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ABSTRACT

The population of the world is ever-growing. It is expected to reach 10 billion in 2050. To feed all those
people, significant improvements in our food production systems are required. Current agricultural practices
have proven to be damaging to ecological systems worldwide, leading to greenhouse gas emissions,
deforestation, loss of biodiversity and water pollution, among other problems. Moreover, two-thirds of
agricultural land is currently used to feed livestock. We have already overstepped the Planetary Boundary
as defined by Rockstrom et al., (2009) for reactive nitrogen usage. Simply upscaling agricultural activities
to meet the demands of the growing population is therefore not an option. Such anapproach would lead to a
nitrogen fertilizer requirement which is three times higher thanthe world can sustain. We therefore need to
become three times more efficient in using Nitrogen and consciously evaluate the way we produce food. New
and disruptive innovations are needed to ensure a sustainable future for the next generations. This
perspective paper describes small-scale grass biorefinery technology which will contribute to solving three
major issues: agricultural nitrogen emissions, the need for more agricultural land and the import of soy,
Fructo Oligo Saccharide and a mineral concentrate. The technology can be economically operated in grass
rich countries at a scale of 8-ton fresh grass per hour. In developing countries, it can be operated economically
on a scale of 0.4 ton per hour. Both systems can also process green leaves of other plants which are not
currently used to produce food or feed: leaves of cassava; palm leaves; sugar beet leaves; and green leaves
of rice collected just after the rice harvest, etc. When grass derived from marginal land is included, we can
increase the production of protein without increasing the land required for agricultural cropping. Since the
grass biorefinery splits soluble and insoluble proteins, the first can be fed to cattleand the latter to pigs and
poultry because in so doing the efficiency by which these proteins are used increases by 50%. This again means
that one-third less land, and one-third less N, P, K fertilizers are required for the same food-grade protein
production. As 50% more animal protein can be produced from the same hectare of grassland, more
economical value will be created which can be divided over the players in the chain: crop and grass farmers,
biorefinery and animal farmers.
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INTRODUCTION

The population of the world is ever-growing. It is expected to reach 10 billion in 2050 (Fukase and Martin,
2017). To feed all those people, significant improvements in our food production systems are required.
Currentagricultural practices, however, have proven to be damaging to ecological systems worldwide leading
to greenhouse gas emissions, deforestation, loss of biodiversity and water pollution, among other things.
Moreover, two-thirds of agricultural land is currently used for feeding livestock. Simply upscaling
agricultural activities to meet the demands of the growing population is therefore not an option. We need to
become more efficient and consciously evaluate the way we produce food. New and disruptive innovations
are needed to ensure a sustainable future for the nextgenerations.
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Figure 1. Planetary Boundaries (Steffen et al., 2015)

The ecological capacity of our planet is coming under increasing pressure. The emission of greenhouse
gasses obviously contributes to global warming, however, that is not the only problem, unfortunately.
Rockstrém and his team defined several ‘Planetary Boundaries’ in a 2009 model, which was updated in 2015
(See Figure 1). This model visualizes the severity of different threats to the planet. This research indicates that
the level of nitrogen emissions may present an even bigger problem to our planet than the emission of
greenhouse gases. This problem is largely rooted in agriculture and our unsustainable food and feed
production systems. The use of nitrogen as a fertilizer and for chemical products has brought us enormous
benefits in the past century. However, losses of fertilizer nitrogen and NOx from combustion processes to
the environment can lead to many side effects on human health, ecosystem health and the climate.

FFTC Journal of Agricultural Policy [Vol. 4| 33



Special issue: Circular Agriculture for Sustainable Healthy Diets: Perspectives and Policy Implications

N application
B LS5kgha 'y .‘ {high rigk)
L 41 55kgha 'yr (increasing risk)
@ c41kgha 'y (eate)

Figure 2. Global Nitrogen emissions levels (Steffen et al., 2015)

Agriculture is an important source of reactive nitrogen in the atmosphere and water bodies. Currently,
humans produce 131 million tons of ammonia globally each year, which is about 40 million tons more than
the planet can sustain. Around 75% of these emissions are estimated to originate from livestock farming
(Wyer et al., 2022). The consequences include soil acidification, loss of biodiversity and ‘algae blooms,’
resulting in anoxic zones in the oceans. Figure 2 provides a global representation of the areas with greatest
excess nitrogen use per hectare. In the Netherlands, for example, the nitrogen crisis has already become a
cause of major concerns in the past three years, with at least 35% of all nitrogen losses to nature stemming
from agricultural practices. One of the proposed solutions to this problem, is to decrease the number of
livestock held by farmers, and although livestock is accountable for the majority of ammonia production
through manure and urine waste, the total Dutch cattle herd wouldneed to be halved in order to reach
acceptable emissions of nitrogen. This would, however, have serious consequences for thousands of farmers
who rely on livestock herding for their livelihood and is also damaging to the Dutch economy. The same
could be argued for many other countries whose economies depend partly on livestock farming and export
of agricultural produce.

In Ireland, for example, there has been a mandatory ammonia emission target for agricultural businesses
since 2010 whereby emissions should be reduced to below 5% of the 2005 levels. Agriculture is responsible
for most of these emissions, and in recent years Ireland’s ammonia emissions from agriculture have been
increasing (Department of Agriculture, Food and the Marine, 2019). The Irish government has already
proposed several methods for reducing ammonia emissions, among which include adapting livestock feeding
strategies by extended grazing, maintaining the quality of crude protein when making silage or use of low-
crude protein in animal feeds.

In France, studies of nitrogen emissions have been performed as well. As a result, livestock production
has been identified as a major contributor to national ammonia, methane and nitrous oxide emissions. Farmers
have been advised to take these emissions into account as part of efforts to mitigate climate change and
improve air and water quality,when considering changes in farming practices such as feed, types of livestock
buildings, emission treatment, etc. (Hassouna & Eglin, 2016).

By using some 130 million tons of nitrogen fertilizer in agriculture worldwide, we have already
overstepped the Planetary Boundary. With a population growing to 10 billion by 2050 which will eat more
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meat, this problem will become even larger. Taking the efficiency of European protein-production for human
food which requires 7 kg N input to obtain 1 kg N in food-protein to feed people with the required minimum
of 50 grams (0.75 g/kg body weight) per day (FAO, 1985), we will need an amount of nitrogen fertilizer
equivalent to 3 times the Planetary Boundary in 2050 (Tablel). These numbers will be even larger when we
realize that many western people consume 100 grams of protein or more. To stay within Planetary Boundaries
the Nitrogen Use Efficiency (NUE) of the agricultural sector needs to be raised from 15% to over 35%, and
the intake of protein should be reduced to 50 gram/person/day. While currently two-thirds of good
agricultural land (1,500 Mha globally) is used for animal feed production, much of this feed should be
produced on marginal lands to limit the use of good agricultural land to direct human food production and in
order to reduce further loss of biodiversity, another Planetary Boundary under pressure.

Table 1. Nitrogen requirements to feed the world population with protein

Population Area Nitrogen input  Nitrogen in food (Mton) Input/food
(million) (Mton/year) in case of 509 required
protein/day
17 Netherlands 0.55 0.51 11.0
500 European Union 18.00 1.50 12.0
7,500 World 2030 130.00 22.50 5.8
10,000 World 2050 360.00* 30.00 12.0

* If EU diet 2020 is implemented worldwide

This introductory paper gives perspectives towards solutions that are focused on optimization of nitrogen
use efficiency (NUE), land use efficiency and reduction of greenhouse gas emissions.

CONTRIBUTIONS TO STAY WITHIN PLANETARY BOUNDARIES

Halving the livestock herd in order to reduce nitrogen and ammonia emission levels would undoubtedly be a
drastic measure, which might not be the most desirable way to go when considering the ever-growing
worldwide demand in, for example, meat and dairy products for food-grade proteins for a growing and more
prosperous human population. As a first route to lower the raw material requirements would be to change our
human diets and eat less animal proteins and possibly an equal amount of plant proteins per day, which means a
reduction of total protein from over 100 g per day to below 80 g (0.75g/kg body weight) which is regarded as
enough (FAO, 1985).

Other measures such as more efficient feeding and development of alternative protein sources could
prove to be an effective solution, without increasing demand for agricultural land or damage to rural
economies.

This can be achieved by matching the amount and quality of nutrients consumed to that needed to meet
the animals’ requirements and increasing the efficiency of utilization of the nutrients consumed. Currently,
rations are often formulated with a ‘safety margin’ and based on mixing existing raw material streams within
economic limits, which means the concentrations of nutrients are increased beyond the actual needs, sometimes
by as much as 30 to 50%. This results in the production of excess nitrogen, phosphate and other residuals.
Although composition can be good, the digestibility might be poor, which again leads in an oversupply of
components in the animal feed. Reducing the excessive levels of nutrients and improving the efficiency of nutrient
utilization, could therefore prove to be a simple, yet effective solution for the impending global nitrogen crisis.

Matching the applied amount and quality of feed can be achieved by adding essential amino acids to
monogastric feed to reduce the total amount of protein in the diet. Even more powerful is the splitting or refining
of different components present in the actual feed raw materials, in order that proteins, fats, carbohydrates,
minerals, vitamins, water and other required components are provided in a tailor-made way to the animal
throughout its life. This biorefinery approach exemplified in this paper with a focus on grass and other leafy
materials can also be applied more widely for most raw materials now utilized as animal feed. Obviously, there
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are costs and energy requirements associated with this approach, and these will be addressed in this paper as
well. Aside from reducing nitrogen and phosphate emissions, less arable land is required when the biorefinery
approach is utilized. Other benefits such as improved biodiversity and a reduction in transport of soy and raw
materials are observed. The amount and volume of manure with concomitant emissions of NH3 and methane
will also be reduced.

To cope with the Planetary limitations holistically, land use should also be optimized with yield gaps
closed, while land that is suitable for crops for human consumption used for that purpose, with marginal lands
such as wetlands, used for animal feed production. In the event that fertilizers are used, these should be applied
in a way that limits losses to the environment or to the deeper layers in the soil, making them accessible for
plant roots. Legumes, the group of plants that can fix nitrogen from the air using bacterial nodules on their
roots, generally have much lower losses of reactive nitrogen because this is produced close to the roots.
Vegetable crops in the Netherlands often have a fertilization efficiency of less than 30% which can be
improved by drip irrigation. Once proteins are formed, one should realize that their value is much higher than
when these proteins would be used as nitrogen fertilizer, by leaving agricultural residues on the field
containing this protein. The same reasoning holds for animal waste streams which may face more difficult
reuse limitations for safety and hygiene reasons. It is inevitable that animal manure contains minerals. These
can be recycled to agriculture if there is no excess of these minerals. In cases where mineral excesses exist,
such as in the Netherlands, ammonia can be stripped from anaerobic digested manure with technology that
has been developed e.g. by a Dutch company Byosis, an approach that is now in operation in various countries
around the world (www.Byosis.com).

Finally, we can adjust the need for reactive nitrogen limiting the amount of daily protein consumed to
the minimal requirements of about 50 grams, while in many western countries the consumption of protein is
more than double per capita.

In 2017, the EU used an estimated 34.4 million tons of soybeans, soymeal and soybean oil,
approximately 12% of global soybean production (European Soy Monitor). By far the biggest proportion of
this soy (30.8 million tons) was used as soymeal for agricultural purposes. As soy grows in temperate,
subtropical and tropical climates, its use is mostly depending on imports. Most of its production is
concentrated in North and South America and aside from China, the EU is its biggest customer. Currently,
around 85% of the global soybean harvest is crushed, resulting in around 78.5% soymeal and 18.5% soybean
oil. The oil is used for varying purposes, while virtually all soymeal is used in compound feed. Soy’s global
success can be explained by the fact that it is a low cost, storable and transportable protein, as a side product
of soy oil. Soy has, consequently, been one of the most important drivers of regional economic growth in
Argentina, Brazil and Paraguay. As a result, the soybean industry is also connected to a range of
environmental and social sustainability issues in the producing countries. Rapidly growing amounts of
landmass have been dedicated to soy cultivation in the past few decades, leading to deforestation and
conversion of natural ecosystem for instance in the Brazilian Amazon alone, soybean area increased more
than 10-fold, from 0.4 Mha to 4.6 Mha in the period 2000-2019 (Song et al., 2019).

Six factors are essential to optimize NUE and land use at the same time:
o Fertilization efficiency of the crop, smart use of chemically bound N, including redistribution of N;
Protein yield per ha per year;
Digestability and feed conversion to animal protein, which includes redistribution of proteins over
various different animals;
Digestability and availability of essential amino acid in human food (PDCAAS);
The amount of daily protein intake per capita;
Land (un)suitable for food crops; and
Use of urea or nitrate to substitute part of the non-resistant protein.

While in European husbandry the nitrogen inputs are 7 times higher than the nitrogen that ends up as
protein in animal and vegetable consumer products, the reduction of losses will improve the efficiency of the
animal feed system (Leip, et al. 2013, 2017). According to Lesschen and Sanders (2017), the NUE can be
improved by a factor 2 in the Netherlands by the year 2050. This will be accomplished by reducing ammonia
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emission from manure storage and stables, and growing catch crops in the same season directly after corn.
Protein will be extracted from these catch crops by biorefinery technology. This biorefinery technology will
be applied to grass as well. Biorefining the raw materials that nowadays are used as animal feed, will not
only improve the N use efficiency, but will also enable the use of feed components such as protein at the
highest value, like in pig or poultry while cattle will benefit less from such protein. Additional components
with no value for animals can be used to substitute fossil resources or to improve fertilizer use efficiency.
This will reduce overall greenhouse gas emissions.

In this paper we will introduce the biorefinery- process and the products that can be obtained from
grass and from several other sources. Furthermore, we will report several animal feeding results obtained
with the products from the biorefinery.

GRASS BIOREFINERY

The Dutch startup company, Grassa (https://grassa.nl/en/) has developed a bio-refinery process that upgrades
grass and green vegetable residue streams to new and high-quality components that can serve as compound
feed ingredients (Ravindran et al., 2021, Serra et al., 2023). Also, the Danish University in Aarhus, has
developed a similar green leave biorefinery which now is in operation in Denmark (Martinsen & Anderson,
2020). Although the refinery process is suited for processing various raw materials (e.g. grass, beet leaves or
pea plants), Grassa will initially focus on grass, clover and vegetable waste. For simplicity, we will simply
refer to those raw materials as ‘grass’ throughout this application.

Grassa biorefinery products

Through biorefining, grass can be fully split into the following components:

o Refined grass: highly digestible grass high in fiber and rumen resistant proteins, which is ideal as
roughage for ruminants (dairy cattle, cattle, rabbits) or horses. As compared to silage, it has a
constant dry matter of 35% and it has a higher occurrence of resistant protein than is the case in
grass silage. This is beneficial for improving the nitrogen use efficiency since non-resistant protein
is broken down in the rumen and subsequently converted to microbial protein of which a
considerable part is not digestible by the cow as is also the case for the microbial nucleic acids. The
cow needs microbial production for better digestion, but not too much. This product represents about
30% of the original volume of the grass input.

e LPC: Leaf Protein Concentrate, a dried protein concentrate that is readily digestible, has an optimal
amino acid composition, is non-GMO, rich in carotenoids and omega-3 fatty acids and low in
minerals and is an appropriate alternative for environmentally harmful soy meal in poultry, pig, pet
food or fish feeds. Eventually it could even be processed to human food, as a partial replacement of
meat, dairy or egg protein in our diet. Currently, compound feed production relies heavily on the
import of soy as a source for protein. Ignoring its considerable and damaging ecological side effects
— i.e. deforestation, erosion, water pollution, loss of biodiversity, CO,-emissions, high pesticide and
herbicide usage and global transportation — soy has a good combination of essential amino acid
composition and high digestibility (80%). In particular, soymeal is a low-cost raw material that has
been widely accepted as a source for protein in animal feed, as it consists of 45-48% protein of dry matter.
A common higher quality alternative for soymeal is soy protein concentrate, which contains about 60-70%
protein, and soy protein isolate as high as 90% protein. These products are of higher quality but are
also a lot more expensive: soymeal is sold for US$630/ton, soy isolates for about US$1,300/ton in
2022 (Eurostat 2022). Moreover, it has the same impact on the planet. As a result of the high costs and
associated environmental impacts, animal feed producers are now searching for local alternative
protein sources. Leaf protein concentrate would make an excellent replacement for soy, as it is similar
in protein content (ca. 45-55%) and has an even higher protein digestibility (94%) but lacks all
ecological downsides. This dried product represents about 4% of the original volume of the grass
input.
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e FOS: Fructose Oligo Saccharides, a soluble fiber that acts as a prebiotic that improves digestion,
stimulates the immune system, generally improves monogastric animal health and wellbeing and
lowers the need for antibiotics. This product represents about 8% of the original volume of the grass
input.

e Mineral concentrate: which is rich in potassium and other minerals and inorganic nitrogen and can
be added to compound feed or serve as an organic, soluble, plant-based alternative for chemical or
animal-derived fertilizers. This concentrate consists mostly of potassium and nitrogen. The nitrogen
is mostly present in the form of amino acids, which is beneficial for plants because with it they will
need less energy to build in nitrogen. This product represents about 5% of the original volume of
the grass input.

With these products, Grassa’s biorefinery serves as an economically viable solution with a sustainable
business case which also enhances food security for humans and animals. Through the refinery process we
enable the local production of proteins, which is good for rural development, in a sustainable and circular way
and without any use of pesticides. Grassa’s products are a great source of locally produced and easily
digestible proteins and fibers, which are in high demand in the strongly growing organic agricultural sector.
In some places the demand for proteins and fibers is so high that it can barely be met. Organic/biological
animal farming in Germany, for example, requires the use of exclusivelyGerman-produced animal feed raw
materials. Bio-refining of biological grass makes it possible to meet the ever-growing demands for fiber and
protein.

In addition, bio-refinery provides an elegant solution for the reduction of nitrogen emissions in the
form of ammonia. In the Netherlands, we can now obtain approximately 50% higher yield of animal proteins
per hectare, which now produces 12,000 kg of milk, through the biorefinery approach which opens the
structure of grass and fractionates the proteins present.

Grassa bio-refinery technologies

Grassa developed various technologies one on 2 ton/hour capacity (Figure 3) that is mobile, but the larger
capacities still can be transported to other locations but several lorries will be required. The process that uses
different unit operations (Figure 4) for refining grass, such as pressing, protein extraction, nano-filtration and
reverse osmosis is not transportable (www.grassa.nl). In the future with even lager capacities part of the
processingwill be done by mobile units while other more capital-intensive unit operations will be done in a
central place. The grass is crushed and pressed first, separating juice from the grass fibers. The following
process comprises several steps. The refined grass press cake is compressed and sealed airtight for the purpose
of conservation. The juice contains part of the nutrients (proteins, carbohydrates and minerals) and is processed
by extracting and concentrating the proteins. The fluid that remains is further processed and is separated in a
sugar fraction, a mineral rich fraction and clean water. The bio-refinery installation is designed in a small to
medium size for local or regional processing of biomass. Although the focus for deployment of this technology
is currently on cultivated and natural grass, clover and vegetable waste streams, in the future practically all
types of fresh green materials or leaves could be processed using these installations and technologies.
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Figure 3. The 2 ton/hour Grassa mobile biorefinery
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Flgure 4. Grassa’s biorefinery process

Grassa focuses on ‘green’ bio-refinery which means that they solely use separation technology in their
processes. Grassa uses an extruder, coagulation machine and belt filter, protein separation and washing, nano-
filtration, reverse osmosis and a protein dryer. As these technologies use no biological or chemical
conversions, the products are minimally processed and all the dry matter ends up in one of the four products.

In the Netherlands the processing and operating capacity of the complete process is now 4 ton/hour of
fresh leaf material. For 2024, the construction of a 16 ton/hour biorefinery which can operate under economic
conditions in the Netherlands is planned. While just the presscake represents a similar value to the cow as
the unfractionated raw materials, there is additional economic benefit from the protein product as well as
from the FOS and the mineral concentrate product. After subtraction of the capital costs and operational
costs, a positive ROI remains for operation in the Netherlands (data not shown). The previous 2 ton/hour
demonstration unit which contained only the refined grass and protein concentrate production, is mounted on
a trailer and is fully movable. In the summer of 2019 this installation went to Ireland for a 6-week
demonstration on 5 commercial farms as part of the Biorefinery Glas project.

For Grassa’s innovation, the concept is that contractors collect grass from farms with grassland and
horticulture with green residue streams that trade their biomass for refinery in exchange for compensation. A
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local bio-refinery then converts the grass into four products that Grassa will sell commercially: refined grass,
protein concentrate, FOS concentrate and mineral concentrate. Refined grass will be distributed as an end
product to livestock farmers with dairy cows, horses or rabbits, grass protein concentrate will be supplied in
bulk to compound feed companies as a feed ingredient for poultry, pigs, fish and cows, FOS concentrate will be
supplied in bulk as a feed ingredient for pigs and the mineral concentrate will be distributed towards
greenhouse horticulture as an organic fertilizer product. In this way, raw material cycles can be closed, and
no large transportation movements are needed for nutrients and minerals. The local need for soy imports will
also decrease significantly. Moreover, each of the four components that the machines produce hold
considerable benefits in comparison to current products on the market for compound feed.

Feeding refined grass press cake to cows

The refined grass that has been obtained as press cake in the Grassa process has been fed to cows during
trials at Louis Bolk Institute in the Netherlands (Pijiman et al., 2018). During this trial cows in the control
group were fed with 13 kg silage (dry matter base) and 8.6 kg of concentrates while in the experimental diet
two thirds of the silage was substituted by refined grass press cake. In Table 2 we see that the nitrogen input
has been reduced from 721 g to 605 g per cow per day but that the nitrogen in the milk is 162 g in both cases.
Fecal and urine N excretion have been reduced, therefore. The same picture holds for phosphate.

Table 2. Feed intake, milk production and daily N and P balances of dairy cows fed by refined
grass (GFS).

Parameter Unit UGS GFS P values
Total dry matter feed intake kg/ cow, day 215 20.0 0.011
Fat and protein corrected milk kg/ cow, day 30.7 30.3 0.801
Feed conversion efficiency kg feed/kg milk 1.39 1.49 0.304
N Intake g cow, day 721 605 <0.001
Fecal N excretion g cow: day 174 163 0.311
Milk N excretion g cow: day 162 162 0.970
Urine N excretion g cow, day 267 227 0.061
N input minus output g cow, day 117 52 0.021
P Intake g cow: day 71.0 60.4 <0.001
Fecal P excretion g cow: day 30.6 23.7 0.008
Milk P excretion g cow: day 28.4 28.0 0.783
Urine P excretion g cow day 0.25 0.24 0.902
P input minus output g cow: day 11.7 8.5 0.089
Feed-N to milk-N % 22.6 26.8 0.006
Feed-P to milk-P % 40.0 46.4 0.001

Source: Pijlman et al., (2018)

Overall, the feed conversion efficiency increased from 1.39 to 1.49, an increase of 7%. The N and P
efficiencies increased by 18% and 12% and if calculated back to the 8 kg of refined grass on the 21.6 kg of
the total diet, these numbers would rise to 18%, 45% and 31%, respectively. Part of the explanation of these
improvements can attributed to the ratio of the components in the feed, which are better adapted to the needs
of the cow in the trial sample, whereas in the control sample N and P are given in excess of the cow’s needs.
This can be more fully understood if one realizes that part of the protein fed to cows is degraded and converted
to microbial protein. This conversion can be beneficial to the cow if the diet contains protein with low
essential amino acids since the conversion to microbial proteins results in a much better essential amino acid
composition. However, in the case of grass, the essential amino acid content is as high as in soy protein, then
a higher proportion of resistance is preferred since the microbial resynthesis of protein amounts to as much
as a third of nitrogen input losses, due to inefficiencies of rumen microbial protein synthesis, the formation
of rumen microbial nucleic acids, and the indigestibility of some of the formed microbial proteins (Dijkstra
et al., 2013).

In addition, basic biochemistry teaches that for each peptide bond to be synthesized 7 ATP is required.

This would require 0.5 kg of sugar for the peptide bonds in 1 kg of protein only, to be resynthesized from 1
kg of plant protein that is degraded in the rumen. Also, the other components of the microorganisms also
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require energy to be (re)synthesized. This additional step in the food chain requires resources and should be
considered in a way that is healthy for the animal and optimized for resource use efficiencies.

In the Netherlands about 75% of grass is ensiled. Another advantage of the grass biorefinery as
compared to traditional ensiling is that there are no losses during the ensiling process. In traditional ensiling
the farmer must first wait for two consecutive sunny days in order to dry the grass. Grass biorefinery can be
done even during wet weather, so the farmer can better plan his activities and cut the grass at the time
the quality of the grass is best. Unlike traditional ensiling, there are no losses in nitrogen during spreading
and respreading of grass during drying and no losses from leaking grass juices or mall grass particles during
the collection after drying. In good farming practices losses of 15% are indicated but these can well be as
high as 25% in some cases. The nitrogen that is in the protein of this part of the grass will become available
as fertilizer after that grass leaf has been degraded in the soil, but of this recycled nitrogen about 40% will be
lost since the fertilization yield in grassland is about 60%. In the biorefinery process, the wet grass is
immediately processed into grass press cake of approximately 40% DM, dry enough to ensile immediately
with minimal losses.

Since the losses in the dairy system are reduced as has been described above, about half of the protein
that is present in freshly cut grass is no longer required for the cow and this protein can be fed to pigs and
poultry. The juice that is separated from the press cake during the process contain soluble protein which is
not rumen resistant and therefore finds a much better application in monogastric animals. This soluble protein
referred to as the LPC has been used in a piggery trial so far and yielded positive results. Feed trials were
carried out by Ravindran et al., (2021), using 55 weaner pigs over a period of 31 days until slaughter to
determine the effects of incorporating LPC in the pig diets. A control diet using soybean meal for protein
source was used. The treatment diet consisted of LPC replacing a proportion of soybean meal, barley, and
wheat by 27.3%, 25% and 8%, respectively, in comparison to the control diet. Average feed intake, average
weight gain, feed conversion ratio and amino acids profile for the treatment were comparable with that of the
control. The results showed that the LPC had the potential of replacing soybean meal without reducing feed
efficiency of the pigs. The overall effect is that the soluble protein is used efficiently by the monogastrics.

Biorefinery effect on nitrogen use efficiency and other environmental parameters

Figure 5 shows a comparison of a traditional dairy system where 50% (or 25%) of the grass is ensiled, coupled
with a pig rearing system and includes an integrated grass biorefinery system where 50% (or 25%) of the
grass is biorefined. As a result of cultivation of compound feed for the cows and for pigs, nitrogen fertilizer
is lost on the field, therefore the outer system boundaries need 466kg and 317 kg respectively of nitrogen per
ha to produce 67 kg of animal protein. Including a biorefinery approach to 50% of the grassland, improves
the overall nitrogen use efficiency of the farm in this scenario from 14% and 21%. If the fertilizer losses to
grow the compound feed are not included and only the nitrogen content of the compound feed is applied,
then the NUE raises from 19.6 to 23% as can be seen in the inner system boundaries of Figure 5.
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Traditional System: 50% Silage / 25% Silage Biorefinery System: 50% Silage / 25% Silage
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Figure 5. Nitrogen flows in animal feed production starting with N fertilizer

In a life cycle assessment (LCA) performed by Newcastle University the environmental burdens of
soymeal and leaf protein concentrate were compared. Greenhouse gas emissions (GHGs) and agricultural
land use of both products were calculated for a simple biorefinery (no FOS nor minerals concentrates
produced) (Tallentire et al., 2018).

Table 3. LCA results for soymeal and leaf protein concentrate

Ingredient GHG (CO2eq kg/kg) Agriculture land use
(m?/kg)

Soymeal 3.05 3.11

Leaf protein concentrate 0.61 1.98

Source: Tallentire et al., (2018).

In the current technology, diesel is used to produce the 35-kWh electric energy and 55 kWh heat
required to process one ton of fresh grass. In the future, renewable energy can be obtained from biogas and
or from solar panels to meet these requirements already with about 2% of the grassland surface area during
the growing season. Furthermore, pinch technology can significantly reduce the energy requirements
required for the coagulation of the protein. The operational profit is very dependent on local conditions.

The role of biorefinery in land use efficiency and income diversification

The debate on the competition between land use for livestock and humans for nutrients is primarily focused
on grains and legumes on arable land (Fitzhugh et al., 2020). Biorefinery technologies provide a solution for
efficient land use through three main pathways:

1. The LPC which is produced as a co-product and used to feed the animals reduces the demand for legumes
such as soya since LPC can substitute the soyabeans in the diet. Therefore, most of the legumes will be
grown for human consumption alleviating the pressure on the finite resource land.

2. Less land is required to produce a kilogram of LPC than for soymeal as indicated in Table 3; and

3. Grass and other biomass used in biorefineries usually grow on marginal land, therefore producing more
products from grass maximizes the land productivity of such land. Mottet et al., (2017), disaggregated
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land to show the level of competition on land used for feed or food production. According to their
classification, of the total 3.5 billion ha total land area under permanent grassland approximately 2 billion
ha (43% of total grassland) is considered marginal as the area is not suitable for arable crop production.
From the global grasslands, some areas are already overstocked and can no longer feed any more grazing
animals (Chang et al., 2015), however the green biorefinery technology ensures that at the same stocking
density for grazing animals, non-ruminants’ feed and even feed for humans can also be produced as co-
products of the biorefinery process.

Instead of getting silage as the only product from grass, the biorefinery unleashes different income
pathways from at least four products. Without necessarily diversifying enterprises, biorefineries offer
different revenue streams by utilizing the full potential of grass. Income diversification acts as a risk
insulation mechanism for farmers to reduce income variability caused by changes in market conditions for
one product. About half of the operating costs are associated with the raw materials, with labor and energy
costs forming the other main costs. Income is spread almost equally over press cake, protein concentrate and
the FOS including the minerals leading to an overall payback time of approximately 3 years in the
Netherlands. Several business models can be envisaged like a cooperation of farmers who will fully operate
the biorefinery. Another business model is rolled out by the Grassa company that buys the grass raw material,
processes the grass and sells the 4 products in the market.

BROADER APPLICATION OF THE LEAVE BIOREFINERY TECHNOLOGY

Most green plant leaves can be processed by the Grassa technology. In the case of some raw materials,
modifications will be required in the process, particularly with regards to the extruder press. A broadening
of the technology application opens the opportunity to isolate protein and other valuable components from
leaves which are currently considered waste materials in agriculture or beyond. A recent study in Indonesia
by Sari et al., (2021) showed that a protein shortfall of 9 million tons is expected with a more prosperous
population of 300 million in Indonesia by 2035. Domestic (now wasted) raw materials such as cassava leaves,
grasses, oil palm leaves and green rice leaves which can be obtained directly after the rice harvest, could
supply 22-33 million tons of protein if biorefinery technology such as from Grassa becomes available.
Currently these resources are left on the field where the protein is degraded and converted to ammonia and
nitrate, part of which is leached out by rain or emitted to the atmosphere. In the Netherlands further examples
exist of high-quality protein sources such as beet leaves, catch crop leaves and vegetable residues can form
good sources of protein for monogastric animals.

Legumes as raw material for milk production can reduce the need for fertilizer production
in factories using lots of energy

It has been demonstrated that Mixed Species Swards containing several leguminous plant species can produce
equivalent or higher dry matter and protein yields as compared to traditional grass lands, with little or no
nitrogen added. (Grace et al., 2019). While in traditional grassland some 40-50% of the fertilizer applied is
lost as ammonia or nitrate, legumes show losses of less than 5% since the nitrogen is taken up by the plant
continuously after it is fixated by bacterial nodules that are located on the plant roots. Since the amount of
nitrogen in the cow’s manure is higher than required for the optimal growth of the mixed species, part of the
nitrogen can be removed from the cow’s cycle in the form of proteins for poultry and pigs as has been shown
above. An additional step of ammonia stripping which involves trapping the ammonia in an acid like
sulphuric acid can be applied to further reduce nitrogen after the cattle manure has been fermented in an
anaerobic digestor to obtain biogas. This stripping technology has already been introduced successfully to
the market by the Dutch company Byosis (https://www.byosis.com/systems/byoflex) .

In principle after this new value chain has been optimized in its entirety, it can be anticipated that a
dairy farmer who now needs to purchase artificial fertilizer to grow grass to feed his cows, can now produce
the same amount of milk as well as his own fertilizer in the form of ammonium sulphate, and can also
produce protein for pigs on the very same hectare of meadow thus increasing nitrogen and land use efficiency.
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Even very small-scale biorefinery systems can be economical in developing countries

In developing countries where fertilizers like N, P, K are expensive, the biorefinery approach combined with
leguminous plants can offer various advantages: In those countries the total amount of fertilizers used
currently, if any, is often below 10 kg/ha/year. If this level could be enhanced to 50 kg/ha/year, then crop
yields can be expected to rise by a factor of three. In the scenario that crops are biorefined after harvest and
only proteins, carbohydrates and fats are taken for human and/or animal feed, the K, P and some N minerals
that remain can be recycled for the next season of plant growth. Only the losses should be supplemented
which will mainly be potassium as phosphate does not leach out significantly and nitrogen can be
supplemented if one uses a leguminous plant.

If one considers the full production chain including transportation of harvested crops to a processing
unit but also the recycling of the minerals that are required back on agricultural fields, then certainly with
crops of high moisture content and processes which may even add water to the process, operation on small
scale can be very advantageous. (Bruins & Sanders, 2012). A small-scale Grassa biorefinery was installed in
Fort Portal, Uganda in 2016 with a capacity of 100 kg/hour fresh leaves (Figure 6). So far Napier grass,
Mucuna and Alfalfa leaves have been tested. Recently in 2022 a 400 kg/hour biorefinery has been started up
including a dry house for the protein product. The products are indicated in Figure 6 as well.

Biorefinery

JGRASSA)

.y \/briquetta Biodegradable pots

SN . !
"

_ Feed P

WHEY

Figure 6. Small-scale leaf biorefinery in Uganda

The business model is very different from the one in the Netherlands: the capacity of the process is
much lower dictated by the logistic difficulty of getting enough raw materials harvested and transported to
the biorefinery within 8 hours to keep the best processability of the leaves. The process is also a very simple
version of the one in the Netherlands to keep investments below 100,000 € for the 400 kg/ hour process.
Labor costs are certainly lower as compared to the Netherlands. The juice that is obtained after pressing the
leaves is inoculated with Lactobacillus in order to lower the pH after which the protein will coagulate and
can be separated by gravity from the remaining whey. While the press cake is entailed in order to make it
storable to overcome dry periods, the protein is dried by sunlight and the whey is concentrated by evaporation
by sunlight as well. Animal feed tests will be required to show the properties of the 3 products. The press
cake is expected to have a high value because the press will unlock almost 100% of the leafy material. The
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protein product contains about 35% protein on dry matter while the amino acid composition is similar to that
of soy beanmeal which is imported to Uganda and therefore available only at a high value. The whey
concentrate can be fed to pigs and piglets in the drinking water. The first results will come in 2023 to validate
whether the process with the mentioned capacity is economical under local conditions.

CONCLUSION

Biorefining of leaves contributes to stay within planetary boundaries. Tilman et al., (2011) anticipated that
110% more protein is required in 2050 as compared to 2005 to feed people and animals. Depending on
improvements of technology and/or the transfer of technology to countries that do not have this technology
yet, the demand for reactive nitrogen may grow from the current use of about 100 million tons to 210 million
tons if we are to limit the need for land clearing with the consequent annual greenhouse gas emissions. Even
with the best technology transfer and innovations there will be a requirement to clear about 500 million ha
resulting in 1.6 G tons of CO. eq emissions using 100 million tons of nitrogen fertilizer annually, or about
150 million ha if applying 210 million tons of nitrogen. This demonstrates that we must cross the Planetary
Boundaries severely unless we use agricultural land more efficiently and improve overall nitrogen use
efficiency through the technology improvements that Tilman et al., (2011) describe. In addition, Mottet et
al., (2017) show that nowadays some 2,500 million ha of grassland is in use for livestock production and that
with modest improvements in feed use efficiencies we can prevent the need for further land use expansion.
In this paper we have shown that biorefinery technology as well as inclusion of legumes in pastures, will
enable improved feed use efficiency and will prevent the need for more land use and reduce nitrogen use as
well. This increased efficiency is obtained globally by increasing field yields through recycling of fertilizers
particularly in developing countries, combined with an optimization of grasslands globally by reducing the
losses of grass during harvesting, reducing nitrogen input requirements of grasslands and by making better
use of different types of protein that are better accessed after the biorefinery process. In addition to the
considerable environmental benefits, agricultural incomes will also increase from such an approach as more
products are realised from grass and marginal land from which grass can be harvested will become a structural
source of animal feed proteins and even food-grade proteins in the near future. This insulates farmers from
the price fluctuation risk associated with relying with one commodity or crop for income.
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