well-planned studies, to combine ideas from organic*
agriculture such as utilising locally available sources of
organic matter and nutrients, with technologically ad-
vanced growing systems like bioreactors. The author of
this paper has never worked with a bioreactor and hence
is very much aware that the arguments presented here
may be heavily challenged by scientists with other
background and perspectives. Possibly, discussions in
the upcoming workshop, “Combining land-based or-
ganic and landless food production: concept for a sus-
tainable solution for Africa in 2100” in Marrakech,
November 14-16, 2019, may contribute to a further
development of this very preliminary paper.
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