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Preface

This report is an update of DCA Report No 93 from 2017 on protein production from green biomass. The
Ministry of Food, Agriculture and Fisheries has requested the update because both research and commer-
cial activities in this area develop rapidly, and new knowledge is continuously produced. The purpose of
the report is to summarize our present knowledge on the bio-technical as well as economic issues in relation
to value creation of green biomass in Denmark. This includes many types of knowledge from different re-
search areas along the production chain, and therefore researchers from several departments at Aarhus

University as well as from Dept. of Food and Ressource Economics, Copenhagen University have contrib-
uted.
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Summary

Utilization of ‘green biomass’ for producing high quality proteins has been proposed as a mean to substitute
other protein sources for monogastric animals and humans, and at the same time obtain environmental
benefits when the production of green biomass substitutes production of maize, cereals or other annual
crops. The aim of this report is to summarize our present knowledge on the bio-technical as well as eco-
nomic issues in relation to value creation of green biomass in Denmark. The report focuses on the resource
base for producing and obtaining green biomass, the environmental impacts related to the production

hereof, the concepts for biorefining, the quality of the products produced and possible business cases.

Considering availability and quality of green biomass, grasses and grass-clover crops grown in rotation on
arable land shows a huge potential to deliver high yields of biomass as well as protein with an appropriate
amino acid profile. For pure grasses, the protein yield increases significantly with increased N fertilization
without impairing protein quality. In grass-clover mixtures the importance of N fertilization is much lower.
New initiatives on plant breeding to increase production and in particular protein production or persistence
are going on, but the outcome of these initiatives is yet not clear. Grass from unfertilized permanent grass-
land may represent an opportunity if focus is on the fibre part of the grass. However, if focus is on the protein
part, it is required that the permanent grass is fertilized with nitrogen, which in some cases may counteract
other environmental issues. For cover crops to be an attractive supply of biomass new production systems
need to be developed, e.q. by an earlier harvest of the main crop and use of lequme cover crop species, or

by fertilizing non-legumes in order to have a sufficiently high production to cover harvesting costs.

There is clear evidence that changing from winter wheat or maize to either grass-clover or fertilized pure
grass result in a decreased N-leaching and decreased greenhouse gas emissions, when the difference in
soil carbon storage is taken into account. Only in a situation with very high N-fertilization to longer lasting
grass field these benefits may disappear or become less pronounced. The environmental benefit of using

permanent wet grassland for production remains to be documented.

Itis estimated that by the present technology for biorefining, 40% of the protein present in the green biomass
can be recovered in a protein concentrate having protein content in the range of 50% of dry matter (DM),
similar to the protein content of soybean meal. Higher concentrations are possible to produce as well for
specialty applications. In addition, a fibre fraction containing 15-18% protein in DM can be produced and
used for ruminant feed, bioenergy production or even further biorefined into chemical building blocks or

used for bio-materials such as food packaging.

Based on laboratory assessments, the protein concentrate is expected to be able to replace traditional
protein sources for monogastrics, like pigs and poultry. The potential is confirmed by several animal exper-
iments, where soy was replaced, either partially or completely, without negative effects on animal perfor-

mance. High contents of unsaturated fat in the protein affect the meat and fat tissue and may be a limiting
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factor for the amount of included protein. Based on the chemical composition and on feeding trials, the

fibre fraction seems suitable for ruminant feeding replacing other types of silages.

Currently, the first industrial scale biorefineries of green biomass for feed and bioenergy are established in
Denmark. Furthermore, it is investigated how the protein can be used directly for human consumption. In
this respect, more fundamental and applied research is needed to evaluate the protein quality for food
applications. Although promising results are available with respect to food functionality and thereby ap-
plicability as food ingredients, more knowledge is needed. In addition, a full European Food Safety Authority

(EFSA) assessment is requested for approval of protein from green biomass for human consumption.

There are major uncertainties in the economic assessment of establishing a full-scale bio-refinery based on
the concepts mentioned above. Major obstacles are transportation costs and uncertainty in running cost for
the biorefinery. It will be important that the energy use in the refinery is supported by renewable energy,
some of which could be produced from the residuals such as anaerobic digestion of the residual liquid

and/or some of the fibre fraction.

The largest prospects are currently within the organic sector where there is a need for locally sourced, sus-
tainable protein sources. It is estimated that there are options to produce feed protein based on green bio-

mass to cover the full protein requirements for the Danish organic pig and poultry sector.

A range of initiatives are now taking place as private-public co-operation in Denmark and other European
countries in order to optimize the biorefinery concept, to develop more products and to reduce costs of
operation. In addition, work to establish firmer documentation of the effects of grass and clover production
on nitrate leaching, greenhouse gas emission and other environmental aspects is on-going, with the aim of

being able to include these externalities economically or in policy.



Sammendrag

Udnyttelse af “gren biomasse” til at producere hojkvalitetsproteiner har veeret foresldet som et middel til at
erstatte andre proteinkilder til monogastriske dyr og mennesker, der pd samme tid kan sikre miljgmaessige
fordele, nar produktionen af gren biomasse erstatter produktionen af majs, korn eller andre etarige afgre-
der. Formdalet med denne rapport er at sammenfatte vores nuvcerende viden om biotekniske og akonomi-
ske problemistillinger i forhold til at skabe veerdi omkring udnyttelsen af gren biomasse i Danmark. Rappor-
ten fokuserer pd ressourcebasen for produktion af gren biomasse, den miljgmcessige indflydelse under

selve produktionen, begreber for bioraffinering, produktkvalitet og mulige business cases.

Nar man ser pd forsyningsmuligheder og kvaliteten af den grenne biomasse, viser dyrkning af rene graesser
og klavergrcesblandinger, som dyrkes p& omdriftsjord, et stort potentiale for at kunne levere store udbytter
af biomasse og protein med en hensigtsmaessig aminosyreprofil. Nar det drejer sig om rent grees, stiger
proteinudbyttet signifikant med forhgjet N-gadskning uden at forringe proteinkvaliteten. | graesklaverblan-
dinger er vigtigheden af N-gedskningen betydeligt lavere. Nye initiativer for at @ge produktionen og i scer-
deleshed proteinproduktionen samt grcesmarksafgredernes holdbarhed er i fuld gang, men resultaterne er
endnu ikke klar. Grees fra ugedede, permanente greesmarker kan mdaske vise sig at vaere en mulighed, hvis
der er fokus pa fiberdelen i graes. Men hvis fokus er pd& proteindelen, krcever det, at det permanente grces
gedes med kveelstof, hvilket kan pdvirke andre miljigmcessige forhold negativt. For at efterafgreder skal
kunne betragtes som en attraktiv forsyning af biomasse, skal der udvikles et nyt produktionssystem, f.eks.
ved at heste hovedafgreden tidligere og bruge bcelgplanter som efterafgreder, eller ved at gedske ikke-

bcelgplanter for at opnd en tilstraekkelig hej produktion til at dcekke hgstomkostningerne.

Der er tydelig evidens for, at hvis man skifter fra vinterhvede eller majs til enten klgvergraes eller rent graes,
resulterer det i reduceret N-udvaskning og reducerede drivhusgasemissioner - nér man tager forskellen i
jordens kulstoflager i betragtning. Kun i et scenarie med meget hgj N-gedskning til lcengerevarende graes-
marker vil disse fordele forsvinde eller blive mindre udtalte. Den miljgmcessige fordel ved at bruge perma-

nente, vade greesmarker til produktionsformdl mangler fortsat at blive dokumenteret.

Det estimeres, at med den nuvcerende bioraffineringsteknologi vil 40% af proteinet i den grenne biomasse
kunne blive udvundet i et proteinkoncentrat med et proteinindhold p& omkring 50% af terstof, hvilket svarer
til proteinindholdet i sojakager. Det er muligt at opnd hegjere koncentrationer til mere specielle anvendel-
sesmuligheder. Desuden kan produceres en fiberfraktion, som typisk indeholder 15-18% protein i tarstof, og
den kan bruges som foder til drevtyggere, til produktion af bioenerqi, til videre bioraffinering til kemiske

byggeklodser, eller det kan bruges til biomaterialer til emballage i fedevareindustrien.



Baseret pd laboratorieevalueringer forventes proteinkoncentratet at kunne erstatte traditionelle proteinkil-
der til monogastriske dyr s& som svin og fjerkrce. Potentialet er bekrceftet ved adskillige dyreforsag, hvor
soja er blevet erstattet, enten delvist eller fuldstaendigt uden negative virkninger pd dyrenes ydelser. Hojt
indhold af umcettet fedt i det grenne protein har indflydelse pd bindevcevet i ked og fedt og kan have en
begraeensende indvirkning pd mcengden af optaget protein. Baseret pd den kemiske samnmenscetning og
pa fodringsforseqg ser det ud til, at fiberfraktionen er velegnet som foder til drevtyggere og kan erstatte andre

typer ensilage.

P& nuvcerende tidspunkt er de ferste bioraffinaderier af gren biomasse til foder og bioenergi i industriel
skala i fuld gang med at blive etableret i Danmark. Dertil undersages det ogsd, om proteinet kan anvendes
direkte i fodevarer. | denne henseende er det nedvendigt med yderligere fundamental og anvendt forsk-
ning for at kunne evaluere proteinkvaliteten til direkte human anvendelse. Selv om der allerede er lovende
resultater, nér det drejer sig om fedevarefunktionalitet og dermed anvendelighed i fedevarer, er det ned-
vendigt med mere viden. Ydermere er det nedvendigt med en fuldstcendig European Food Safety Authority

(EFSA) vurdering, for at protein fra gren biomasse kan bruges direkte til human erncering.

Der er store skonomiske usikkerheder foroundet med etablering af et fuldskalabioraffinaderi baseret pa
ovenncevnte koncept. Der vil vcere store udfordringer omkring transport og logistik, samt usikkerhed om-
kring lebende udgqifter til selve bioraffinaderiet. Det vil vcere vigtigt, at energiforbruget i raffinaderiet fortrins-
vis kommer fra vedvarende energi, og noget af den vedvarende energi kan produceres som biogas fra

restaffald og/eller fra fiberfraktionen.

De starste muligheder findes p.t. inden for den gkologiske sektor, hvor der er et behov for lokalt fremstillede
og bceredygtige proteinkilder. Det vurderes, at det vil vcere muligt at producere foderprotein baseret p&

gren biomasse til at dcekke hele proteinbehovet til den danske, gkologiske grise- og fjerkraessektor.

Forskellige initiativer er allerede i gang i form af private og offentlige samarbejder i Danmark og andre
europceiske lande omkring optimering af bioraffinaderikonceptet, for at kunne udvikle flere produkter og
for at reducere produktionsomkostningerne. Ydermere arbejdes der fortsat pd at producere konkret doku-
mentation omkring effekterne af graes- og kleverproduktion p& N-udvaskning, drivhusgasudledning og an-

dre miljeaspekter med henblik p& at kunne inkludere disse eksternaliteter enten skonomisk eller politisk.



] Introduction

Uffe Jorgensen’, Morten Ambye-Jenser?
'Department of Agroecology, Aarhus University

2Department of Biological and Chemical Engineering, Aarhus University

In 2017 the Danish Centre for Food and Agriculture published the report ‘Green biomass - protein produc-
tion through bio-refining’ high-lightening the perspectives on producing high quality feed proteins from
green biomass to substitute other protein sources for monogastric animals and for human consumption
(Hermansen et al., 2017). Subsequently, the National Bioeconomy Panel published their recommendations
on new value chains based on green biomass, and the need for a broad update and evaluation of the
present concepts and experiences on value creation based on green biomass (National Bioeconomy
Panel, 2018). At Aarhus University a large demonstration green biorefinery was inaugurated in 2019, kick-
starting work on the upscaling of grass biorefinery technologies to come close to market conditions. The first
commercial biorefineries were built in 2020 and 2021 and will now try to develop the first real business

cases on green biorefining.

The idea of utilizing leaf-protein-concentrates as a protein source for animal or human consumption is not
new but dates back to early 20" century where pioneering efforts led to significant amounts of research
and pilot scale development (Pirie, 1942). Throughout the 20" century and well into the 215 there has been
multiple attempts and supporting research to facilitate commercial success of green biorefineries in Den-
mark (Pedersen et al., 1979) and internationally (Chiesa and Gnansounou, 201 1; Houseman and Connell,
1976; Nasi and Kiiskinen, 1985; Pirie, 1978; Pisulewska et al., 1991). However, these early evaluations did
not value the environmental benefits by changing cropping systems, utilizing surplus grasslands and substi-
tuting imports of soy products from other continents with high carbon footprints. Such environmental effects
have attained much more political focus over the past decades and their improvement is stipulated in na-
tional and EU legislation such as the Water Framwork Directive, Nitrate Directive, and the EU and Danish
Climate policies. This combination of techno-economic and environmental potential supplemented with
the inclusion of resent developments in biorefinery techniques in order to develop and document win-win
solutions with good business economy, environmental benefits, no or negative iLUC, and improved self-

sufficiency of protein concentrates is the main innovation of the concept.

The development of new crop production systems combined with green biorefineries is not just about tech-
nical development of the production circle. It is also important to discuss our total land-use in Denmark in
relation to public wishes, environment, climate, and biodiversity. This discussion has been supported by sev-
eral land-use and technology scenarios in Gylling et al. (2016), Larsen et al. (2017) and Mortensen & Jargen-
sen (2021). They show that the bioeconomy may contribute significantly to additional reductions in nitrate

leaching and greenhouse gas (GHG) emissions, but the extent of the reductions depends a lot on the way
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agriculture is combined with the biobased energy and material sector. They also pinpoint that the devel-
opment of the landscape in directions of either sustainable intensification, or towards extensification and a
higher share of nature, are important determinants for the potential size of the bioeconomy and the reduc-

tions in emissions.

The aim of this report is to summarize our present knowledge on the ongoing biotechnical as well as eco-
nomic research and development in relation to value creation of green biomass in Denmark. We have
focused on the resource base for producing and obtaining green biomass, the environmental impacts re-
lated to the production hereof, and the concepts for biorefining, the potential product output as well as the

quality of the products produced.

We limit the considerations to green biomass in the form of grasses and lequmes harvested before maturity,
where it is the vegetative parts of the biomass that are used for further value creation. Nonetheless, the

technology may also be applied for any other green leaves from e.q. beet roots (Pirie, 1978).
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2 Availability and quality of green biomass

Johannes Ravn Jergensen’ (2.1 + 2.2), Chiara De Notaris’ and Esben Oster Mortensen’ (2.3), Claudia Niel-
sen’ (2.4 + 2.5), Torben Asp? (2.6)
'Department of Agroecology, Aarhus University

2Center for Quantitative Genetics and Genomics, Aarhus University

2.1 Characteristics of green biomass of importance for biorefining

The chemical composition of green biomass changes significantly depending on the maturity of the vege-
tation in grasses and clover. In early development stages grass leaves and clover leaves and petioles are
the main constituent. In later development stages grass stem and leaf sheats and clover flowers and flower
stems are the main constituents. The fibre content in DM increases while protein content decrease with
increasing stage of development of plants. The changes are most pronounced in the beginning of the

growth season. Figure 2.1 shows examples for white clover and grass.
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The chemical composition and in particular the protein content depends on N fertilization. In Figure 2.2 is
shown an example on the combined effect of N-fertilization and number of cuts (more cuts mean harvested

at an earlier development stage) on biomass and protein yields over an entire season.
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It appears that yield of biomass over an entire season does not depend very much on number of cuts,
though three cuts typically yield the highest biomass. Likewise crude protein yield does not vary much de-
pendent on number of cuts although it tends to be higher with five cuts in highly fertilized perennial ryegrass
compared to three cuts. Also, while total protein yield is not influenced very much by N- fertilization in grass-
clover mixtures, the yield of protein in ryegrass is very much increasing following increased N-fertilization.
Thus, the protein to carbohydrate ratio is high in grasses that are cut frequently and supplemented with N

fertilizer, while protein content in grass-clover only varies a little depending on N fertilization.
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Figure 2.2. Yield of biomass and protein in a red grass-white clover mixture and perennial ryegrass depend-

ing on N fertilization and number of cuts (After Pedersen and Maller, 1976).

Serensen and Grevsen (2015) investigated the influence of number of cuts in unfertilized crops of red grass-

clover mix and white clover on total biomass and N yield over the season. Four cuts compared to two cuts
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per year resulted in a slightly higher N yield and a lower C:N ratio in the harvested biomass. Thus, the C:N
ration in red clover and clover-grass was reduced from 17 to 13 with four compared to three cuts. In white

clover, the changes were smaller.

Ryegrass for grazing and biorefining can be classified as early, medium and late heading varieties due to
their phenological traits. Yield and quality of grass varieties and mixtures for forage are tested in the national
yield trials for grass for forage conducted by TystofteFonden and SEGES. In comparison of a 2™ year cutting
of an early, medium and late heading mixtures of ryegrass varieties only minor variation in yield as well as
the composition of crude protein, sugar, NDF, crude fibre and crude ash is observed demonstrating that

earliness of varieties is not important when it comes to quality for biorefining (www.sortinfo.dk) (Figure 2.3).
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Figure 2.3. DM composition of early, mean and late heading mixtures of ryegrass (National trials, grass for

forage, 2nd year cutting, 2020, www.sortinfo.dk).

The yield of mixtures of ryegrass are higher in the 1st and 2nd year of cutting than in the 3rd year of cutting
with no major differences in composition of the biomass. Thus, the variation in the content of crude protein,

sugar, NDF, crude fibre and crude ash between 1%, 2"¥ and 3 year cutting (Figure 2.4) are limited as shown

in the national yield trials for grass for forage (www.sortinfo.dk). The quality of the harvested biomass for

biorefining is equivalent.

The changes in chemical composition as illustrated above are important to take into account when decid-

ing the production strateqy for green biomass and considering what it is aimed for in the biorefinery process.
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Figure 2.1. Yield and DM composition of medium heading mixtures of ryegrass (National trails, grass for

forage, 2020, www.sortinfo.dk)

When the focus is on achieving high value protein for food and feed protein from green biomass, the frac-
tion of soluble and precipitable protein is the most important constituent. The influence of the production
strategy on this fraction is not completely understood. However, Solati at al. (2017) showed that there was
a significant decline in crude protein content of the legqumes white clover, red clover and alfalfa and per-
ennial ryegrass and tall fescue grasses across the spring growth, where total protein changed from 30 to
15% of DM. A larger decline in crude protein with increasing maturity was observed for grass species com-
pared with legumes. Red clover showed a significantly lower proportion of soluble true protein than did
white clover. As appears from Figure 2.2 - and which is confirmed by Thers et al. (2021) - total protein yield
per ha is typically higher in red clover and white clover than in moderately fertilized perennial ryegrass, but

from a protein extraction point of view this may be counteracted by the lower solubility.

The work of Pedersen and Maller (1976) presented previously, showed that the true protein fraction of total
N also did not change much depending on fertilization and cutting strateqy, though fewer cuts and a high

N-fertilization tended to reduce the proportion of true protein to total N (2-4% units).

The aspect of protein characteristics has been investigated by Thers et al. (2021). They compared and eval-
uated the protein quality in five forage species - white clover, red clover, alfalfa, perennial ryegrass, and tall
fescue in order to identify suitable biomass for biorefining, by the Cornell Net Carbohydrate and Protein
System (CNCPS). The biomass was processed and the pulp fraction and the precipitated protein concen-
trate analysed (Table 2.1). The DM contents of the plant material ranged from 12.6 to 20.5% and CP content
from 145 to 217 g/kg across the five species. The DM content of the pulp fractions ranged from 28.0 to

42.7% and CP content from 92 to 164 g/kg DM. For the protein concentrate, the DM contents were from
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15.3 to 18.3% and CP content from 266 to 336 g kg/DM. Total crude protein content in concentrate was
highest for the legumes, which points to an advantage of these species in protein extraction setups.

Whereas a large proportion of soluble protein for the grasses ended up in the fibrous pulp.

Table 2.1. DM and crude protein content in the five forage species; standard error in parenthesis (n = 8).

Average of four harvest dates (Thers et al., 2021).

Species Product DM Crude protein
(%) (9/kg DM)
White clover plant 12.7 (0.7) 217 (20)
pulp 28.0(1.5) 164 (15)
concentrate 18.3(1.4) 280(22)
Red clover plant 12.6 (1.0) 206 (14)
pulp 30.7 (2.3) 134(17)
concentrate 16.5(1.0) 297 (10)
Alfalfa plant 16.2 (1.0) 216(12)
pulp 32.9 (2.4) 129 (171)
concentrate 17.7 (0.8) 336(11)
Perennial ryegrass plant 16.7 (1.1) 165 (16)
pulp 38.3(1.9) 110(11)
concentrate 15.3 (1.0) 266 (5)
Tall fescue plant 20.5(0.9) 145(11)
pulp 42.7(1.7) 92 (6)
concentrate 16.5(1.2) 291(18)

The optimal composition for precipitated protein and pulp depends on several factors including plant ma-
terial processed and processing efficiency and still needs final optimization, but roughly, the precipitated
protein concentrate contains 40-50% protein and around 40% carbohydrates of which the majority belongs
to fibre carbohydrates. Likewise, the composition of the pulp depends on the same factors and the chemical
composition of this fraction is even more dependent on the composition of the starting material as variations
in protein and fibre content is highly expressed in the pulp. Thus, low protein and/or fibre in the starting
material give low protein and/or fibre in the pulp and vice versa. In the precipitated protein concentrate

variations in starting materials is more reflected in the general yield of the fraction.

However, for feed purposes not just the amount of protein is relevant: pigs have specific requirements for
the amino acids, lysine, cysteine and methionine, whereas poultry has a high requirement for the sulphur-
containing amino acids, methionine and cysteine. Stadkilde et al. (2019) have shown that extracted protein
concentrate from grass, clover, and alfalfa have a favourable content of lysine and methionine, but a lower
content of cysteine. The higher content of methionine compensates - in a nutritional perspective - for the
lower content of cysteine. Thus, the protein concentrate can, as regards amino-acid composition, substitute
soy bean meal for broilers and laying hens (Table 2.2) providing a potential advantage of grass derived

protein over soy. This has a big advantage in organic production systems where the use of synthetic amino
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acids is prohibited, and today’s widespread use of conventional potato protein concentrate is under pres-
sure due to the coming requirement for 100% organic feeding. In this production system there is a huge
undersupply of protein feeds with a high content of especially methionine and lysine (around 50% within
EU) and only few organic produced protein feeds can meet the required composition (Frih et al., 2014). In

this context grass and forage-based protein concentrate has the possibility to fulfil this gap.

Table 2.1. Cysteine, lysine, methionine and threonine composition of plant and pulp and protein concen-

trate (g/16 g nitrogen) used for rats digestibility trial (Stadkilde et al., 2019)

Soya
White clover Red clover Alfalfa Perennial ryegrass bean
meadl

Plant Pulp Protein Plant Pulp Protein Plant Pulp Protein Plant Pulp Protein
Cysteine 0.80 076 0.79 0.87 0.74 0.80 120 1.00 1.10 0.97 0.97 0.90 1.55
Lysine 527 621 626 582 6.27 6.67 591 6.01 6.62 537 b5.64 555 6.29
Methionine 1.60 1.77 1.83 1.63 175 1.86 154 158 1.94 1756 199 209 1.37
Threonine 459 477 495 4.66 474 5.04 431 428 499 436 450 476 401

2.2 Grass lequme crops from arable land

Since arable land is a scarce resource globally a key issue is the land required to produce the feed- stock
for the bio-refining. Potentially, grass can produce more biomass than annual crops due to their longer
growing season and thus higher radiation capture in green foliage. This seems to be confirmed by
Pugesgaard et al. (2015) where a grass-clover produced a mean yield of 14.8 t/ha DM over 3 years, while
the mean yield of winter wheat (grain + straw) was 10.7 t/ha. Manevski et al. (2017) reached biomass yield
(mean of three years following the establishing year) of 20.4 t/ha by festulolium, followed by tall fescue by
18.5 t/ha. In comparison, the biomass yield of traditional annual crops systems varied between 11 and 18
t/ha, with continuous maize being the most productive. The higher interception of photosynthetically active
radiation (iPAR) in grasses than in annual crops is shown in Figure 2.5 above the aboveground biomass

yield.
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Figure 2.2. Interception of photosynthetically active radiation (IPAR) in annual (orange shade) and peren-

nial (green shade) crops during 2013-2015 on two soil types at AU (from Manevski et al., 2017).

However, in practical agriculture grass crops are not always more productive than annual crops, which has
a number of causes. Some reasons may be changed if grasses are to be used for biorefinery instead of
direct animal feeding, while others may be difficult to change. In the following an overview of current yield

correlations in agriculture is given.

Estimates of yield levels in Denmark of grass-clover (mixture 45 consisting of ryegrass, red clover, white
clover and festulolium) and pure grass (ryegrass) are given in Table 2.3. These estimates are based on data
from trials that are adjusted to yield levels in practice. Nitrogen response is based on recent fertilizer trials in
the National Field Trials and at experimental stations (Madsen and Seegaard, 1991; Seegaard, 1994; See-

gaard, 2004), and the yield level is set to norm yield at 2015 fertilization norms.

The level of yield is likely in many cases to increase in pure grass with 1-2 tonnes of DM/ha if other grass

species than perennial ryegrass are produced, for example tall fescue or festulolium.

Grass yields most often decrease with number of years of age as also indicated in Table 2.3. How much
yield is reduced over time is, however, very variable, and can be attributed to the species mix, weather

conditions, fertilization and cutting frequency (Seegaard and Kristensen, 2015). In some cases, only very
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little yield reduction is seen with time (Eriksen et al., 2004). There is a need for better understanding these

processes, and to develop recommendations to sustain productivity over time.

Table 2.2. DM yields of grass under a 4-cut strategy at different fertilization levels and at different ages of
the grassland under practical farm conditions. Numbers represent net yield, i.e. net DM removed from the
field (Olesen et al,, 2016).

Fertilisation Yield 1st-2nd year Yield 3rd-8th year
(kg N/ha) (t DM/ha) (t DM/ha)
Grass-clover (mix DLF 45) 0 8.9 6.9
240 11.5 9.5
Grass (ryegrass) 150 9.1 7.1
300 11.1 9.1
450 12.5 10.5
575 13.0 11.0

All studies presented in Table 2.3 were conducted in plots where there was no tractor involved, but in prac-
tical grass-clover production at farms much traffic takes place through the season. Seegaard and Kristensen
(2015) estimated a yield reduction of 1.2 t DM/ha due to the traffic on farm grassland. Recent recommen-
dations from the agricultural advisory service are therefore to try to run the traffic in grass fields on fixed

trails. The effect of traffic on the annual decline of net grass yield has not been studied.

The grass-clover in the example in Table 3 is chosen to be DLF mixture 45, which is a most used highly
productive mixture, and it includes both white and red clover. Red clover is not permanent, so the lower
producing white clover will take over after a few years. This in itself will reduce the yield as white clover and
grasses cannot compensate for the high red clover productivity. There is no basis for a more detailed esti-
mation of yield decline over time. We have set it to be 0.7 t DM/ha for each year after the second year of

use.

Likewise, it is difficult to obtain good data on yield of forage crops in practical farming. Kristensen (2015)
compared the realized yield at cattle farms of grass-clover crops and maize with the standard yield used
for environmental planning. While there was a good agreement for grass-clover grass (realized yield ap-
prox. 400 kg DM/ha lower than standard), for maize the realized yield was approx. 1,600 kg DM lower per

ha than standard.

Except for white-clover and mixed crops containing white-clover the DM yield per ha typically decreases
with the number of cuts (Figure 2.6). This is particularly the case with tall fescue showing the highest yield
of the investigated species. However, at the same time the feed quality increases, which several studies

have documented within the range of 3-7 cuts per year. Tests have shown that the optimal number of
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cuttings to produce a high quality feed for dairy cattle is five for mixtures containing red clover and festulo-

lium or tall fescue, and four for mixtures that do not contain the aforementioned species (Seegaard and

Kristensen, 2015).
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Figure 2.6. DM yields (kg/ha) of grass and clover species with cut strategies from 3 to 6 cuts (slcet) per sea-
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son. HK: white clover, RK: red clover, LU: alfalfa, AR: perennial ryegrass, SS: festulolium, bland14: grass clover

(mix DLF 45). Preliminary results from ongoing results at AU-Foulum (Seegaard, unpublished).

Knowledge of the variation of extractable protein amount in lequmes and grasses as affected by harvest
time is important for identifying optimal combinations to enable a high protein production in a biorefinery
as well as the total DM yield. Research at Aarhus University have investigated the quality of protein with
regard to its availability to animals using the Cornell Net Carbohydrate and Protein System (CNCPS) (Solati
etal, 2017; Thers et al., 2021). The main aspect is whether the biomass is to be used for lignicellotic biore-
fining or for protein refining as discussed in chapter 4. With regards to protein refining total recovery in con-
centrate was highest for the legumes, which points to an advantage of these species in protein extraction
setups (Thers et al., 2021). Solati et al. (2017) found that the estimated extractable protein [g kg/DM (DM))
defined as the easily available protein fractions B1+B2 was significantly higher in white clover and alfalfa
at all harvests while, if the more cell wall attached protein fraction B3 can be extracted, white clover had

the highest extractable protein amongst all species (Figure 2.7).

Future studies should look more into cut dates and management, e.q., fertilization, and how this influences
the distribution between the net carbohydrate and protein fractions. However, this need coupling with es-
timates on best performance set-up of bio-refinery concepts in order to be able to prepare full chain eval-

uations of optimal combinations.
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Figure 2.3. Estimated extractable protein defined as B1 + B2 (left side shown with letters A, C, E) and
B1 + B2 + B3 (right side shown with letters B, D, F) in legume and grass species across the harvests during

the spring growth. Data represent least square means and standard error (Solati et al., 2017).

2.3 The potential of cover crops

While the growing of grass or clover as a main crop on arable fields competes with other types of produc-

tion, an alternative option to produce green biomass is to use cover crops in-between the cereal crops
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during the autumn period. The inclusion of unfertilized cover crops in the crop rotation is mandatory in spe-
cific areas as a mean to reduce nitrate leaching. When used for this purpose, the term “catch crop” is some-
times used. In Denmark, cover crops are currently used on approx. 500.000 ha (Landbrugsstyrelsen, 2021).
Cover crops could be considered as a resource for biorefining, provided that enough biomass is produced
to make the harvest profitable. However, this may not be the case, with the current average biomass pro-
duction being approximately 1 tonne of DM per ha across different cover crop types, based on data from
agricultural fields in Denmark (SEGES, 2020).

Nonetheless, as shown by De Notaris et al. (2019), there is a potential for optimizing cover crop growth,
making it possible to turn cover crop production into a business opportunity rather than just a legal obliga-

tion. This holds several perspectives:

. Farmers might be more focused on good cover crop establishment if the crop is to be har-
vested and used, resulting in a better function of the cover crop in relation to reduction of N

leaching risks

Total productivity of Danish agriculture will be increased, as today the cover crops are an un-

used biomass resource, albeit it has a nutrient value for the subsequent crop in the crop rotation

. New research indicates that retaining cover crop residues in the field releases significant
amounts of the potent greenhouse gas nitrous oxide. Harvesting the top will likely reduce this

problem.

Legume species, such as Persian clover, kidney vetch, red clover and black medic, have been shown to
produce a greater biomass compared to other common cover crops, as reported by Askegaard & Eriksen
(2007) (Table 2.4), even though cover crop biomass values are highly variable for both legume and non-
legume species (SEGES, 2020). Due to their ability to use atmospheric N through biological N2 fixation, leg-
umes have an advantage compared to non N2-fixing species, especially when soil N availability is limited
(De Notaris et al., 2021). In addition, N content in legume cover crop tops is generally greater than in non-
legumes, with an average of approximately 3% for the lequme species investigated by Askegaard & Eriksen

(2007) and values above 4% for vetch (Buchi et al., 2015; De Notaris et al., 2021).

Several studies have shown how using cover crop mixtures including legume non-legume species opti-
mized the provision of ecosystem services, due to increased functional diversity (e.q., Tribouillois et al., 2016).
As reported by Mortensen et al. (2021), the inclusion of legumes in cover crop mixtures does not compromise
the biomass yield of non-legumes, on the contrary it adds to the total cover crop biomass yield. In cases
with high soil fertility non-leqgumes compete well, and in cases with low initial soil fertility the proportion of
legume biomass increases, thus stabilizing the total biomass yield (Mortensen et al., 2021). Using cover crop

mixtures including both legumes and non-legumes allows the plant system to regulate N2-fixation to its
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demand, resulting in higher biomass yield but without increased risk of N leaching (Serensen et al., 2020;
De Notaris et al., 2021).

When N availability is a limiting factor for cover crop growth, another option is to fertilize the cover crop in
order to increase DM yield. If cover crops with improved productivity are harvested and removed, their fer-
tilization is unlikely to increase nitrate leaching. A short-term study indicated that even if the cover crop is
fertilized a reduction in nitrate leaching may be achieved if the main crop is harvested early, prolonging
the cover crop growing season by 3 weeks (Jensen, 2016). Similarly, De Waele et al. (2020) found that
fertilizing cover crops with a small dose of N increased cover crop biomass but not nitrate leaching, pro-

vided that cover crops were sown before the last week of August.

Adjusting the agronomic management of the main crop is another option to optimize cover crop growth.
Cover crop biomass is linearly correlated with the cumulated growing degree days (temperature sum) from
harvest of the main crop to early November (De Notaris et al., 2018). Thus, early sowing of the cover crop
would be a key strategy to increase cover crop biomass. This can be achieved by undersowing the cover
crop in early May, provided that the competition with the main crop is avoided (De Notaris et al., 2019),
and/or by early harvest of the main crop (Pullens et al., 2021). Undersowing of the cover crop in May re-
quires that the main crop is sown at a larger row distance than the usual 12 cm for grain cereals (e.g., 24
cm), to avoid competition for light and other resources (De Notaris et al., 2019). However, the relative in-
crease in cover crop aboveground biomass reported by De Notaris et al. (2019) was mostly relevant when
cover crop biomass was poor to begin with. Thus, the quantitative increase in cover crop biomass was not
high enough for a profitable harvest. Conversely, a pronounced increase in cover crop biomass could be
achieved by harvesting the main crop at physiological maturity (Pullens et al., 2021), which is earlier than
normally done. In their study, Pullens et al. (2021) showed that, based on the linear correlation between
cover crop biomass and temperature sum, harvesting winter wheat and spring barley at their physiological

maturity in Denmark would allow reaching a cover crop aboveground biomass > 4 t/ha.

Earlier harvest of the main crop will require gas-tight storage of grain because the water content in the main
crop is higher than at normal harvesting time. Additionally, it may be advantageous to apply strip harvest
for the early harvest. By this method ears and kernels are stripped from the straw (Madsen, 2000), which
can then be harvested shortly after or later (Jergensen et al. 2013). This will reduce harvesting costs and
can provide a better feed quality (Poulsen, 2010). Strip harvesting is less dependent on the weather, and
total yield of digestible matter is usually larger than if the grain is harvested at full maturity with combine

harvester.
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Table 2.4. Aboveground DM, total N and N content as well as apparent N2 fixation in the catch-crop species
measured at the beginning of November, the corresponding Nmin of the 0-100 cm soil layer, and the nitrate-

N share of total Nmin (average of years) (Askegaard & Eriksen, 2007).

DM Total N N content N fixation Soil Nmin  Soil Nitrate-N
Cover crop Type (T/ha) (kg/ha) (%ofDM) (kg/ha) (kg/ha) (% of Nmin)
No cover crop 24 66
Persian clover Legumes 2.7 64 2.4 52 25 44
Kidney vetch 2.6 67 2.6 56 16 29
Red clover 2.3 61 2.7 50 20 39
Black medic 2.0 61 3.1 49 16 29
White clover 1.8 55 3.1 44 22 32
Lupine 1.2 33 2.8 21 18 41
Rye/hairy vetch 1.0 39 3.9 28 19 37
Chicory Non- 0.8 12 1.5 10 25
Ryegrass legumes 0.6 13 2.2 13 31
Sorrel 0.5 10 2.0 12 28
Fodder radish 0.4 11 2.8 12 28
LSDo.os 0.7 19 - 22 n.s. 13

Li et al. (2015) tested the effects of harvesting cover crops late October compared with the usual practice
(without harvest) in an organic cropping system. The N recovery in the following spring barley varied signif-
icantly with type of cover crop (leguminous or not) and depending on harvest. The legume-based cover
crops showed a potential to increase yield of the following main crop, but this effect was reduced with
harvesting of the cover crop biomass. Such effects of modified cover crop strategies will need to be imple-
mented in the N-requlation where currently a general residual N-effect of cover crops in the following crop

is given, independently on inclusion of legumes in the mixture and harvesting.

So far, the focus of using cover crops has mainly been on their use for biogas. If protein extraction is to be
pursued, more knowledge of content and extractability across cover crop species and management op-
tions must be achieved. A particular concern could be the presence of straw residues from the main crop

that might impact on the juice extraction and the quality of the pulp.

2.4 Biomass from peatland and lowland areas

6.5% of the Danish agricultural area are located on organic soils, of which 98,000 ha are lowland soils with

6 - 12% organic carbon, and 73,000 ha are peatlands with >12% organic carbon (Greve et al., 2019).
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Maintaining drainage on these areas for traditional agriculture will be increasingly challenging due to
higher climate-induced precipitation rates as well as the need to reduce agricultural greenhouse gas emis-
sions. However, with subsidization of rewetting, which reduces organic matter breakdown, and conversion
to permanent grassland supported by the Danish Environmental Protection Agency, there is an increasing

opportunity for biomass supply for biorefining from organic soils.

2.4.1 Yield of fertilized permanent grassland on organic soils

The attainable yield of permanent grassland on organic soils depends on type of species and cultivars,
sward age, annual harvest frequency, and fertilization rates. On well-drained areas, fertilized permanent
grassland is for several years after establishment expected to produce the same yield as grass in rotation.
However, if not well-drained, the typical DM production is estimated to between 70 and 80% of grass in
rotation (Nielsen, 2012). However, cultivation of flood-tolerant species, e.q. reed canary grass, festulolium
and tall fescue on wet or temporarily flooded organic soils, also known as paludiculture, has documented
with high annual yields up to 10-19 t DM/ha (Kandel et al., 2013; Kandel et al., 2016; Nielsen et al.,, 2021q,
Nielsen et al., in preparation). This is comparable to productivity of grass in rotation on drained soils under
similar fertilization rates of 160 - 240 kg N/ha per year. However, climatic factors might lead to annual

variations in yield.

In relation to biorefining, the relevant protein content in grass biomass depends on nitrogen availability,
frequency and timing of cutting, and hence plant maturity. Recent research found crude protein contents
of up to 2.9 - 3.4 t/ha/year, and with biorefining techniques precipitated protein concentrates of up to 1.2
- 2.2 t/ha/year, for reed canary grass and tall fescue, cultivated on wet organic soils (Table 2.5; Nielsen et
al,, 2021a). Nonetheless, optimal timing of harvest remains as the most critical factor for biomass and protein

yields.
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Table 2.5. Total annual average biomass yields in DM, averaged crude protein (CP) contents, and averaged
yields of precipitated protein concentrate per harvest and treatment for reed canary grass and tall fescue.
All yields in t/ha/year. Standard deviation (SD) is given in brackets. Missing SD values due to only one rep-
licate as a consequence of insufficient biomass for processing. NA’s due to a lack of sufficient biomass for

processing with the screw-press (Nielsen et al., 2021q).

Reed Canary Grass Tall Fescue
Annual cuts Yield cp Protein con- Yield cp Protein con-
centrate centrate

Two Cuts

1 8.8 (£ 3.3) 2.0(x0.7) 0.8 (£0.2) 79(£1.9) 1.8 (£ 0.5) 0.7 (x0.2)

2 6.8 (= 4.4) 1.4 (+0.9) 0.9 (+0.4) 55 (+2.9) 1.1 (+0.4) 0.5(+£0.3)
Annual sum 15.6 (£ 7.7) 3.4(x1.6) 1.7 (x 0.6) 13.4 (x 4.8) 29 (x0.9) 1.2 (x0.5)
Three Cuts

1 1.6 (£0.7) 0.3 (+£0.2) 0.3 (+£0.1) 1.3 (x0.8) 0.3(+x0.2) 0.2 (x0.1)

2 5.5 (x 1.4) 0.8 (= >0.0) 0.4(+0.1) 5.1 (x27) 0.8 (+0.3) 0.4(x0.2)

3 3.2(£0.7) 0.8 (£0.2) 0.5(x0.1) 2.6(x1.2) 0.7 (£0.3) 0.4 (+0.3)
Annual sum 10.3 (+ 2.8) 1.9 (x 0.4) 1.2(x0.3) 9.0(x4.7) 1.8 (+0.8) 1.0(x 0.6)
Four Cuts

1 2.0(x07) 0.4(+£0.1) 0.3 (x0.1) 1.0(x0.7) 0.2 (x0.1) 0.2 (x0.1)

2 40 (x1.3) 1.1 (+0.3) 05(x0.1) 2.7 (£ 1.6) 0.7 (£ 0.4) 0.3(x0.2)

3 8.8 ( 4.5) 1.5(x0.6) 1.1(x0.5) 47 (£0.3) 1.1(x0.2) 0.6 (£0.2)

4| 06(£05) 0.3 (= NA) 0.3 (= NA) 1.9 (+ 3.4) 0.3 (= NA) NA
Annual sum 15.4(x 7.0) 3.3(x1.0) 2.2(x0.7) 10.3 (x 6.0) 2.3(x0.7) 1.1 (x0.5)
Five Cuts

1 1.7 (£ 0.6) 0.3(x0.1) 0.3 (x0.1) 0.9 (+0.5) 0.2(x0.1) 0.1(x0.1)

2| 39(x1.0) 1.1 (+0.2) 0.4 (x0.1) 2.4 (+1.8) 0.6 (+0.4) 0.3(x0.2)

3 6.5(+1.3) 1.1(x0.2) 0.4(+0.1) 47 (£1.2) 0.8 (+0.2) 0.4(x0.1)

4 2.4 (x2.1) 0.6 (£ 0.6) 0.4(+£0.3) 1.1(x0.17) 0.3 (= >0.0) 0.1(x0.1)

5| 04(x0.1) NA NA 07(x05) | 03(+>00) | 0.3(x>00)
Annual sum 14.9 (£ 5.1) 3.1(x1.1) 1.5(x0.6) 9.8 (+ 4.1) 2.2 (+0.7) 1.2(x0.5)

2.4.2 Yield of permanent grassland on organic soils without fertilization

If the grass sward is not fertilized, only a very moderate DM yield of 2-4 t/ha/year can be expected after a
few years of harvest (Nielsen, 2012). In addition, grass from unfertilized meadow has normally low nitrogen
and protein concentrations and is therefore not suitable for protein extraction. Alternatively, the use of the
grass biomass for biogas production has been proposed. However, Dubgaard et al. (2012) found in a study
on biogas production, that there is no immediate financial incentive to produce grass biomass for biogas

production on unfertilized permanent grassland due to harvesting costs that exceed biomass prices.
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In conclusion, grass from unfertilized permanent grassland may represent an opportunity if focus is on the
fibre part of the grass. However, if focus is also on the protein part, it is required that the permanent grass is
fertilized with nitrogen, which in some cases may counteract other environmental issues as well as national

and international frameworks and directives.

2.5 Harvesting and storage on wet organic soils

Even though the transition to harvest on wet organic soils might depict an initial hurdle, efficient and func-
tional equipment for harvest on wet organic soils has been developed in recent years. The easiest transition
to harvest on wet organic soils is to use adapted standard machinery. However, a soil pressure of maximum
100 g cm? needs to be met, and shear and tension forces minimized (Schréder et al., 2015). For minor
areas, small machinery (e.qg. https:.//www.agria.de/en-gb/) might be a cheap, but intensive, option. To
avoid sod destruction on soft ground conditions in connection with ground pressure by machinery, crawler
type vehicles for biomass harvest on challenging ground conditions have been developed by e.g. Hanze
Wetlands (http://www.hanzewetlands.com/en), De Vries Cornjum, (https.//www.devriescornjum.nl/en)
and Loglogic (https://www.loglogic.co.uk/). This development is most promising for biomass production on
wet organic soils, allowing bigger machines with more power and various technical options. However, good

logistical planning and the choice of whether a one-, two-, or three-stage harvest shall be applied, is crucial.

2.6 Improvement potential by new varieties

The key to the creation of new crop varieties with improved protein production for biorefining lies in the
systematic exploration of genetic variation and the selection of new phenotypes. Genetic variation is the
foundation for plant breeding by providing genetic resources to accumulate favourable alleles or genes
that are linked with target traits. There are two approaches that broaden genetic variation for plant breed-
ing; natural genetic variation and creating genetic variation that does not exist in the target crops using
CRISPR/Cas9. Several targets can be modified simultaneously using CRISPR/cas?, enabling pyramiding of
multiple traits into an elite background. Regulatory elements can e.q. be targeted enabling targeted trait
improvement. Furthermore, targeting domestication genes using CRISPR/Cas9 allows for wild- and semi-

domesticated species to be domesticated and used as crops.

Traditional plant breeding relies on phenotypic selection for identifying individuals with the highest breed-
ing value, but phenotypic selection has made little progress for complex traits such as protein yield and
composition due to challenges in measuring phenotypes. Genomic selection (GS) introduced in 2001 by
Meuwissen et al. (2001) presents a new alternative to traditional plant breeding that has the potential to
improve selection gain in a breeding program. GS can improve breeding progress through increased se-
lection intensity and decreased cycle time, thus accelerating gain from selection (Heffner et al., 2009, Ber-
nardo, 2010). In GS, genome-wide DNA markers are used to predict the best performing breeding material

for variety development (Meuwissen et al,, 2001). These genomic estimated breeding values (GEBVs) are
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output from a model of the relationship between the genome-wide markers and phenotypes of the indi-

viduals undergoing selection (Figure 2.8).

Breeding Bl Calculate Make
I“:l Material Senctypiug GEBV Selections

Figure 2.8. Outline of the Genomic selection processes (Heffner et al., 2009).

GS have in recent years successfully been implemented in the breeding programs of all major crops in
Denmark as part of public-private partnership projects between breeding companies and universities, in-
cluding crop species of relevance for protein production for bio refining such as perennial ryegrass (Lolium

perenne) (Fé et al., 2016) and lucerne (Medicago sativa) (Jia et al., 2018).

With advances in GS, data volumes and complexity have increased dramatically, leading to novel inter-
disciplinary research efforts to integrate computer science, Artificial Intelligence, quantitative genetics, and
bicinformatics in plant breeding (Harfouche et al., 2019). Developing and applying these interdisciplinary
research efforts can potentially further accelerate breeding for protein production for biorefining with im-
proved yield potential and stability. In general, a future opportunity for Artificial Intelligence is to support

decision-making processes in agriculture.
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3 Environmental impacts related to crop production

Uffe Jorgensen (3.1), Claudia Nielsen (3.2). Chiara De Notaris (3.3), Esben Dster Mortensen (3.3)

Department of Agroecology, Aarhus University

3.1 Grass and legumes in rotation

3.1.1 Leaching of nitrate

Pure cutgrass under unfertilized conditions has a marginal leaching (<5 kg N/ha), and by adding up fertiliser
to the economic optimum for plant growth nitrate leaching is still quite low (<20 kg N/ha) (Olesen et al.,
2016). Thus, Whitehead (1995) refers a number of studies that by adding up to 500 kg N/ha/year for grass
showed no leaching above the above-mentioned low level. It agrees well with the Danish studies where
leaching in the 4™"-5™ year ryegrass with supply of 300 kg N/ha was 12-20 kg N/ha (Eriksen et al., 2004).
With increasing age of the pasture there was a tendency for increased leaching and the leaching in the
6"-8 ryegrass year was on average 38 kg N/ha in the same experiment. Recent experiments with festulo-
lium fertilised 400-500 kg N/ha/year over the first 3 years of production leached 7-21 kg N/ha on a loamy
sand, while 27-74 kg N/ha was leached from cocksfoot on a coarse sand (Manevski et al., 2017). In the
following years leaching increased on the loamy sand (Kiril Manevski, pers. comm., May 2021), showing
that fertilization should be adjusted over time or that reestablishment may prove more efficient to keep high

productivity and low nitrate leaching.

In cut grass-clover, leaching under unfertilized conditions is found to be in the range of 14-21 kg N/ha, and
not differing significantly with the age of the crop (Eriksen et al., 2004, 2015; Manevski et al., 2018; Kiril
Manevski, pers. comm., May 2021). Fertiliser application within the economic optimum for plant growth has
only limited effect on nitrate leaching - in the range of 2-3 kg N/ha (Eriksen et al,, 2015; Wachendorf et al.,
2004). The more fertilizer that is applied to a grass-clover, the lower the clover content will become and

nitrate leaching will approximate that of pure grass.

From the above, Table 3.1 summarises an estimated N leaching. It should be emphasized that this is an
estimate, since there are no published Danish experiments with the determination of nitrate leaching by
increasing fertilizer application to grass or grass-clover with current agronomic practices. However, new
experiments with determination of nitrate leaching by increasing fertilizer application have been per-
formed in grass-clover and preliminary analysis indicates that within the recommended fertilizer standard
of around 300 kg N/ha, leaching is relatively low and comparable to numbers in Table 3.1 with increasing

marginal leaching at higher levels (Jargen Eriksen, pers. Comm., May 2021).

It is expected that the effects of soil type on leaching is only limited for grasses, even though the results from

Manevski et al. (2018) indicate a higher leaching risk on coarse sand. The estimates in Table 3.1 are for
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grasses produced for feed, which are mainly perennial ryegrass. However, for biorefining it seems that high
protein yields can be achieved from highly productive Festuloliurn or Festuca varieties (Morten Ambye-
Jensen, pers. comm.) that have a higher biomass yield potential (Becker et al.,, 2020; Pedersen, 2012), and

probably also a higher N-uptake potential.

Table 3.1. Estimated nitrogen leaching (kg N/ha/year) from cut grassland at different fertilisation and age

(Olesen et al., 2016).

Pure grass (kg N/ha’y) Grass-clover (kg N/ha/y)
N-fertilisation 1.-2. year 3.-8. year N-fertilisation 1.-2. year 3.-8. year
0 5 5 0 15 15
150 15 15 120 20 20
300 20 30 240 20 30
450 25 35
575 55 70

For comparison nitrogen leaching from grain and maize is shown in Table 3.2. The crops chosen to compare
with are winter wheat and maize grown continuously. It is assumed that maize is grown with a cover crop,
but often cover crop does not develop well in maize. The calculations in Table 3.2 are made with NLES5
(Bargesen et al., 2020). There is no data for maize in combination with cover crops in NLES5, and it is not
reasonable to assume the same effect of cover crops as in a cereal crop since a cover crop in maize is not
developed to the same level of N-uptake. Instead, we have anticipated in the model calculations that the
cover crop in maize has a similar effect during winter as a winter cereal crop. The calculation includes the

statutory pre-crop effect of cover crops of 25 kg N/ha to be subtracted from the following years N allocation.

Table 3.2. Nitrogen leaching in winter wheat and maize by economically optimal fertilization level in an

area rich in animal manure (calculated by NLES5, Christen Duus Bargesen, May 2021).

Crop Soil type Fertilisation (kg N/ha)  Leaching (kg N/ha)
Winter wheat Sand (irrigated) 63 + 140* 72

Clay 90 +140* 54
Maize Sand (irrigated) 63 +140* 99

Clay 52 + 140* 62

* Total N with manure

Comparing Table 3.1 and Table 3.2 it is clear, that grass production in almost all circumstances causes
significantly less nitrate leaching than the production of wheat and maize. However, care should be given
to adjust fertilisation levels of pure grass to the level of crop removal, especially when the crop is older than

2 years.

Another issue is when the grass or grass-clover sward is ploughed after end of use or for reseeding. At this

point there is a significant risk for a substantial nitrate leaching, probably in particular for grass-clover
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swards. Hansen et al. (2007) showed, however, that this risk could be reduced substantially if the grass-
clover sward after ploughing in March was followed by an unfertilized barley crop with under-sown cover
crop. Thus, the nitrate leaching was reduced by 66 - 80% compared to barley with no cover crop and an
intensive tillage after harvest. The maximum reduction in nitrate leaching was obtained if the barley crop
was harvested before maturity allowing the cover crop to develop better. In this case the leaching was
reduced to approximately 10 kg N per ha. Therefore, in order to obtain the foreseen reduction in nitrate
leaching at crop rotation or farm scales, the grassland need to be either long-term with adjusted fertilisation,
and/or very efficiently followed by cover crops when ploughed. These systems need further optimisation
including tests of the efficiency of reseeding without ploughing on crop productivity as well as on keeping

nitrate leaching low.

If a biorefinery is established in a nitrate sensitive area it will be logical that much of the area is more or less
permanently cropped with grass. An effective system may be that the grass is grown for 4-8 years, depend-
ing on how well yield reduction can be controlled. Then it is ploughed in spring, and spring barley with a
ley crop of grass is established in order to enter a new grass cycle. Such a system will most likely be very
efficient in keeping nitrate leaching low. However, keeping the pressure of unwanted grass species such as
couch grass low without herbicides may be a challenge, and test of different systems and their impacts are

necessary.

3.1.2 Nitrous oxide emission

Agriculture contributed in 2018 89% of the total Danish emissions of nitrous oxide (Nielsen et al., 2020). The
emission is mainly due to the cycling of nitrogen in agricultural soil, where fertilizer, manure and crop resi-
dues are direct sources of nitrous oxide emissions, while ammonia and leached N are indirect sources to
nitrous oxide. In the following assessment on what land use change means for these emissions, the latest
revision of the methodology recommended by the International Panel on Climate Change (IPCC, 2006) is

applied, and it is also the basis for the national inventory of greenhouse gas emissions.

Emissions of nitrous oxide in a given year are linked to the land use (crop), fertilizer type (mineral or manure),
nitrogen amount and method of application (manure), with a limited number of fixed emission factors

linked to the various items.

The mineralisation of crop residues is an important source of nitrous oxide, and grasses develop a larger
root biomass than winter wheat and maize. With perennial grass, however, the average annual contribution
from this source becomes less important since only a limited part of the roots turn over each year. For the
calculation of the contribution of plant residues, data from Mikkelsen et al. (2014) is used, and the amount
of nitrogen fertiliser assumed for grass in rotation and grass outside the rotation is applied, respectively for

1-2 years of grass and 3-8 years of grass production.
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A change in land use from cereals or maize to grass can, depending on the fertilizer level, lead to either
decreased or increased nitrous oxide emissions (Table 3.3). The increase in annual nitrate leaching with
increased pasture age (Table 3.1) will give rise to a greater indirect emission of nitrous oxide, but it is offset

by the less direct emissions from crop residues due to less frequent re-establishment.

A recent study indicated that the standard IPCC emission factor of 1% of applied fertiliser converted into
nitrous oxide, does not hold for grasses (Baral et al., 2019). This experiment was conducted at the sandy
loam site at AU Foulum and showed that grasses (festulolium and tall fescue) fertilised 425 kg N/ha and
maize fertilised 140 kg N/ha gave rise to emission factors of 0.23 +/- 0.04,0.32 +/- 0.03 and 0.54 +/- 0.13%,
respectively. The values may be higher on loamy soils but the lower emission factors for grass than for an
annual crop indicates that fast fertiliser uptake in growing grass can keep nitrous oxide emissions low. How-
ever, this needs considerably more documentation, especially if a derogation from the use of standard IPCC

in the national emission accounting is to be applied for.

Baral et al. (2020) investigated the emission during renovation (cultivation) of a grass sward. They examined
the effect of renovating a six-year-old festulolium crop on N2O emissions. As a secondary objective, the
study evaluated the potential for mitigating N2O emissions in spring by spraying the sward with a nitrification
inhibitor containing 3.4-dimethylpyrazole phosphate (DMPP) prior to cultivation. Cultivation increased N2O
emissions 2.5-fold in spring, and 2-fold in autumn, compared to uncultivated plots. Emission factors for spring
barley (catch crop after cultivation), re-sown festulolium, and uncultivated festulolium during the monitoring
periods were, respectively, 0.40, 0.42 and 0.12%. Spraying festulolium with DMPP delayed the transfor-
mation of ammonium to nitrate during spring. However, DMPP did not reduce N2O emissions significantly in

this study.
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Table 3.3. Estimated emissions of nitrous oxide (using IPCC standard emission factors) from the cultivation
of different crops at different fertilization levels measured in both nitrous oxide N and CO2 equivalents

(Based on Olesen et al., 2016).

Fertilisation
Crop (kg N/ha) kg N2O-N/ha/year  Tonne CO;-eq/ha
Winter wheat Sand (irrigated) 93 +140 2.6 1.2
Clay 109+140 2.8 1.3
Maize Sand (irrigated) 69+140 2.6 1.2
Clay 44+140 2.3 1.1
Grass-clover 1-2 years 0 0.3 0.2
240 2.8 1.3
3-8 years 0 0.1 0.1
240 2.6 1.2
Ryegrass 1-2 years 150 1.8 0.9
300 3.4 1.6
450 49 2.3
575 6.3 3.0
3-8 years 150 1.6 0.8
300 3.2 1.5
450 48 2.2
575 6.2 2.9

Nitrous oxide emissions caused by fertilisation may be reduced by application of nitrification inhibitors.
Meta-analyses have shown an average reduction of emission by 40-45% (Akiyama et al., 2010; Qiao et al.,,
2015). The cost of application together with fertiliser or manure is approx. 200 DKK/ha annually (Olesen et
al,, 2018). As this is a rather limited cost, which will have a large effect at the high levels of N-fertiliser nec-
essary to support high protein production in high-yielding pure grasses, this can be an attractive measure
to keep climate impact low even at high fertilisation and productivity. On the other hand, if grass clover
mixtures or pure clover can deliver appropriate yields of total biomass and of protein with no or limited N-

fertiliser, this will be the most environmentally benign production method.

3.1.3 Carbon storage

By a transition from grain cultivation to grass there will be a rapid accumulation of carbon in the soil over
the first few years, after which the rate will fall and become more constant. This is because, especially in the
first year, there will be a large build-up of carbon in the grass root system. Taghizadeh-Toosi and Olesen
(2016) calculated an annual accumulation of carbon in the entire soil profile below productive grass
around 2 t C/ha/year in the first two years after conversion, but this slowed to an annual accumulation of
approximately 0.6 t C/ha/year in subsequent decades. The greater build-up of carbon in the soil in the first
few years is not permanent since it mainly consists of easily degradable material. Carbon accumulation in

common productive pastures can thus be set to 0.6 t C/ha/year. The annual build-up of carbon under the
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grass will continue over a very long period (over 100 years), and the measured carbon content in perma-
nent grassland is typically 50 to 100% higher than for land with annual crops in rotation (Soussana et al.,
2004). The above-mentioned carbon storage will probably apply to clover regardless of fertilization level,
whereas carbon storage is estimated to be lower (half) at a low fertilization level in pure grass because

production here is smaller and thus the supply of carbon to the soil also smaller (Table 3.4).

Little is known about the effect on soil carbon of either the composition of grassland, nor their fertilisation
and cutting systems. Also, the allocation of C to roots remains largely in the dark (Taghizadeh-Toosi et al.,
2020). However, Cougnon et al. (2017) found that N fertilization increased root and stubble biomass of five
grass species grown in a 3-year-old ley, and that the root biomass differed between grass species, suggest-
ing that the impact on root biomass of fertilization level and species composition of leys deserves further
attention. Tall fescue showed the highest root + stubble biomass (18-19 t/ha), which points to further doc-

umentation of the potential of this species for both biorefinery and soil carbon storage.

Table 3.4. Estimates of carbon storage in grass (t C/ha/year) at different fertilization levels and at different

ages of grassland (Olesen et al., 2016).

Fertilization (kg Year 1-2 Year 3-8
N/ha)
Grass-clover (DLF mix 45) 0 0.6 0.6
240 0.6 0.6
Pure grass (ryegrass) 150 0.3 0.3
300 0.6 0.6
450 0.6 0.6
575 0.6 0.6

Earlier there has been a common understanding that tillage was an important factor in soil carbon turn-
over, and that its absence was one of the main causes of the higher carbon storage below perennial crops
than below annual crops. Although there may still be a small effect of tillage, there is now a growing con-
sensus that this effect is very limited, and that the annual carbon input to the soil in crop residues and animal
manure is the main determining factor for the soil carbon balance. Likewise, the claimed positive effect of
no-till farming on soil carbon seems rather to be a difference in carbon distribution across the soil profile

than a difference in total carbon content (Powlson et al., 2014).

3.1.4 Changes in climate and environmental profile by converting from annual crops

Table 3.5 shows the calculated change (based on the former tables) in yield, N-leaching and greenhouse
gas emissions on clay soils by replacing winter wheat with grass of different types and varying age under
current production conditions for cattle feed. Only by cultivating pure grass with 450 kg N/ha or more,
higher total yields are obtained in the grass than in winter wheat (grain and straw accumulated). In general,

a reduction of N-leaching of 40-50 kg N/ha is obtained, except at the very highest levels of N-fertilization
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in pure grass, in which case there is no reduction in N-leaching. The reduction in greenhouse gases is about
2 t of CO2-eg/ha but declines at the very highest level of nitrogen in the pure grass if not nitrification inhib-
itors are applied. Nitrous oxide emissions are less from clover and therefore the reduction in greenhouse

gas emissions here are about 2 t of CO2-eq/ha greater.

Table 3.5. Changes in annual DM yields, N-leaching and net emissions of greenhouse gases (carbon stor-
age and nitrous oxide) by changing from winter wheat (grain + straw) to grass on clay soil (recalculated

from Olesen et al., 2016).

Fertilisation = Change in DM Change inleaching  Change in GHG emis-

Crop (kg N/ha) yield (t/ha) (kg N/ha) sion (t CO,-eq/ha)
Grass-clover | 1-2 years 0 -2.7 -39 -3.3
240 -0.1 -34 -2.2
3-8 years 0 -4.7 -39 -3.4
240 -2.1 -24 -2.3
Ryegrass 1-2 years 150 -2.5 -39 -1.5
300 -05 -34 -1.9
450 0.9 -29 -1.2
575 1.4 1 -05
3-8 years 150 -4.5 -39 -1.6
300 -2.5 -24 -2.0
450 -1.1 -19 -1.3
575 -0.6 16 -0.6

Table 3.6 shows the calculated change in yield, N-leaching and greenhouse gas emissions on sandy soil
by replacing whole crop maize with grass of different types and varying age under the present production
conditions for cattle feed. The high yield in maize caused it in all cases to give higher yields than grass.
There is a general reduction in N-leaching of 70-80 kg N/ha, except at the very highest N level in pure grass
where the reduction is only half of that. The reduction in greenhouse gases is about 2 t of CO2-eq/ha but
lower at the very highest level of nitrogen in the pure grass if not nitrification inhibitors are applied. Nitrous
oxide emissions are less of clover and therefore the reduction in greenhouse gas emissions here is about 2

t of CO2-eqg/ha higher.
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Table 3.6. Changes in annual DM yields, N-leaching and net emissions of greenhouse gases (carbon stor-
age and nitrous oxide) by changing from whole crop maize to grass on sandy soil (recalculated from

Olesen et al., 2016).

Fertilisation Change in DM Change inleaching Change in GHG emis-
Crop (kg N/ha) yield (t/ha) (kg N/ha) sion (t CO»-eq/ha)

Grass-clover | 1-2 years 0 -4.3 -84 -3.3
240 -1.7 -79 -2.1

3-8 years 0 -6.3 -84 -3.4

240 -3.7 -69 -2.2

Ryegrass 1-2 years 150 -4.1 -84 -1.5
300 -2.1 -79 -1.8

450 -0.7 -74 -1.1

575 -0.2 -44 -05

3-8 years 150 -6.1 -84 -1.6

300 -4.1 -69 -1.9

450 -2.7 -64 -1.2

575 -2.2 -29 -05

It should be noted that the above calculations are with current yields of crops in practical agriculture. There
seems, however, to be a higher yield difference between the most productive grasses and grain crops,
which is not captured by the current management strategies in agriculture. Accordingly, experiments at AU
have shown approx. twice as high yields in pure grass (festulolium) as in wheat and barley in first production

years, while maintaining a reduced risk for nitrate leaching (Figure 3.1).

37



# cereals/maize f
M orasses 7

M beet root

100

80

60 i
HH 6 +

40 % 5

20 & =

{} T T T T T 1
0 5 10 15 20 30

Nitrate leaching (kg ha! year?)

[
L

Aboveground biomass (Mg ha'l year!)

Figure 3.1. Mean nitrate leaching (based on 2013-2015) versus biomass yields for 1) beet, 2) festulolium, 3)

grass-legume mix, 5) barley, 6) wheat/triticale, 7) maize, grown on the sandy loam soil at AU Foulum. Bars
indicate +/- SE (Manevski et al,, 2017; 2018).

3.1.5 Pesticide use

Plant protection measures for both cereals and grasses minimize yield losses in relation to weed, pest and
disease management. Due to the fewer natural pests, grasses require fewer pesticides compared to cereals
and maize. According to the European Environmental Agency, perennial grasses grown for industrial pur-
pose pose rather low environmental risk in relation to pesticide pollution of soils and water, whereas maize

and some grain ceredls are estimated to pose a moderate-to-high level of environmental risk (EEA, 2007).

In Denmark the mean pesticide load per ha for agricultural crops was 1.42 in 2018, covering a variation
from 0.01 in grass and clover to 5.16 in potatoes (Miljastyrelsen, 2020 (table 8-4)). Oilseed rape has so far
been the main energy crop in Denmark used for biodiesel production. It provides valuable protein concen-
trates for animal feed, and it had a pesticide load of 2.62 in 2018. Beets may be interesting for energy
production due to their high productivity and protein may be extracted from the tops, but they had a pesti-
cide load of 4.13. Grass and clover are thus the by far less pesticide treated agricultural crops today, and

they can quite easily be grown organically if so wished.

3.2 Permanent grassland on organic soils

Organic soils under permanent grassland play a critical role for carbon and nutrient cycling, locally and
globally. However, their environmental impact - whether positive or negative - is to the largest extent de-

pending on soil water conditions.
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3.2.1 Drained organic soils

Drainage of organic soils accelerates decomposition of organic matter, further enhancing mineralization of
organic nitrogen (N) and phosphorus (P), hence leading to leaching of e.qg. carbon (C), N and P into bodies
of water. However, the actual effect and magnitude of leaching is strongly depending on catchment hy-

drology and site-specific biogeochemical conditions (Tuukanen et al., 2017).

With most organic soils being environmental sensitive areas, harvesting and removal of biomass results in
an export of excess N and P from soil, mitigating nutrient leaching with efficiencies of up to 92% (Jabtorska
et al., 2020). However, organic soils are very inhomogeneous, with some areas delivering a high amount of
nutrients from peat mineralization and some showing a lack of potassium (K). Fertilization should hence be
restricted in areas characterized by nutrient losses, while in some areas site-specific fertilization with deficit-
nutrients has shown to significantly increase biomass yields as well as removal of excess N and P (Nielsen
et al,, 2013). In conclusion, general estimates of nutrient losses from drained organic soils cannot be made
due to site-specific hydrological and biogeochemical interactions. However, biomass harvest and removal

under appropriate fertilization clearly reduces the risk of nutrient leaching (Jergensen & Schelde, 2011).

In addition, drained organic soils are hotspots of greenhouse gas emissions (GHG) due to stimulation of

oxidative processes, enhancing emissions of carbon dioxide (CO2) and nitrous oxide (N20).

The estimated global warming potential by GHG emissions of permanent grassland in temperate climate
is reported within the range of 17 - 30 t CO2eqg/ha/year for drained fens (lowland areas), depending on
drainage depth, and 25 t CO2eqg/ha/year for bog peatlands (Wilson et al, 2016). Specifically for Denmark,
the range of reported GHG from agriculturally used drained organic soils is between 3.5 to 13.6 t C/ha/year
and up to 61 kg N2O-N/ha/year, respectively (Elsgaard et al,, 2012, Petersen et al., 2012). Biomass produc-

tion on drained organic soils does not mitigate these GHG emissions.

3.2.2 Rewetting of organic soils

Paludiculture is the term for a production system that combines rewetting and biomass production with
flood-tolerant crops (Tanneberger & Wichtmann, 2011). Rewetting of formerly drained peatlands is a sug-
gested mitigation option in terms of reducing CO2 emissions and restoring the ecosystem carbon sink func-
tion (Joosten et al., 2012). In this context, rewetting of drained peatlands has been included as a potential
target for climate change mitigation in the Kyoto protocol (IPCC, 2014). Paludiculture has further been sug-
gested as a promising option to reduce anthropogenic CO2 emissions from peatlands, while at the same
time facilitating continued agricultural biomass production (Tanneberger & Wichtmann, 2011). In Germany,
emission reductions following rewetting were reported with up to 89% for fen (lowland) organic soils, and
70% for bogs (Drésler et al., 2013). In a Danish context, it is estimated that rewetting of drained peatlands
will reduce GHG emissions by approximately 3-15 t CO2eqg/ha/year (Wilson et al,, 2016, Nielsen et al.,

2021b). Even though rewetting of organic soils will in most circumstances lead to increases in methane
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(CH4) emissions, these will be offset by significant reductions of CO2 and N2O emissions (Gunther et al.,

2020). It is not expected that biomass harvest will have a significant negative effect on the net GHG miti-

gation potential of rewetting (Gunther et al., 2015).

In addition to effects of rewetting and paludiculture on GHG emissions, associated effects on potential nu-
trient discharges to water bodies are likely. The environmental effects of a raised water table will lead to
changes in leaching of nutrients as soil redox conditions are decreased due to restricted oxygen (O2) diffu-
sion. In this context N and P biogeochemical processes are of special interest. Anaerobic conditions favour
denitrification, i.e., microbial removal of nitrate (NOs-), possibly in competition with plant NOs. uptake (e.qg.,
Kaye and Hart, 1997). On the other hand, anaerobic conditions decrease the adsorption of P to iron (Fe)
and manganese (Mn) oxides due to microbial reduction of these minerals (Hoffmann et al., 2009). Conse-
quently, P may be released to the soil solution and discharged to downstream vulnerable recipients. Yet,
the P uptake by harvested and exported crops in paludiculture may mitigate the high P mobilisation at least
during the growing season (Zak et al., 2014). However, the majority of results on the prevention of nutrient
leaching by paludiculture currently is known from macrophyte species such as cattail (7ypha spp.) and
common reed (Phalaris spp.). being not suitable as biomass feedstock for biorefineries if the focus is on
protein. Hence, the effect of grass species in paludiculture on the mitigation potential of nutrient leaching

remains to be more evaluated in the future.
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One possibility to mitigate high nutrient discharges on organic soils is topsoil removal (e.q. Zak et al., 2017;
Huth et al., 2020) prior to the cultivation of suitable perennial grasses. Topsoil removal has shown the po-
tential to avoid elevated amounts of nutrients in topsoil, otherwise prone to leaching, while simultaneously
mitigating methane emissions by a factor of up to 400 (Huth et al, 2020). However, the feasibility of such

measures needs to be documented.

In conclusion, rewetting of organic soils and the subsequent conversion to permanent grassland for biomass
production is a promising option to mitigate adverse environmental impacts such as GHG emissions and
nutrient leaching into bodies of water, while keeping up biomass production. However, detailed site-spe-

cific magnitudes of reductions in a Danish context remain to be documented.

3.3 Environmental effects of increasing productivity and harvesting of cover crops

The area where cover crops are grown (500,000 ha in 2020) is an interesting additional biomass source in
the case that cover crop growth is enough to make yield profitable. As discussed in chapter 2.3, this could
be obtained by including legumes in cover crop mixtures, early fertilization and optimized crop manage-
ment, such as early harvesting of the main crop. In the analyses behind “The +10 million tonnes study" (Gyl-
ling et al,, 2016), and the updated scenario report by Gylling et al. (2021), it was assumed that the earlier
establishment of the cover crops, combined with inclusion of lequmes in the mixture, and harvesting the
aboveground biomass, overall will not change the nitrate leaching compared to today's practice (Jergen-
sen, 2012). Some results point to the fact that leaching may even be reduced, when increased growth of
cover crops is obtained by early harvest of main crop and increased N availability for the cover crop (Jen-
sen, 2016; Serensen et al.,, 2020; De Notaris et al.,, 2021).

Increased productivity and utilization of biomass crops would also affect the various contributions in the
greenhouse gas accounts for cover crops. Nitrogen in crop residues from cover crops can contribute to
nitrous oxide emissions when the residues are retained in the field (Olesen et al,, 2018), offsetting or ex-
ceeding the indirect reduction in nitrous oxide emissions from reduced nitrate leaching (Table 3.7 ). It should
be noted that such calculations are based on emission factors that are currently being revised (e.g., Resi-
dueGas project), as the variability in soil nitrous oxide emissions is very high. In fact, results on direct nitrous
oxide emissions from cover crop residues are contrasting, and depend on several factors, such as cover
crop type, management, climate and soil characteristics (Abdalla et al, 2019). Harvesting cover crop
aboveground biomass could reduce the risk of direct nitrous oxide emissions but this may in turn reduce soil
carbon build up. Nonetheless, the contribution from the belowground cover crop carbon pool (roots and
carbon deposited in the soil by the living plant) may be more important for the build-up of stable soil organic
carbon (Rasse et al., 2005). If increasing the productivity of cover crops corresponds to an increase in be-
lowground biomass and carbon deposition, the removal of aboveground biomass would not be in contrast

with soil organic carbon build up, but more studies are needed to clarify this aspect.
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The above complexity is exemplified by the results from Li et al. (2015), who, surprisingly, did not measure
a decrease in nitrous oxide emissions after harvesting cover crops late October compared with usual spring
ploughing. This may be due to increased root leakage of N and C after harvest, which supports nitrous oxide
emissions. This shows that a mechanistic understanding needs to be obtained, as well as further optimiza-

tion of crop management systems.

Table 3.7. Reduction in GHG emissions (kg CO2 eg/ha/year) calculated for cover crops on sandy and clay

soils at the current practice, without harvesting of biomass (Jergensen et al., 2013; Olesen et al., 2018).

Process Sand Clay
Nitrous oxide from saved N-fertilisation due to reduced N-norm 94 94
Nitrous oxide from reduced ammonia evaporation (due to reduced N-norm) 1 1
Nitrous oxide from crop residues -323 -155
Nitrous oxide from reduced nitrate leaching 115 55
Total nitrous oxide reduction -113 -5
Soil carbon storage from cover crops 1,000 1,000
Total greenhouse gas reduction from cover crops 774 990

In general, cover crops increase biodiversity in agroecosystems where bare soil is the alternative. A further
effect on biodiversity can be obtained if the cover crop mixture includes flowering species, such as clover,
phacelia and fodder radish if these are allowed to reach the flowering state. If the cover crop biomass is
harvested for biorefining purposes, it remains to be investigated whether an earlier harvest of the main crop

can ensure both a higher biomass, and species to reach a flowering state before harvest.
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4 Green Biorefining for multiple products

Morten Ambye-Jensen’, Anders Hauer Moaller? (4.2)
'Department of Biological and Chemical Engineering, Aarhus University

2Department of Food Science, Aarhus University

4.1 Intro to green Biorefining

Green Biorefining (GB) is a fundamental concept that “represents the sustainable processing of green bio-
mass into a spectrum of marketable products and energy” [McEniry and O'Kiely, 2014). In other words, GB
is a technology platform that integrates a variety of different sustainable solutions in order to produce eve-

rything from food and feed to biomaterials, biofuels and bioenergy.

For biorefineries in general, no single end-product can typically provide economic surplus on its own (de
Jong, 2009). Conversely, it is the sum of all co-process streams and products (i.e. cascade utilization) that
enables the GB concept to provide both economic and environmental sustainability. Since many of the
products and co-process streams can be used for different end-purposes, a successful integration of various
biorefining technologies is a complex task with many possible solutions. Many factors can be considered,
but central to the concept of all biorefinery systems is the value/volume triangle, which emphasizes a ho-
listic approach to sustainable solutions for producing multiple products by cascading and up-cycling bio-
resources (Hagman et al., 2018). An illustration of the triangle is provided in Figure 4.1. Green biorefineries
are typically cascading the bioresources through extraction and separation methods whereas biorefinery
technologies like anaerobic digestion (biogas production), and thermal conversion followed by chemical
catalysis or biological conversion can function as upcycling methods of otherwise difficult or low value bio-

resources.

Chemicals and Materials

Upcycling Energy \ Cascading

Figure 4.4. Value/volume triangle (pyramid) in biorefineries. Source: (Hagman et al., 2018)
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As outlined in the value/volume triangle (Hagman et al,, 2018), a combination of e.g. sustainable large-
scale energy production typically has to be accompanied by a lower quantity production of a higher valued
product. Thus, green energy production often has to be integrated with higher-value side products to pro-

vide the same economic stability as seen in conventional oil- and coal-based refineries.

Green biorefineries convert wet green biomass, thus a main process that characterize GB’s is a wet frac-
tionation. Here the wet biomass gets squeezed or pressed and separated into a liquid process stream with
soluble plant components and a solid process stream high in fibre content. The GB has an inherent focus
on products containing proteins or amino acids, which is due to the high protein productivity of green plants.
GB’s can be divided into two types; (i) GB”s processing freshly harvested green biomass and; (ii) GB”s pro-
cessing storage-stable silage made from green biomass. Silage treatment is a chemical or biological acid-
ification of fresh biomass with the purpose of limiting microbial decomposition and maintaining the nutri-
tional value for ruminants. During the silage treatment and subsequent storage period, large parts of the

protein degrades into amino acids, due to enzymatic protease activity and the chemical pH drop.

If the silage treatment is a microbial acidification through lactic acid fermentation, then also the soluble
carbohydrate content will diminish, as it is converted to organic acids. The significant difference between
the two GB approaches lies therefore mainly in the product possibilities concerning protein/amino acids
and soluble carbohydrates/organic acids. GBs processing fresh biomass will often have a focus on keep-
ing the quality of the plant components as good as possible so this quality can end up in the products.
Whereas GB’s processing silage will have a product focus on compounds that are unaffected by the silage
treatment (e.g. the lignocellulose fibre) or the amino acids and organic acids themselves. Figure 4.2 shows
a schematic overview of a green biorefinery separating wet green biomass into a liquid press-juice and a
solid press-cake and outlines different possibilities and examples of product categories from the different
process streams. Combining figure 4.1 and 4.2 it is clear that green biorefineries have the potential to pro-

duce a diverse set of products with very different applications, economic value, and market volume.
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Figure 4.2. Schematic overview of a green biorefinery separating green biomass into a press juice and a

press cake, and the product possibilities from the different process streams. (Source: McEniry and O'Kiely,
2014)

The general GB development in Denmark has focused around the processing of fresh green biomass, with
the main product being a protein-rich concentrate that can substitute soy meal in feed mixtures for mo-
nogastric animals. This approach will be elaborated in the following chapter. Examples of green biorefin-

eries that process silage instead of fresh biomass include Biowert in Brensbach, Germany (www.biowert.de:

IEA Task 37, 2020) BioFabrik in Dresden, Germany (www.biofabrik.com), Newfoss in Uden in Netherlands

(www.newfoss.com) and pilot facilities in Utzenaich, Austria (Schaffenberger et al., 2012).

4.2 Green Biorefining protein separation platform

In order to utilize the high protein content of green biomasses for monogastric animal feed, an efficient
separation process platform is needed. Several unit operations and steps are involved in the processing of
fresh green biomass, before the desired protein concentrate can be separated. The major steps involved
are shredding/maceration, fractionation, precipitation and separation. An overview of these process steps

and the protein separation platform is presented in Figure 4.3.
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Figure 4.3. The green biorefinery protein separation platform. Unit operations and process steps involved in

separation of protein from green biomass in the green Biorefining platform. (Source: Jacobsen, 2020).

The yields and mass distribution between the different processing streams depends on a long list of param-
eters and can vary to a large extent. Figure 4.4 shows an example of the typical ranges of DM and protein
yields following a GB separation process like the one in figure 4.3. Depending on the content and extracta-
bility of the protein in the green biomass and the technology and efficiency at the biorefinery, between 50-
70% of DM and 40-60% of protein will be retained in the fibre fraction, while the rest is pressed out in the
liquid fraction. Following precipitation, 10-20% of the original DM and 20-60% of the original protein can be
found in the precipitated protein rich fraction, while the rest will be present in a residual juice (Damborg et
al, 2020; Kamm et al., 2010; Ostrowski-Meissner, 1981; Pirie, 1987; and un-published results from L. Sted-
kilde). These ranges of mass and protein distribution are not ultimate but illustrates the possibilities for opti-
mization of the process according to what the desired outcome is. E.q. if the goal is to have maximum pro-
tein yield in the protein concentrate, one has to optimize the fractionation and extract more protein out of
the biomass, but also optimize the precipitation and separation to reduce loss of proteins to the residual

juice.

46



Whole plant Wet Fractionation Fibre press cake

DM =100% (maceration and pressing) DM = 50-70%
Protein= 100% Protein = 30-70%

Press

juice

Residual juice. Protein preFip_itotion Protein concentrate
3 DM =10-20% & separation DM = 10-20%

: He: r pH shift .
Protein = 0-10% i el Protein = 20-60%

Figure 4.4. Schematic overview and typical DM and protein yields in the fractionation of green biomass into
the three process streams of fibre press cake, residual juice and protein concentrate. The numbers are mass
balance % (weight per weight in input material) (Source: M. Ambye-Jensen and estimates from Damborg
et al, 2020; Kamm et al., 2010; Ostrowski-Meissner, 1981; Pirie, 1987).

The initial step of the processing happens in the field, where the green biomass is harvested. As the entire
platform relies on fresh biomass, the harvested biomass is processed immediately, in order to reduce the
risk of macronutrient degradation of the desired products (i.e. protein and simple carbohydrates). Immedi-
ate processing also reduces the risk of cross-linking between protein and phenolic compounds, which is
related to a decrease in protein digestibility (Laerke et al., 2019). This will be further discussed in chapter 5.
Furthermore, the harvesting should also aim to avoid sand and soil particles as much as possible, as this will
increase the mechanical wear of the process equipment and the soil particles risk to end up in the product
streams. Once harvested, the green biomass is transported from the field to the GB. Here, the green biomass
is macerated in order to increase the surface area and disrupt the plant cells so the cell content can be
pressed out of the biomass more efficiently. This can be done by a number of different machinery types,
and include both cutting, shredding and pulping of the biomass. The mechanical pressing of leafy green
plants has been studied with varying interest through the 20" century, with some of the biggest efforts being
applied during the 1940s and again in the 1970s and 1980s. However, the main technology used for press-
ing today is screw pressing, which is used in more recent biorefinery pilot and demo plants in Germany
(Kamm, et al. 2010), Austria (Kromus et al., 2004: Steinmuller, 2012) and Denmark (Corona et al., 2018,
Ausumgaard). The screw press separate the process stream into a liquid and a solid fraction. The liquid
fraction is often termed “green juice” for its deep green coloured appearance. This fraction includes the
desired soluble proteins and carbohydrates along with free amino acids, enzymes, lipids, inorganic nutri-
ents, and various soluble biomolecules such as tannins and carotenoids etc. The solid fibre fraction, often
termed “press-pulp” or “press cake”, is rich in lignocellulose (cellulose, hemicellulose and lignin) as well as

the non-separated soluble compounds that is present in the moisture that is left in the press cake. The press
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pulp normally has a DM content of 30-40% and can efficiently be ensiled directly after the screw press and

utilized for ruminant feed, or further biorefined into biomaterials, biofuels and bioenergy.

Following the wet-fraction step, the liquid stream is filtrated, which ensures that the green juice is free from
particulates and fibres. The filtrated fibres can simply be recirculated into the screw press and separated
once again in the wet fractionation. The next step is the separation of protein from the green juice. Precipi-
tation of the proteins makes way for an efficient subsequent protein separation through centrifugation and
has therefore been the main processing route, however proteins can also be separated through membrane
filtration (will be discussed in chapter 6). The most commonly used method to precipitate the protein has
been by heating the juice to 80-90 °C, which will cause denaturation and coaqulation of the proteins. The
heating of the juice is often achieved using heat exchangers (Corona et al.,, 2018; Kamm, et al., 2010) but
direct steam injection is also a possibility (Pirie, 1990). The heat denatured and coagulated proteins may
then be separated from the juice by centrifugation or decantation. Heat denaturation results in an efficient
separation as the denatured protein separates easily out of the solution and results in high protein yields
due to fast and efficient processing in heat exchangers. The protein produced by heat treatment will have
very low solubility in water, which can be a problem in many food applications, but with regards to animal
feed quality heat denaturation has proven successful (Stedkilde-Jargensen et al,, 2021). An alternative to
heat denaturation is acid precipitation. In this method, the juice is acidified to reach pH 3.5-4.5, which is
close to the isoelectric point of the main protein in leaves, ribulose-1,5-bisphosphate carboxylase/oxygen-
ase (RuBisCO). At the isoelectric point of the protein, the protein has an overall neutral surface charge and
the electrostatic repulsion is low causing the proteins to associate and precipitate. The effect of pH level
(pH 3.0 to pH 5.0) on protein precipitation yields from white clover, alfalfa, perennial ryegrass and red clover
has been investigated by Damborg et al. (2020), and it was found that the pH level only had a slight effect
on precipitation yields in red clover. The acidification may be achieved by adding both inorganic- and
organic acids. However, it is also possible to use bacterial fermentation to reduce the pH. The fermentation
often uses lactic acid producing bacteria (Ajibola, 1984; Santamaria-Ferndndez et al,, 2017; Santamaria-
Fernandez et al, 2019) and the use of lactic acid bacteria have been reviewed by Lubeck and Lubeck
(2019). The low pH precipitated protein curd does not sediment as well as the heat denatured due to its
soft and hydrophilic properties (Pirie, 1990) and are therefore more difficult to separate out of the press juice
resulting in lower yields of protein concentrate. An advantage of using low pH precipitation is a potentially
lower energy consumption due to avoidance of heating to 80-90C, however it is important to have an
alternative strategy to deal with pathogenic microorganisms from potential soil contamination if the protein
product is not pasteurized by heat treatment during processing. Fermentation with lactic acid bacteria
could in addition add healthy probiotic effects of a following feed product (Libeck and Lubeck, 2019). The
fermentation temperature (37 °C) and fermentation time (app. 6-8h) will result in some degradation of the
proteins and there will be no native RuBisCO left after fermentation (Ameenuddin, 1983; Nissen et al.,,
2021.).
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Instead of concentrating the protein by either heat or acid precipitation, it is also possible to concentrate
protein from the juice by membrane filtration. This method generally uses membranes with pore sizes that
allows permeation of water and smaller compounds while retaining proteins. Ultrafiltration (membrane
pore size lower than 0.1 um) of protein from leaf juice has been shown to produce similar yields as heat
denaturation (Castellanos et al., 1994: Koschuh et al., 2005; Ostrowski-Meissner, 1980), however similar re-
sults have been difficult to reproduce in the lab at AU Biological and Chemical Engineering (BCE) in Foulum
(N. Hachow Motta dos Passos et al., Manuscript in prep.). Zhang et al. (2015) tested different microfiltration
(pore size larger than 0.1 um) and ultrafiltration systems for concentration of leaf protein and found that
microfiltration was the most efficient method. This was unexpected, since the microfiltration should allow
most proteins to pass through the membrane, but similar to results at AU BCE in Foulum (N. Hachow Motta
dos Passos et al., Manuscript in prep.), and it shows that proteins may easily be retained due to membrane
fouling. When performing membrane filtration, the filtration time and temperature may affect the amount
of native protein and significant degradation of RuBisCO has been observed when performing the filtration

at room temperature (Koschuh, et al., 2005).

Upon precipitation, the final liquid/solid separation is applied, typically using a decanter centrifuge. The
centrifugation produces a moist solid fraction of about 40-50% DM of the protein concentrate, which con-
tains the precipitated proteins together with other plant constituents such as lipids and carbohydrates that
have precipitated out together with the proteins. But also soluble nutrients and biomolecules present in the
moisture content of the moist solid fraction. The liquid fraction is a residual juice often termed “brown juice”
and contains the remaining soluble compounds, such as oligo- and mono-carbohydrates or organic acids
(in case of fermentation), free amino acids, inorganic nutrients etc. Since this fraction contains compounds
easily converted by microbial digestion, it is often used for input in anaerobic digesters for biogas production
(Feng et al., 2021; Santamaria-Fernandez et al., 2018), but may also be the input of membrane filtration

systems and more refined separation of specific compounds.
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Figure 4.5. Process flow diagram of a green biorefinery with focus on producing a press cake for ruminant
feed or biogas production, a leaf protein concentrate for monogastric animal feed and a residual brown
juice for biogas production and nutrient recirculation. Green boxes are unit operation processes. Diamond
squares are process streams. Turquoise boxes are product applications. Grey labels include an estimated
mass balance with amounts of FM:fresh matter, TS:total solids, CP:crude protein in input and output streams

50



As previously stated, many products can be derived from this GB protein separation platform. Thus, addi-
tional downstream processing can be performed in order to differentiate the desired end-products, de-
pending on the targeted market (e.g. feed, food, biomaterials, biofuels, bioenergy etc.). However, the major
steps involved in a base case protein separation green biorefinery have been elucidated above. Figure 4.5
shows a process flow diagram over the described process and includes a theoretical estimate of DM and
protein distribution between the three process streams. The estimate is based on lab scale experiments and
pilot- and demo-scale experiences at the AU Foulum platform for GB and estimated to be realistic in an
optimized and continuous production. Here 16% of the DM and 42% of the protein ends up in the leaf protein
concentrate while 71% of the DM and 56% of the protein ends up in the press cake fibre, the rest of both DM
and protein ends up in the residual juice. The mass balance is a constant subject of optimization and some

of the specific developments to optimize the protein yield into the protein concentrate is described below.

4.3 Status of the Danish base case with focus on feed and biogas

The Danish base case green biorefinery is the term, here used for the general GB focused on the processing
of fresh green biomass into a protein-rich concentrate that can substitute soy meal in feed mixtures for
monogastric animals, a press cake fibre for ruminant feed and/or biogas production and a residual juice
for biogas and nutrient recycling. There has been a substantial research and development effort over the
past 8 years in Denmark on this case, starting from the pioneering projects BioValue SPIR (Innova-
tionsfonden, 2013-2018), Biobase (AU & DCA, 2014-2017) Organofinery (Organic RDD, 2014-2017), and
Multiplant (Organic RDD, 2014-2017). At present more than 25 R&D projects related to the green biorefinery
have been funded (see chapter 10). All Danish universities are involved in different aspects of the research
and development together with the large knowledge institutions and a long list of active industrial partners.
Two R&D platforms for upscaling, tests and process developments in pilot- and demoscale have been es-
tablished at Teknologisk Institut in Tastrup and at Aarhus University in Foulum, respectively. Industrial initia-
tives have at present resulted in two new commercial demonstration plants in operation spring 2021, and

more are in the planning phase.

The development is going fast, but there is still many issues to be solved and to be further investigated
before a novel green biorefinery industry can thrive in Denmark, as well as beyond the borders in EU and

all other places with suitable climate for good availability of green biomass. Such issues are included in the

list below:
. Plant breeding for optimal protein extractability and quality
. Development of efficient management for harvest and logistics to deliver good quality green

biomass to the biorefineries

Process development and optimization at the biorefineries to get constant high yields of protein

concentrates with constant high digestibility and nutritional value
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. Value creation of the press cake fibre and the residual juice to achieve a better overall business

case for the green biorefinery
. Technology integration for cascade utilization of side streams and residues

. Development of flexible biorefinery solutions, where input biomass and output products can
change according to seasonal variation, in order to achieve efficient use of production facilities

all year round.

The following chapters give examples of R&D activities and the associated projects, which try to solve and

investigate the issues listed above.

4.4 Examples of optimization along the green biorefinery value chain

Screening and selection of plant varieties that yields highest amounts of extractable protein is a focus area
in both the GUDP project AlfaMaxBioraf (2019 -2022), where screening and selection is carried out on al-
falfa species, and the GUDP project Graes-prof, where it is carried out on more than 300 different grass and

clover species. In both projects the screening activity is led by the Danish seed company DLF.

Tests of harvest methods and logistics for better understanding of the consequences on processing yields
and product quality, as well as economical optimisation of the supply chain is a key focus area in the de-
velopment. For the Danish base case scenario that utilize freshly harvested green biomass in order to pro-
duce a protein concentrate suitable for monogastric animal feed, it is very important to secure a fresh qual-
ity of the input biomass at the biorefinery. Biological deterioration, degradation and cross binding of the
protein and other reactive plant components kick in at the moment the biomass is harvested. This degra-
dation and cross binding put restraints on how much time, from harvest to processing, that can be accepted
in order to reach a certain yield and quality of the protein concentrate. As these biological processes are
affected by several parameters including biomass type and maturity, temperature, amount of cutting/mac-
eration in the field, it is an important point that the accepted time between harvest and processing will
change over the season and depend on the management operations in the field. There is very little research
on the issue of time between harvest and processing, but early studies showed yield reductions of up to
50% after 9 hours at 25 °C and 35 °C (Bart et al.,, 1976; Pirie, 1987). New investigations into this are being
carried out in several of the ongoing projects with Danish participants. At the Demoplatform for GB at AU
Foulum, it has been the observation, over the course of pilot and demo scale development, that yield and
quality increases by fast processing, but exactly what fast means is now being tested in large demo scale
experiments in the projects Green Valleys (Interreg, 2018-2021) and GO-GRASS (H2020, 2019-2023). The
first demo scale harvest/time experiment was conducted September 2020 and showed no or only little
yield reductions after processing between 1 hr to 8 hr after harvest, and the protein concentrate had the
same content of crude protein of around 50% of DM (no other quality parameters were measured). How-

ever, 24 hr after harvest the protein yields reduced to 1/3 of the yield at 1 and 8 hr after, and the protein
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content dropped to 35% of the DM (preliminary data from the AU Demoplatform, M. Amby Jensen 2021)
This study was carried out at one set of conditions (15 °C, grass clover mixture no. 42, and relatively early
cut - only 10-15 cm tall), it is thus only a snapshot of the conditions that would represent a whole seasonal
operation in DK. New experiments are planned in 2021 in the same projects as well as within the GUDP
project Grees-prof where partners from the first commercial farm-scale green biorefinery in DK, Ausum-
gaard, are participating. The results from this development will be integrated into more specific planning
and organizing of the total harvest and logistics planning and techno-economic assessments of those. Two
examples of studies looking at the techno economics of the supply chain green biorefineries are Hoeltinger
et al. (2012) looking into an Austrian case of GB and O Keeffe et al., (2012) looking into an Irish case of GB.
However both with main focus on processing silage grass and therefore less constrained on the fresh qual-

ity.

The yields of different process streams and specific products are always an important part of process opti-
mization. As previously discussed and highlighted in figure 4.4 the yields can vary to a large degree and
depends on many variables. While the yields presented in figure 4.5 are fairly easy to achieve in controlled
lab-scale experiments, it has proven much more challenging in large pilot and demo scale. The experience
from the Demoplatform at AU Foulum shows that while it is sometimes possible to reach yields of protein
concentrates above 15% of total solids input and 35% of total protein input, it is not the normal case until
now. Much of the yield losses can be assigned practical losses of biomass from weighing-in input material
to the product output. The optimisation here is primarily about handling and operational optimisation. After
the first full seasonal operation in 2020 at the AU Demoplatform yields have already been improved and
operation is much more consistent. However, this kind of operational optimisation is much more applicable
in continuous production facilities than in an experimental test and development platform like the AU
Demoplatform. It is therefore expected that commercial facilities will be able to optimise this much further.
However, it has still become clear that yields of protein concentrate and especially protein yields in this
product chain needs to be given attention in order to reach the assumed mass balance. The before men-
tioned harvest and logistic optimisations add to this, but also better processing can increase the yields. Test
and optimisation of maceration and pressing for higher juice yields is carried in both the GUDP Grees-prof
project, and in the Green Valleys Interreq project. The results point towards a need for efficient maceration
before the pressing in order to achieve steady yields of around the ones estimated in figure 4.5. In Nov 2020
a more severe maceration was tested and compared to the shredding and cutting that has been tested so
far. The results are preliminary and only repeated a few times, but gave protein concentrate yields of 17%
of the total solids input and 40% of the total crude protein input (preliminary data from the AU Demoplat-
form, M. Ambye Jensen, 2021). Further testing of more severe maceration including disrupter type macera-

tion known from the biogas industry will be carried from 2021.
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4.5 Examples of products from fibre pulp

The press cake or fibre pulp coming out of a green biorefinery constitute the major part, around 70%, of the
total solids output. It is therefore highly important that this huge bioresource has a relevant and valuable
application. In the Danish base case it is tested as either ruminant feed or as solid substrate for anaerobic
digestion and biogas production. Both applications are very relevant in an integrated agricultural system
where the green biomass often comes from dairy farmers that need feed for their livestock and for the

biorefinery that need renewable energy in order to have a sustainable production (Djomo et al., 2020).

However, the fibre pulp has numerous other applications and the possibilities for adding further biorefining

technologies are many.

In the GUDP project Grass Biochar (2020-2023) it is investigated how GB can be integrated with pyrolysis
of the fibre pulp. The pyrolysis will produce renewable energy to supply the heat for protein coagulation
and drying of the protein concentrate, as well as a high quality biochar or activated bio carbon. The bio
carbon is an extra product with applications as feed ingredient where biochar is used to increase animal
health and digestion. The project has until now screened different types of fibre pulp for its qualities in the
pyrolysis process. Next step is to integrate the company Aquagreen’s demo scale pyrolysis test rig to the
Demoplatform green biorefinery at AU Foulum. Large scale production of biochar from the grass fibre will
open up significant potentials for creating Bioenergy with Carbon Capture and Storage (BECCS) solutions

in combination with green biorefineries.

Using the fibre pulp for fibre based biomaterials is another valuable application. This approach is in fact the
main aim for all of the existing GB”s that process silage instead of fresh green biomasses. Biowert in Brens-

bach, Germany (www.biowert.de) produces grass based insulation material and grass fibre enforced bio-

plastic, a biocomposite material suitable for injection moulding or extrusion applications. Newfoss in Uden

in Netherlands (www.newfoss.com), produces insulation materials and fibres for paper and packaging. The

GUDP project SinProPack (2020-2023) in DK has recently started the investigations and development of
producing biobased packaging for the takeaway market from the press cake fibre pulp from green biore-
fineries. The GUDP project Hasttek (2021-2024) has likewise just started developing sustainable fibreboards

of the press cake fibre.

Similar to the packaging application where it is the content of cellulose that is in focus, the cellulose from
the fibre pulp can also be a source of cellulose for biotextile manufacture. In on-going work at AU BCE the
press cake fibre is pulped, solubilised and regenerated into cellulose based biotextiles. This work is so far
still preliminary and unpublished, but it is described in a popular science article at Videnskab.dk (https://vi-

denskab.dk/teknologi-innovation/dansk-forsker-laver-tekstil-af-graes-er-det-fremtiden).
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An alternative use of the fibre pulp can also be found in direction of the lignocelluloses sugar platform
biorefinery. Developed for primarily wood and agricultural residues and for the production of primarily bio-
ethanol, lignocelluloses biorefineries consists of pre-treatment, enzymatic hydrolysis and fermentation for

biobased chemicals or biofuels (de Jong, 2009).

Common to both fibre pulp utilisation for biomaterials and for lignocelluloses sugar platform biorefining is
that it is an advantage if the fibre is depleted of its protein content. Thus efficient extraction of protein at the
green biorefinery pose no negative impact on these applications. However, for the application where the

fibre pulp is utilized for ruminant animal feed, there is a lower limit of how little protein should be left in the

pulp.

4.6 Examples of products from residual juice

The residual juice after protein precipitation and separation constitutes around 10-20% of the DM input, but
typically over half of the fresh weight input. The process stream is therefore a significant part of the green
biorefinery outputs but is mostly water with a low concentration of solids. The specific composition of differ-
ent residual juices are dependent on a number of factors including both the processing steps involved in
the GB separation platform, especially the precipitation method, as well as type-, maturity- and growth

conditions of the green biomass input.

The application for anaerobic digestion (AD) of the residual juice is a straightforward opportunity, especially
in DK, which has a significant biogas industry. Many of the biogas plants in DK could benefit from an extra
substrate with low, but easily digested, solids concentration in order to co-digest more fibrous agricultural
residues such as deep litter, cow manure and straw from cereal grain and grass seed production. This is for
example the case at Ausumgaard, the first commercial green biorefinery in DK (https:.//ausum-

gaard.dk/baeredygtig-energi/graesprotein/), which have a large biogas facility where both the residual

juice and the fibrous pulp coming out of the biorefinery can be digested. The use of residual juice for AD
have been evaluated both in terms technical, economic and environmental sustainability (Corona et al.,
2018; Djomo et al.,, 2020; Feng et al., 2021; Jensen and Gylling, 2018; Santamaria-Fernandez et al.,, 2018).
In an evaluation report, Jensen and Gylling (2018) discuss the economic perspectives of value chains in
GB. Here, it was concluded that the use of residual juice as a substrate for biogas production yields an
overall negative revenue. The main reason for the negative revenue is the expected costs for handling and
transportation of the substrate. An obvious suggestion to reduce the transportation costs would be to imple-
ment a GB protein separation platform near an already existing biogas facility or include the construction
of a new biogas facility in immediate vicinity. If the residual juice cannot be co-digested in an existing AD
plant, it is a much cheaper and efficient solution to install a packed bed reactor, as shown by Feng et al.
(2021). Here residual juice was efficiently digested as a sole substrate at low retention time (5.5 days) and

therefore a much smaller reactor size and capital investment is needed.
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An obvious advantage for AD of the residual juice from green biorefineries is that the inorganic nutrients will
be led directly into an existing recirculation of nutrients as the digestate from AD is spread back on agricul-

tural land as fertilizer, already in the current system.

However, the residual juice could potentially be used for much more than bioenergy, before nutrients is
recirculated back to the agricultural production. Historically, the focus of valuable products from residual
juice/brown juice from green biomass processing, has been around amino acids and lactic acid. Several
studies and commercial activities have looked into the production of amino acid concentrates (Ecker et al.,
2012) or specific amino acids such as L-Lysine (Andersen and Kiel, 2000; Thomsen et al.,, 2015). L-Lactic
acid is a low molecular weight commodity biochemical with primary application in biobased PLA (polylac-
tic acid) plastic materials. It is produced in bulk quantities with an estimated 1m tonne production in 2020
(Nova Institute). L-lactic acid has been the primary target for value added products from brown juice both
from green pellet drying industry (Andersen and Kiel, 2000) and from GB setups where lactic acid fermen-
tation is a mean for protein precipitation (Libeck and Lubeck, 2019; Santamaria-Fernandez et al., 2020).
Both amino acids and L-lactic acid needs to be separated by membrane filtration and delicate purification

methods including ion exchange (Ecker et al., 2012).

In the few existing green biorefineries which are processing silage grass, the juice is used for bioenergy

through biogas production (Biowert) or its amino acid, organic acids and inorganic nutrient content is used

as primarily fertilizer products, which is concentrated through membrane filtration technology ().

When processed in the Danish base case setup, shown on figure 4.5, the residual juice will be high in car-
bohydrates and inorganic nutrients. This combination has high potential for making a good substrate for
fermentation applications in the biotech industry. However, the shift in process design of the GB platform
also comes with a need for development of novel process design implementations in order to obtain a
residual juice rich in carbohydrates suitable for fermentation. Moreover, different residual juice compositions
might require different microorganisms for the best utilization of available nutrients. However, the present
(i.e. the last 20 years) literature on fermentation research of residual juice have all included lactic acid bac-
teria as a facilitator for either preparation of residual juice to a subsequent lactate consuming fermentation,
or as a producer of lactic acid as the end product (Andersen and Kiel, 2000; Bakonyi et al., 2020; Libeck

and Libeck, 2019; Thomsen and Kiel, 2008; Weimer and Digman, 2013).

Figure 4.6 shows examples of di-and monosaccharide composition and total concentration in residual juice
from different biomasses processed at the Demoplatform in AU Foulum. The total di- and monosaccharide
concentration varies from 7-22 g/L in the juices and it can be seen that while the juices from grasses contain

primarily fructose and glucose, the legume juices also contain significant amounts of sucrose and xylose.
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Figure 4.6. Di-and monosaccharide content and distribution in residual juice from the Demoplatform at AU
Foulum (compiled process data from operation and tests during 2019 and 2020). For each different bio-
mass the data is compiled, and the figure shows the average of a varying number of tests for each biomass.

The number of tests that is shown in brackets. (Source: M. Ambye-Jensen, manuscript in prep.)

In order to achieve a good fermentation substrate, it is an advantage to reduce the volume and increase
the concentration of the carbohydrates as well as other macronutrients present in the residual juice. This is

carried out by membrane filtration.

In an ongoing project funded by the Promilleafgiftsfond (Opskalering og validering af processer for se-
parering af restsaft fra produktion af greesprotein), AU BCE is developing demoscale nanofiltration methods
to upconcentrate the residual juice and produce a concentrate and a permeate from where an example
is shown on the picture in figure 4.7. It is in general feasible to reach a volume reduction factor of 15 and a
total di-and monosaccharide content of 30-60 g/L (G. Tirunehe, manuscript in prep). Examples of biobased
chemicals/products that have been produced from this concentrated residual juice include ethanol,
astaxanthin and single cell protein (MSc Thesis Bodil Hinge Jepsen, 2021, MSc Thesis Emil Jacobsen, 2020,
MSc Thesis Peter Schultz, 2021). All examples have only been studied in student thesis” and more work is
needed to take the development further.
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The permeate is on the other hand a clear liquid containing only elevated concentrations of potassium-

and nitrate salts. The project investigates the qualities of this permeate for ferti-irrigation applications.

Figure 4.7. Picture of the two outputs from nanofiltration of residual juice. Left is the permeate going through
the membrane. Right is the retentate, which is retained by the membrane. (Source G. Tirunehe, manuscript

in prep)

Table 4.1. Composition example of heat precipitated brown juice from grass as input biomass, before and
after membrane separation. ND = Not Detected, NM = Not Measured. (Source G. Tirunehe, manuscript in

prep)

Brown juice composition prior to / after membrane filtration
Process Stream Volume Brix Glucose | Fructose | Galactose Sucrose (;12;: Su::;;nc
a 3 0 -
(m?) (°Bx) | (mg/1) (mg /1) (mg /1) (mg/1) (mg/1) (me/1)
Feed Brown Juice 203 266 2469 2452 128 128 NM NM
Concenuated 0.048 192 8,872 12,758 776 527 NM NM
Brown Juice
Feed Brown Juice 255 32 3,009 2879 154 836 NM NM
Concentrated 022 167 9667 15,601 634 1,270 NM NM
Brown Juice
Feed Brown Juice 1.91 365 6,156 2,695 ND 536 NM NM
Concentrated 018 185 | 19925 8,535 ND 1,810 NM NM
Brown Juice
Feed Brown Juice 203 40 6938 4770 226 1,871 1,103 274
Concentrated 0.12 157 | 22371 13,115 272 16,386 3,467 546
Brown Juice

Additional work in membrane filtration within the green biorefinery setup, is the possibility of separating
soluble protein by ultrafiltration instead of separating by precipitation and centrifugation separation, or by
precipitating at lower degrees (50-60 °C), centrifuge the precipitate, and membrane filtrate out the rest of
the soluble proteins (primarily RuBisCO). This will be further discussed in chapter 6 on proteins for food.
Adding these different options for processing at the green biorefineries, the process scheme could instead
look like on figure 4.8. In this way the value creation can be optimised significantly through more additional

separations and sophisticated separation technology.
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Figure 4.8. Process flow diagram of a green biorefinery with possibilities for creating higher value products
by separating the protein in two fractions (green and white protein), separating colorants or other biomol-
ecules for ingredients and up-concentrating sugars for fermentation applications. Green boxes are unit op-
eration processes. Diamond squares are process streams. Turquoise boxes are examples of product appli-

cations.
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5 Feeding value

Lene Stadkilde-Jargensen, Seren Krogh Jensen

Department of Animal Science, Aarhus University
5.1 Proteins for monogastrics

5.1.1 Chemical composition

The nutritional quality of plant juice and protein-rich precipitate has been investigated in several studies
with monogastric animals. Most studies were performed before 1990 with alfalfa as input biomass and di-
gestibility and growth performance were main parameters evaluated. The outcome of these experiments
was inconclusive (Houseman & Jones, 1978; van der Heide et al.,, 2021), mainly due to variations in the
methods used and to improper processing (Chiesa & Gnansounou, 201 1; Houseman & Jones, 1978). How-
ever, improvements in methods for green plant processing and protein extraction methods combined with
the increasing demand for more sustainable livestock production fuel new initiatives to produce high qual-
ity protein alternatives to soy protein for animal feed. In the more temperate climates in Northern Europe,
perennial crops such as clover and grasses have gained increasing interest as input biomass for biorefining.
The crude protein (CP) content of the extracted protein is highly dependent on process parameters (Chiesa
& Gnansounou, 2011; Davys & Pirie, 1965) and varies between studies (Table 5.1). Despite the variations in
CP content, there is limited variation in amino acid composition between species and studies. The con-
served enzyme RuBisCO constitutes the majority of protein in plant leaves and therefore also in the ex-
tracted protein (Pirie, 1978) resulting in a relatively stable amino acid composition. The amino acid profile
of proteins extracted from green biomass is generally very similar to soybean meal and the content of sev-
eral of the essential amino acids is also higher than corresponding values in soybean meal. A particular
benefit is the higher proportion of the essential amino acid methionine (relative to lysine) in the green prod-
ucts compared to soya bean meal, which particularly in organic poultry production makes it easier to fulfil
the nutritional requirement. Moreover, protein extracted from legumes, grass and the grass-clover mixtures
has a high content of threonine (relative to lysine) and can supply this amino acid to a diet with limited

content such as maize-based diets (Russell et al.,, 1987).

During the biorefining process, plant lipids are concentrated together with the extracted protein (Pirie, 1978)
resulting in a crude fat content of up to 14% (Stedkilde et al., 2020). The majority of the fat are unsaturated
fatty acids and dominated by the omega-3 fatty acid alpha-linolenic acid. Unsaturated fatty acids of the
omega-3 and -6 family are essential fatty acids and thus of nutritional importance. On the other side, un-
saturated fatty acids are susceptible for oxidation and precautions are necessary to avoid rancidity (Sted-
kilde et al., 2020). Data on the composition of mineral in the extracted protein is limited. However, param-

eters during processing are suggested to influence the mineral distribution between fractions and hence
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also the mineral content in the extracted protein (Baraniak, 1990). Extracted protein from alfalfa is charac-

terized by a high content of macro- and microelements, generally exceeding the values in the alfalfa plant.

However, precipitating the proteins with acidification led to a low content of calcium and potassium, likely

due to the minerals being distributed to the brown juice (Baraniak, 1990).

Table 5.1. Amino acid composition in protein extracted from white clover, red clover, alfalfa, perennial

ryegrass and grass-clover under Danish conditions (g/16 g N).

Amino White Red Red Red Alfalfa’ Peren- Grass-  Grass- Grass Soy-
acid clover' clover' clover clover nial clover®* clover’ clover® bean
(elon- (flow- ryegras meal®
gation ering s
stage)? stage)?
CP 34.7 34.3 415 35.0 38.8 240 36.2 45.8 56.2 43.9
(g7100
g DM)
Lysine 6.3 6.7 57 55 6.6 5.6 57 5.8 57 6.3
Methio- 1.8 1.9 1.7 1.6 1.9 2.1 1.8 2.3 20 1.4
nine
Cyste- 0.8 0.8 0.5 0.4 1.1 0.9 0.7 0.5 0.7 1.6
ine
Threo- 50 5.0 43 43 5.0 4.8 4.2 50 4.6 40
nine
Histi- 2.3 2.4 2.2 2.1 2.5 2.1 2.0 2.1 2.1 2.9
dine
Isoleu- 5.4 55 4.8 4.6 5.4 5.1 47 4.6 45 45
cine
Leu- 9.1 9.3 8.2 8.0 9.0 8.9 7.7 8.9 8.6 7.8
cine
Phenyl- 6.1 6.1 5.6 5.1 6.1 6.0 50 6.0 5.6 5.2
alanine
Valine 6.6 6.8 5.8 5.7 6.5 6.5 5.9 5.9 5.6 4.4
Argi- 6.0 6.1 55 5.2 6.2 5.9 5.1 6.0 57 7.2
nine
Serine 49 49 3.9 4.1 5.0 4.6 3.9 4.4 - 49
Proline 49 49 3.9 4.4 4.7 50 3.9 49 - 55
Alanine 6.4 6.4 50 5.2 6.0 7.2 6.6 6.5 6.0 4.4
Glycine 5.6 5.6 4.4 4.6 5.4 57 50 5.6 - 4.3
Aspar- 12.0 11.5 97 10.1 12.9 9.2 8.6 9.6 - 11.1
aqgine/
Aspar-
tic acid
Gluta- 11.1 11.3 9.2 9.7 10.9 10.3 9.6 11.0 - 177
mine/
Glu-
tamic
acid

1Stpdkilde et al., (2019). 2 Santamaria-Ferndndez et al., (2019). 3 Stedkilde et al., (2020). 4 Stedkilde et al.,

(2021). 5 Vils et al., (2020). 6 Soybean meal, Solvent extracted, CP 43.90% (National Research Council,

2012).
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5.1.2 Digestibility

Currently several Danish projects within biorefining of green biomass are ongoing or finalized. Initial digest-
ibility experiments with rats were performed with extracted protein with a relative low protein content (35-
40% of DM). They showed digestibility of protein up to 85% and at the same time they revealed a clear
positive correlation with the protein content in the protein concentrate (Stedkilde et al,, 2018, 2019) em-
phasising the importance of directing process optimisations towards increasing protein content in the con-
centrate. This is further highlighted in a recent rat study, where alfalfa protein with up to 72% CP in DM
showed a protein digestibility of 921%, which is similar to high quality soy concentrate used for weaning
piglets (Stedkilde et al., 2021, in manuscript). Combined, the rat studies also demonstrate that screw-press
processing does not induce major quality impairing changes in proteins with respect to digestibility in mo-

nogastrics.

The ileal digestibility of protein and amino acids was determined in cannulated pigs using protein extracted
from red clover and perennial ryegrass. The protein was produced as a first generation product on a pilot
facility under development resulting in a product with a low CP content (30%). This was reflected by a di-
gestibility that for all amino acids was significantly lower than in soybean meal, likely as a result of a high
ash and fibre content (Laerke et al.,, 2019). Similar to the rats, the results highlight the importance of focusing
on increasing protein content through optimizations of the process. The ileal digestibility of amino acids in
protein extracted from alfalfq, red clover and festulolium through an optimized biorefining process is being
evaluated in an ongoing project. The protein has been extracted using different methods and CP contents
of >62% have been reached in the most refined products. Results are expected in 2021 and will provide

important information for feed formulations.

5.1.3 Effect on monogastric performance

The first Danish production experiment was performed with a relative low protein containing concentrate
containing 36% CP. With this protein concentrate it was possible to substitute 8% of the diet, primarily soy
press cake, (13% of the CP) for organic broilers with protein concentrate extracted from organic grass.-
clover without affecting growth performance (Stedkilde et al., 2020). However, larger inclusions challenged
feed intake and growth rate due to the low protein content and the correspondingly high content of indi-
gestible fibres in the protein extract. Protein from the same production was used in a trial with organic layers,
where 0, 4, 8, and 12% of the feed was substituted with the grass-clover protein. The study demonstrated
good palatability and inclusion of grass-clover had no effect on eqgqg production, egg weight, strength of
eggshell, or feed utilization (https://icrofs.dk/aktuelt/nyheder/nyhed/artikel/kloevergraes-som-foderpro-
tein-til-oekologiske-aeglaeggere). The second production experiment was performed with growing-finish-
ing pigs with a protein concentrate containing 46% protein. With this protein content it was possible to sub-
stitute at least 15% of the traditional feed (up to 41% of the crude protein) with grass-clover protein and still

obtain feed intake, growth and feed utilisation similar to a control group with soy as the dominating protein
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source (Stadkilde et al., 2021). In the experiment, soy was completely eliminated from the finishing mixture
when 15% grass-clover was included. All pigs performed equally, and no adverse health effects or meat

quality changes were observed by increasing grass-clover protein levels in the feed.

The third production experiment was performed in collaboration with SEGES Pig Research Centre, Grenhgj
in a conventional experimental setup (Vils et al., 2020). In this experiment “green protein” with 56% protein
was included in a feed mixture for growing-finishing pigs with local protein sources (faba beans and rape-
seed cake) and compared to faba beans and rapeseed cake alone as well as and a traditional protein
mixture consisting of soybean meal and sunflower. A slightly higher feed intake but lower feed utilization of
the finishing mixture with green protein was observed. The production results (biological response to feed
mixtures) were generally high and did not differ between groups. Also here, no negative effects on animal
health were observed. The recent results on pig performance confirms early studies (Sugimoto et al.,, 1986)
where soy was substituted 100% by alfalfa protein without affecting the general feed intake, weight gain
and feed conversion ratio. Similar positive results were observed by Pietrzak and Grela (2015), where sows
in late lactation had a higher weight, when alfalfa protein concentrate (1.5%-3.0%) was included in the

diets.

As with the digestibility, process parameters will affect performance exemplified by the higher performance
in pigs fed freeze-dried alfalfa green protein than in pigs fed commercial alfalfa protein concentrate (X-
Pro) produced by drying at higher temperatures (Cheeke et al., 1977). These challenges are also the focus

of the before-mentioned and ongoing rat and pig digestibility trials (Stedkilde et al., manuscript in prep).

In meat products from broilers and pigs fed protein extracted from grass-clover, the high content of unsatu-
rated fatty acids in the extracted protein is reflected in the fatty acid composition of the meat (Stadkilde et
al,, 2020, 2021). Increasing the dietary content of grass-clover also increases the content of alpha-linolenic
acid inthe meat resulting in an increased unsaturation of fatty acids. As a result, the shelf life can be affected

and this needs to be investigated in future studies.

Feeding broilers with grass-clover protein deposits a clear yellow colorization in both meat and fat as a
result of carotenoids in the protein (Stedkilde et al., 2020), similarly a significant effect was seen on the yolk

colour of grass-clover protein fed layers https://icrofs.dk/aktuelt/nyheder/nyhed/artikel/kloevergraes-

som-foderprotein-til-oekologiske-aeglaeggere/. Including 15% grass-clover protein in the diets for grow-

ing-finishing pigs darkens the meat (M. longissimus lumborum, M. biceps femoris) compared to control
(Therkildsen et al., 2019). Substituting soy for grass-based protein has no effect on the sensoric profile of the

meat (taste, flavour, texture) (Therkildsen et al., 2019; Vils et al., 2020).
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5.2 Fibre feed for ruminants

5.2.1 Chemical composition and in vitro digestibility

For ruminants, the main focus is on evaluating the feed value for the fibre-rich pulp fraction originating after
screw pressing of the green biomass. Around half of the plant crude protein will distribute to the pulp, and
the composition of amino acids in this fraction is similar to the composition in the whole plant (Damborg et
al,, 2018). As a considerable proportion of the protein retained in the pulp is fibre-associated, the pulp is
expected to be suitable for ruminants. Chemical analysis of the pulp revealed a fraction with a higher DM
concentration than the plant, similar crude protein concentration and lower crude ash concentration (Table
5.2) (Damborg et al., 2018). The in vitro digestibility tended to be lower for the pulp, as expected due to a
large proportion of soluble organic matter being removed upon juice extraction. When expressed as di-
gestible organic matter (DOM) as proportion of DM, though, no major difference was observed, because

the ash content is also reduced during the extraction step.

Table 5.2. Chemical composition of red clover, perennial ryegrass, alfalfa and white clover plant and pulp.

Plant Spe- | Fraction DM Crudepro- Crudeash InvitroOMdi- DOM (g/kg
cies (g/kq) tein (g/kg DM) gestibility DM)
(g/kg DM) (g/kg OM)
Red clover Plant 166 205 90.6 654 594
Pulp 435 198 66.3 579 540
Perennial Plant 199 167 86.3 744 679
ryegrass Pulp 414 164 51.1 699 663
Alfalfa Plant 196 205 88.6 619 564
Pulp 399 198 58.0 566 532
White clover Plant 158 267 104 774 694
Pulp 412 268 72.3 743 689
P-value Fraction <0.001 0.436 <0.001 0.046 0.214

Mean of three harvests (November 2013, June and September 2014) (Damborg et al., 2018)

Table 5.3 shows the changes in fibre fractions between the original biomass and the fibre pulp (Damborg
et al, 2018). As expected the concentration of neutral detergent fibre (NDF), acid detergent fibre (ADF),
cellulose and acid detergent lignin (ADL) in red clover, alfalfa, perennial ryegrass and white clover in-
creased in the pulp compared to the original biomass. The fibre-associated CP was located in the hemi-
cellulose, cellulose and lignin fractions indicating variable availability for ruminants. The same study evalu-
ated the in situ digestibility, i.e., through nylon bag incubation in fistulated cows, and found a total tract

digestibility that was lower in the pulp compared to the plant for all four plant species.
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Table 5.3. Content of NDF, hemicellulose, ADF, cellulose and ADL in red clover and perennial ryegrass plant

and pulp.
Plant Species | Fraction aNDF Hemi- ADF (g/kg Cellulose ADL (g/kg

(g/kg cellu- DM) (g/kg DM) DM)

DM) lose

(g/kqg

DM)
Red clover Plant 413 147 266 2137 52.3
Pulp 589 210 379 297.2 81.8
Perennial Plant 503 254 249 235.3 13.7
ryegrass Pulp 694 353 341 307.6 33.4
Alfalfa Plant 435 142 293 219 74.0
Pulp 569 163 406 311 95.0
White clover | Plant 342 127 215 149.7 65.3
Pulp 529 204 325 245.3 797
P-value Fraction <0.001 <0.001 0.003

Mean of three harvests (November 2013, June and September 2014) (Damborg et al., 2018). Hemicellulose
content calculated as difference between aNDF and ADF. Cellulose content calculated as difference be-
tween ADF and ADL

Despite intended monogastric application, one experiment has dealt with evaluating the protein concen-
trate as a substitute for soybean meal for ruminants (Kragbcek Damborg et al, 2019) and Chowdhury et al.,
(2018) showed that it is easy to make rumen-protected protein out of grass protein concentrate, but also

easy to overprotect.

5.2.2 Evaluation of feeding value

As part of the BioValue project, the feeding value of pulp was evaluated in dairy cows, where pulp silage
was compared with grass-clover silage (Kragbaek Damborg et al., 2019). The experiment showed that the
pulp ensiled well without additives and the cows had similar feed intake on DM basis regardless of silage
type. Cows on pulp silage had a higher energy-corrected milk yield resulting in improved feed efficiency.
Contrary to the in vitro and in situ digestibility analyses of the pulp by Damborg et al., (2018), the in vivo
digestibility of CP and NDF was greater for pulp silage diets compared with grass-clover silage diets. This
observation can most likely be explained by the physical processing of the pulp in the screw-press during
biorefining, which disintegrates the fibres and increases the accessibility for the rumen microbes, thus in-
creasing the degradability of the fibre and fibre-bound nutrients. The results imply that extraction of protein
from grassland plants can increase the value of the fibre part of grassland plants. A new Finnish study in-
vestigates the effects of including pulp made from silage on feed intake, rumen fermentation, diet digestion
and milk production in dairy cows but did not detect the same increased milk yield as the Danish study
(Savonen et al., 2020). The pulp fractions can be ensiled well without any ensiling additives (Kragbcek Dam-

borg et al., 2019; Larsen et al., 2019; Hansen et al,, 2020). Larsen et al. (2019) recommend that the pulp
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fraction must be ensiled as soon as possible after processing of the grass biomass to ensure sufficient lactic

acid production and quality of conservation.

An ongoing PhD project investigates the effect of harvest time and screw-press processing of grass on feed
and protein value of pulp for dairy cows (Hansen et al, unpublished). Two different plant maturity stages
combined with single or double screw press processing are being investigated. The preliminary results in-
dicate that fibre digestibility increases with the number of screw-press processings for late harvest times.
Furthermore, degradation of the protein remaining in the pulp was shifted from rumen degradation to small
intestinal digestion resulting in improved protein quality (AAT value) of pulp compared to traditional grass

silage for dairy cows.
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6 Protein for food

Anders Hauer Maller, Trine Kastrup Dalsgaard

Department of Food Science, Aarhus University

Protein from green biomass constitute a good source of protein for human nutrition. As stated in chapter 4.1
Biorefinery, the soluble protein fraction can easily be quenched out of the materials. In the fraction of soluble
protein of leaves, the photosynthetic enzyme RuBisCO constitute by far the largest part (25-74% depending
on the plant species) (Carmo-Silva et al., 2015). A size of 560 kDa makes it one of the largest enzymes in
nature (Spreitzer & Salvucci, 2002). The structure of RuBisCO found in the green biomass is made of 8 large
and 8 small subunits. RuBisCO on its own show an amino acid profile which in general meets the FAO
recommendation for essential amino acids in human nutrition. It is lower in the sulphur containing amino
acid, cysteine, but higher in the other sulphur containing amino acid, methionine. The monogastrics, rats
and pigs are used as model for humans, please see chapter 5.1. Therefore, we are not addressing the nu-
tritional value in this chapter. The chapter will cover protein fractionation for food, European Food Safety
Authority (EFSA) approval, toxic and anti-nutritional factors (ANFs), allergenicity, and functional properties.
In this chapter we decided to review more than what is found in Denmark as less is published and no com-
mercial production of food quality protein from green biomass is implemented yet. Parts of this chapter

build on a newly published review on biorefinery of green biomass for food (Mgller et al.,, 2021, in press).

6.1 Protein fractionation for production of food protein products - removal of
green colour

The protein extracted from green biomass can be precipitated directly from the green juice without further
purification. However, this protein concentrate will be green due to the content of chlorophyll in the plants
and the protein concentration in the concentrate will normally be around 40-60% of DM (Amer et al., 2021;
la Cour et al, 2019; Nissen et al., 2021; Stedkilde et al., 2019 and chapter 5). This protein may be used in
food products, but the use will be limited not only by the colour but also by a grassy flavour and odour of

the green protein concentrates (personal communication, industrial partners).

It is possible to remove the green colour and grassy odour by purifying the proteins. The protein is fraction-
ated into a green fraction containing proteins with low aqueous solubility and chlorophyll, and a white pro-
tein fraction containing the more water soluble proteins. The protein concentrates from the white protein
fraction will have a higher protein content in DM, higher aqueous solubility and likely better functional prop-

erties when compared to the unpurified green protein.

A number of different methods have been tested for the production of white protein concentrate. The
method that has been most commonly used is heat fractionation. In this method, the green juice is heated

to 40-60 °C for a short period of time. This will lead to precipitation of the green protein fraction (Damborg
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et al,, 2020; Edwards et al., 1975; Lamsal et al., 2003) and the proteins left in the juice after precipitation of
the green protein fraction will then be the white protein fraction. The heat fractionation is depending on
temperature, holding times, pH and salt and even small changes in the different parameters can affect the
yield of white protein (de Fremery et al., 1973). Addition of divalent salts have been suggested to increase
the precipitation of the green protein fraction (De Jong et al.,, 2015; Gwiazda & Saio, 1981). Very recently,
Nynds, Newson, & Johansson (2021) investigated the effect of temperature on precipitation of the green
protein fraction for 9 different leafy plant types and found that the optimal temperature for green protein
precipitation depends on the plant type. In the classical heat fractionation method, the white protein part is
concentrated using heat denaturation at 80-90 °C (Edwards et al., 1975). However, since the high temper-
ature heat denaturation produces protein concentrates of low solubility (Nissen et al., 2021), other alterna-
tive methods for concentration of the white protein fraction have been tested such as ultrafiltration (Knuck-
les et al,, 1975; Knuckles et al., 1980q; Lamsal & Koegel, 2005; Martin et al.,, 2019), acid precipitation (Miller
et al, 1975) or ion exchange chromatography (Martin et al., 2014). Additionally, using heat fractionation to

obtain white protein may compromise the protein quality and solubility.

Microfiltration has also been used to remove the green colour (Eakin et al., 1978), but this filtration could
only remove 90% or the green colour. Adding flocculants to the green juice can improve the separation in
microfiltration (Knuckles et al., 1980b), but the method has not been further investigated. Another method
uses the fact that the green protein fraction precipitates to a higher degree than the white protein fraction
when lowering the pH (Merodio et al.,, 1983; Merodio & Sabater, 1988; Satake et al., 1985). The acidification
can be achieved by addition of acid, but it has also been suggested to use lactic acid forming bacteria for

the acidification (Lamsal et al., 2003). Fractionation by acidification have not been tested in larger scale.

Instead of fractionating the protein, it has also been suggested to remove chlorophyll from the protein using
organic solvents. Chlorophyll is hydrophobic and can be extracted from the protein while simultaneously
precipitating the protein fraction by addition of acetone or isopropanol (Bray & Humphries, 1978; Bray et
al., 1978; Hove & Bailey, 1975; Satake et al., 1984). However, this use of organic solvents are nor desirable
when aiming at production of food grade protein and proteins denatured by organic solvent is expected
to have low solubility in water. Alternatively, a method for chlorophyll removal using activated carbon has

been described in a patent (Van De Velde et al,, 2011).

Since current, only large scale production biorefineries focus on production of feed protein in Denmark
(chapter 5), these production plants do not fractionate the protein. However, there is a demonstration scale
plant in The Netherlands, which focuses on production of purified RuBisCO from sugar beet leaves

(www.greenproteinproject.eu). The exact process is not available.
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6.2 European Food Safety Authority approval

Protein concentrate from alfalfa is the only leaf protein concentrate from leafy green plants that has been
approved for human consumption by the EFSA (Bresson et al.,, 2009). The approval was granted in 2009.
However, the recommended daily dose is relatively low at 10 g concentrate/day, due to the possible pres-
ence of anti-nutritional factors (ANFs) in the alfalfa protein concentrates, where saponins, phytates, and L-
canavanine, and secondary metabolites such as phytoestrogens (coumestrol and isoflavones) but also B-
carotene were specifically mentioned by EFSA. Besides the phytoestrogens, the leafy green plants also

contain other polyphenols that can affect the nutritional value of the extracted protein.

6.2.1 Toxic and anti-nutritional factors in plants

Anti-nutritional factors may impair the absorption and utilization of other nutrients. For example, protease
inhibitors, tannins, saponins, and lectins affect the protein utilization and lower the protein digestion, while
some others e.qg. phytate affects the absorption of micronutrients as minerals and vitamins (Makkar et al.,
1993). The plants used for extraction of protein will also contain some of these although in varying amounts.
In this chapter, the ANFs found in plants that potentially can be used for green protein production will be
reviewed. The main leafy crops that are considered for production of food protein in Denmark are alfalfa,
red clover, white clover and grasses and this report will focus on the content of ANFs in these plant species.
Besides these, other leafy plants species can potentially be considered for production of protein, but the
potential contents of ANF in these species will not be considered here. Since only alfalfa has been previ-
ously used for production of protein concentrate, this is also the plant species that has been analyzed the
most for the content of ANFs. The biorefinery process will likely affect the levels of the different anti-nutri-

tional factors in the final protein products, but it needs to be further investigated.

6.2.2 Phytochemicals

Phytochemicals is a very broad category of compounds formed in plants by the plant metabolism with the
ability to affect human health. Phytochemicals are traditionally divided into two major groups, carotenoids;
including carotenes and xanthophylls being pre-cursor of vitamin A and providing colour in the yellow-dark
orange areaq, and polyphenols; including phenolic acids, flavonoids, tannins, and stilbenes/lignans (Hene-
man & Zidenberg-Cherr, 2008). Besides these, groups of N-compounds, organosulfur compounds, carbo-
hydrates, and lipids are also categorized as phytochemicals. The phytochemicals can either be anti-nutri-
tional or even toxic but may also have positive effects on human health. Although not with solid evidence,
some phytochemicals are suggested to protect against various diseases. Polyphenols are considered to
reduce the risk of e.q. cardiovascular disease, cancer, and diabetes (Del Rio et al., 2013) but many incon-
sistent data are present in literature. Therefore, no definitive recommendations for the use of these com-
pounds in the prevention of cardiovascular disease and cognitive decline can be given (Poti et al., 2019).

Lignin-amide compounds e.qg. display in vitro anti-inflammatory activity (Sun et al., 2014).
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Phytochemicals are often concentrated in the outer cell layers of the seeds of e.q. soy beans, pea and faba
beans and hulling processes often affect their content (Mattila et al., 2018). For leafy green biomass this
processing procedure is not an option and therefore the phytochemicals constitute a significant implication
in the extraction and purification of proteins from these materials as certain phytochemicals may possess

anti-nutritional or toxic properties, at certain doses to humans and animals.

6.2.3 Saponins

Saponins are amphipathic glycosides, which are grouped structurally by having one or more hydrophilic
glycoside moieties combined with a lipophilic triterpene or steroid derivative. They can be divided into
groups based on the soap-like foam they produce when shaken in aqueous solutions. The saponins have
a bitter taste, which is a limiting factor on the intake of saponin-rich protein products. In addition to this,
saponins may affect the gastrointestinal lining, contributing to leaky gut syndrome and autoimmune disor-
ders. The saponins are particularly resistant to degradation in the human digestive system and have the
ability to enter the bloodstream and trigger immune responses (Sen et al., 1998). The saponins, soyasap-
ogenol B, hederagenin, bayogenin, medicagenic acid, lucernic acid, and zanhic acid are the main anti-
nutritional compounds in alfalfa leaves (Sen et al,, 1998); they have traditionally been regarded as limiting
factors for its usage as animal feed. However, other studies have shown beneficial effects of saponins, e.q.
as cholesterol lowering (Vinarova et al., 2015). Today alfalfa is used widely as feed for both ruminants and
monogastric animals mainly as silage but also as meal (Liebhardt et al,, 2019; Sinclair et al., 2015). When
considering the higher levels present in other food products, EFSA has indicated that the level of saponins
in alfalfa powders did not raise a concern at a recommended daily intake of 10 g alfalfa protein concen-
trate (Bresson et al., 2009). However, for higher recommended daily intake and for different processing it

should be considered for future approval.

6.2.4 Polyphenols and polyphenol oxidase

Phenolic compounds are a large group of plant metabolites with more than 6000 different identified com-
pounds (Kroll et al., 2003). The presence of polyphenols has been shown to lower the nutritional value of
leaf protein (Rambourg & Monties, 1983), but the polyphenols may also affect protein quality through vari-
ous oxidation mechanisms. Present in the leaf chloroplasts is the polyphenol oxidase (PPO) enzyme (Boeckx
et al, 2015), which is normally separated from the polyphenols in different compartments of the cell. How-
ever, during processing and lysis of the plant material, the PPO will come in contact with the polyphenols
allowing PPO to catalyze the oxidation of polyphenols to produce quinones. The formed quinones are
highly reactive compounds that can non-enzymatically react with themselves to form brown polymeric
pigments (Bittner, 2006) or with amino acids in either free form, in peptides and when present in proteins
(Bittner, 2006; Pierpoint, 1966, 1969a, 1969b). More specifically, quinones can react with lysine, cysteine,
methionine, and tryptophan in proteins (Hurrell et al., 1982; Kroll et al., 2003). The reaction between poly-

phenols and proteins in model systems changes the physicochemical properties of the protein including

70



protein dimerization through cross-linking and reduced solubility (Amer et al., 2021; J. Kroll & Rawel, 2007;
Kroll et al.,, 2000; Rawel et al., 2000) and lower the in vitro protein digestibility (Amer et al,, 20271; Kroll &
Rawel, 2001; Kroll et al,, 2000), and the nutritional value of the protein in rats (Hurrell et al,, 1982; Matheis &
Whitaker, 1984). However, a recent study found that although sulphite addition increased the level of native
rubisco from alfalfa, the solubility of the protein produced by acid precipitation was actually reduced by
the sulphite addition (Tanambell, Maller, Corredig, & Dalsgaard, 2022). Different plant species are known to
have widely different PPO activities. Red clover has a high PPO activity (Jones et al., 1995) although red
clover species with lower PPO activity are known (Lee et al., 2004) and alfalfa has low PPO activity (Sullivan
& Hatfield, 2006).

PPO activity and enzymatic browning during processing and inhibition of the enzyme can be prevented by
physically treatment (e.g. heat, hydrostatic pressure treatment, gamma radiation and pulse electric field) or
by addition of antioxidants (Queiroz et al., 2008). Steam blanching of alfalfa whole plant followed by drying
and alkaline protein extraction reduced both PPO and peroxidase activity in the protein extracts (Hadidi et
al,, 2019). Own data has however revealed that pre-heat treatment makes it difficult to extract the protein
afterwards. Ascorbic acid most likely prevents oxidation by reducing the quinones formed by PPO (Nar-
vdez-Cuenca et al,, 2017; Pierpoint, 1966). However, ascorbic acid is oxidized and will be consumed by
continuous quinone formation (Pierpoint, 1966; Ozodlu & Bayindirli, 2002). Other antioxidants are the sul-
phur containing such as metabisulfite, sulphite and cysteine that react with the quinone forming sulfoben-
zoyl derivatives of the polyphenolic compounds (Embs & Markakis, 1965; Narvdez-Cuenca et al,, 2011).
Metabisulfite or sulphite have been widely used to prevent browning reactions during the production of leaf
protein (Edwards et al., 1975; Fiorentini & Galoppini, 1981; Martin et al,, 2019; Sheen, 1991). However, the
use of sulphite in food production has been associated with some adverse health effects, so it is important
to verify if sulphite follows the protein in the biorefinery procedures. Removing the polyphenols from the leaf
juice (i.e. extraction with organic solvent or adsorbent resins (D'Alvise et al., 2000; Firdaous et al.,, 2017)) is
another method that has been considered to prevent enzymatic browning and thereby secure the protein
quality. However, this method has not been tested in larger scale and practically it may be difficult to re-

move the polyphenols before they are oxidized.

6.2.5 Tannins

Tannins are astringent polyphenols that bind proteins, amino acids and alkaloids, leading to precipitation
hereof. Tannins is high in teq, so many people are already consuming a lot of tannins on a daily day basis.
Tannins interaction with protein and amino acids may affect human health (Chung et al., 1998). The tannin
content in green leaf vegetables of 13 different plants has been reported, and ranged between 0.61 and
2.05 mg/g with the exception of Coleus aromaticus (0.15 mg/qg) and Delonix elata (13.3 mg/q) (Gupta et
al., 2005).
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6.2.6 Phytoestrogens - Isoflavonoids, coumestans and lignans

Phytoestrogens, typically polycyclic phenols, are secondary plant metabolites having a weak estrogen ef-
fect. Phyto-estrogens are common in many plants, including soy. The main isoflavones are genistein, dai-
dzein, glycitein, formononetin, biochanin A and puerarin, and they possess estrogenic properties (Aguilar et
al,, 2015). Some of these compounds are found in red clover, alfalfa and grasses (Aqguilar et al., 2015). For-
mononetin, biochanin A, daidzein, and genistein are found in clover, and coumestrol found in alfalfa. The
phytoestrogen content in red clover depends on variety and season (Johansen et al., 2020). They are able
to bind to the estrogen receptor and can potentially result in harmful changes in hormone levels and are
hence considered endocrine disruptors, i.e. plant-derived compounds with estrogenic activity. How much
phytoestrogen is present in different protein products have not been investigated and needs further atten-

tion.

6.2.7 Non-proteinogenic-amino acids

Many of the 200 or so non-protein amino acids synthesized by higher plants are related structurally to the
constituents of common proteins. The toxic L-canavanine is a non-protein amino acid and an arginine an-
alog that was specifically addressed by EFSA. Production of canavanine-containing proteins can disrupt
critical reactions of RNA and DNA metabolism and protein synthesis. Canavanine also affects the arginine
metabolism and uptake (Rosenthal, 1977). L-canavanine has been investigated in a Polish study that found

a 110 ug/g DM in alfalfa juice and 4.5 ug/g DM in protein-xanthaphyll extract (Gawet, 2012).

6.2.8 Phytic Acid / Phytate

Phytate was one of the ANFs specifically addressed by EFSA in the alfalfa approval. Phytate is the six-fold
dihydrogenphosphate ester of inositol. At physiological pH, phytate is partially ionized at the phosphates
resulting in the phytate anion. This is a colourless species that has a significant role in plant nutrition as
storage form of phosphorus in plant tissues, e.qg. seeds and bran (Schlemmer et al., 2009). It is also found in
grains, cereals and legumes and interferes with the absorption of minerals. Phytic acid phosphorus was
found to represent from 10 to 15% of total root and crown phosphorus in alfalfa (Campbell et al., 1991).
However, the phytic acid was much lower in alfalfa than in soy and grain (Eeckhout & De Paepe, 1994)
and in the alfalfa powder accepted for a daily intake of 10 g in 2009 EFSA also stated that it was lower
than what is seen in other plant foods, thus not constituting a problem for alfalfa. The phytic acid and phyt-
ate have strong binding affinities to calcium, iron and zinc, whereby their absorption is inhibited. However,
a high fraction of phytate (up to 2/3) can be degraded in the stomach and small intestine, when the diet
contains intact phytase, an enzyme that degrades phytate, otherwise the degradation of phytate in the
upper part of the gut decreases to 0-28% (Schlemmer et al.,, 2009). It is not clear whether or not this will

cause problems in protein extracts of alfalfa or green biomass in general.

72



6.2.9 Oxalic acid / Oxalate

Oxalic acid is a dicarboxylic acid present in many plants, which forms calciumoxalate with calcium resulting
in low solubility. Foods which contain large concentrations of oxalic acid, e.q. the green leaves of spinach
(~9-10 mg/g) and in the stems of rhubarb (~4 mg/g) (Kennedy & Durfee, 2011), can reduce the absorption
of calcium in the gut. Hay of alfalfa holds 5-8.7 mg/g DM (Hintz et al,, 1984). A common way to overcome
this is the addition of calcium chloride to such foods, which causes precipitates in the form of calciumoxa-
late salts, thereby increasing the amount of free calcium and improving calcium absorption. Similar to tan-
nins, oxalates are, besides leaves of spinach, found in the highest quantities in sesame seeds, soybeans,
and black and brown varieties of millet. The content of oxalic acid in the protein fraction of green leaf plants

for feed and food is important for managing the mineral absorption.

6.2.10 Lectins

Legume lectins are a group of glycoproteins found mostly in seeds (Loris et al., 1998). Only few reports exist
on the presence of lectins in green-leaf plants, although gene sequences for lectins have been found in
both red and white clover (Gubaidullin et al., 2007), and clusters for agglutinin gene sequences have been
found in perennial ryegrass (Lolium perenne L.) and meadow fescue (Festuca pratensis Huds.) (Tamura &
Yonemaru, 2010). No studies relate lectin constituents of these plants to food and their potential conse-

quences for human digestion.

6.3 Allergenicity

Allergenicity is defined as immune-mediated adverse reaction to foods, which causes different clinical sign
and symptoms. There are anaphylactic reactions with a reaction between a specific food and the immu-

noglobulin IgE, and a non IgE-mediated food allergy where other parts of the immune system reacts.

The IgE-reaction is caused by a reaction between specific proteins and the immunoglobulin, known as an
antigen-antibody reaction. It relies on a recognition and binding of a specific amino acid sequence or
patches in a food protein by the immunoglobulin. Hence, allergenicity may be investigated from sequence
similarity with known allergens (EFSA Panel on Dietetic Products & Allergies, 2014) also known as the /in
sifico approach. Different criteria have been suggested to count for a protein to be characterized as an
allergen. However, FAO/WHO/EFSA gave the following criterion; over a sliding window of 80 residues a
value of 35% amino acid identity with known allergens is the used criteria for prediction of the allergenic
risk of a new protein (Ladics, 2019). However, the recognition of the immunoglobulin can also be caused
by the folding of the protein, where the 3D protein structure comes into play. However, immunological and

clinical data is also needed to classify a food protein as an allergen.

The clinical tests used today is the skin prick test and a measurement of serum IgE levels. Quite some animal

protein are recognized as allergens, but only few studies with RuBisCO and alfalfa protein are found in
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literature. RuBisCO on its own is recognized as a protein with relatively low allergenicity (Smit et al., 2016)
compared to other protein sources, namely soy. In a study with participants allergic to soy, immunoblotting
showed that IgE binds to soy protein extract but not to RuBisCO. However, using the ELISA technique shows
some binding for some patients (Hoff et al., 2007), thus being less persuasive. A single study with only one
participant responding to RuBisCO from spinach and tomato (Foti et al., 2012) indicated that RuBisCO may
give problems for some people. Alfalfa protein was recently investigated by an /in silico approach and three
different allergen families namely lipid transfer, thaumatin-like, and Bet v 1-like protein families were sug-
gested to be potential allergens in alfalfa (Yakhlef et al., 2020). However, more studies performed as in vitro

or /in vivo, and subsequently clinical evidence, are needed to verify these results.

6.4 Functionality - leaf protein in food applications

Not only the nutritional value and ANF are important when considering the use of protein from green bio-
mass for food application. The functional properties are equally important and often more important to fulfil
the needs in different food applications. In general, the overall functional properties of proteins as food
ingredients are highly dependent on the processing conditions (Corredig et al,, 2020). Furthermore, physical
and chemical food relevant conditions of pH, salt content, temperature, and concentration are all param-
eters that affects the functional properties; protein solubility gelation, foaming, emulsification and water
holding capacity. RuBisCO, the major photosynthetic protein in green biomass, is highly important for the

functional properties of protein extract and isolate, as it constitute 50-60% of the soluble proteins.

6.4.1 Solubility of proteins

In most food applications where protein acts as a functional ingredient, protein solubility in water is essen-
tial. However, there are cases such as emulsions and foams where the interfacial properties do not neces-

sarily require high solubility of the protein but rather the amphiphilic nature of the protein is highly important.

The solubility of proteins extracted from alfalfa depends strongly on the pH of the system (Nissen et al., 2021)
and the processing (Nissen et al., 2021). The isoelectric point of RuBisCO determine the solubility of the
protein extracts. Hence, RuBisCO having an isoelectric point around 4.5 results in a minimum solubility at
pH 3.5-5 (~10% soluble) (Bahr et al., 1977). From pH 5 the protein solubility increases linearly to a maximum
of ~80% at pH 10 (Knuckles & Kohler, 1982; Lamsal et al., 2007; Martin et al., 2019; Wang & Kinsella, 1976b).
In alfalfa protein extracts, increasing pH to 11 and 12 and readjusting to pH 7 increases the protein solubility
at pH 7, but the alkaline pH also induce formation of protein crosslinking products, lanthionine and lysino-

alanine (Nissen et al,, 2021).

The method used for protein extraction also affects the solubility. Even though alkaline treatment of protein
extracts increases the solubility as shown in Nissen et al. (2021), alkaline extraction limits the solubility of
protein from alfalfa leaves (Hojilla-Evangelista et al., 2017). The method used for precipitating the protein

also highly affect the solubility. Alfalfa protein isolate shows higher solubility when extracted by ultrasound-
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ultrafiltration-assisted alkaline isoelectric precipitation than those extracted by heat or alkaline isoelectric
focusing precipitation (Hadidi et al., 2020). Leaf white protein precipitates produced by heat denaturing at
80 °C have a very low or negligible solubility, whereas use of acid precipitation results in higher solubility
(Betschart, 1974). Low temperature further increase the solubility of the protein (Miller et al., 1975). Alterna-
tively, a white protein product with good solubility can be produced by concentrating using membrane
filtration (Knuckles & Kohler, 1982; Lamsal et al., 2007). Drying conditions also affects the protein solubility.
For white alfalfa protein, increased outlet temperature, from T = 85 °C to T = 140 °C, during spray-drying
inversely affect the solubility (Knuckles & Kohler, 1982). For spinflash and vacuum drying, protein extracts,
vacuum dried protein has the highest solubility (Nissen et al., 2021). No matter if it is precipitation or drying
temperature that exceeds the denaturation temperature, which Lamsal et al. (2007) determined to Td ~
70-75 °C, it seems, not unexpectedly to decrease the protein solubility. Upon denaturation, the protein mo-
lecular structure undergoes conformational changes that results in higher surface hydrophobicity, which

has a significant effect on the solubility in an aqueous solutions.

6.4.2 Foaming properties

Due to their amphiphilic molecular structure, proteins are surface active due to the presence of both hydro-
philic and hydrophobic regions on their surface. The foaming capacity depends on the surface activity of
proteins, which determines their suitability for preparing aerated foods, such as bakery, confectionary, and
beverages. Foaming capacity and stability depends on the unfolding of protein upon mechanical stress.
Upon unfolding, the hydrophobic and hydrophilic regions orientate to an air-water interface, and the for-
mation of a stabilizing protein film surrounding the foam bubbles (Hammershoj et al., 1999). Foaming is
concentration dependent and up to a critical concentration, where a saturation level or steady state con-
dition is reached, increased protein concentration increases the foaming capacity. After reaching the criti-
cal protein concentration, incorporation of more protein at the interface is no longer possible at the mono-

layer of the air-water interface (Hunter et al., 1990).

The protein extraction method also affects the foaming properties. Proteins obtained from NaCl, NaOH, and
TRIS-buffer extraction of alfalfa leaf shows lower foaming properties compared to protein obtained by
pressing. The foaming capacity was also shown pH dependent with lowest capacity around pl (Wang &
Kinsella, 1976q).

At pH close to is isoelectric point (pH 4), RuBisCO isolated from sugar beet leaves exhibits a foam overrun
of 85-100%, which is significantly higher than whey and soy protein isolate. At pH 4, there was a need for
at least 5 g/kg protein to reach a foam overrun capacity resembling whey and soy protein isolate with an
overrun capacity greater than 60%. Foam stability of RuBisCO protein was 3 and 6 times higher than soy

protein and whey protein, respectively.
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Alfalfa leaf protein has higher foam capacity, but results in a less stable foam than of ovalbumin, the latter
being the dominant protein in egg white (Relkin et al, 1999). Another study showed that whipped alfalfa
leaf protein concentrate performed equally with respect to foaming capacity compared to egg white pro-
tein but within 2 h, the alfalfa leaf protein retained higher foam stability than the egg white protein (Knuck-
les & Kohler, 1982).

Even though using a non-food grade extraction solvent (hexane) for defatting, Hojilla-Evangelista et al.
(2017) investigated the foaming capacity at different pH values. At concentration of 10 g/L the bubbled
foam capacity, the highest foam capacity and stability were obtained at pH 2 compared to pH 7, and pH
10, where foam volumes were low with little stability, showing immediate collapse. At pH 2 the foam prop-
erties of alfalfa protein equals those of soy protein concentrate (Hojilla-Evangelista et al., 2017). Knuckles
and Kohler (1982) also reported that a whipped foam of alfalfa leaf protein performs highest capacity at
lower pH values (pH 3-6) with the highest stability at pH 4.5. Around the isoelectric point, less repulsion is
expected than above the isoelectric point of the protein. Together with a low electrostatic repulsion at the

isoelectric point it facilities the adhesion of proteins at the air-water interface, hence creating a stable foam.

6.4.3 Emulsifying properties

An emulsion consists of at least two immiscible liquid phases, e.q. oil dispersed in the water phase and
stabilized by an emulsifying agent, e.q. proteins. Many proteins are known to be emulsifying agents, includ-
ing plant proteins from lentils (Can Karaca et al,, 2011) and potatoes (Schmidt et al,, 2018). RuBisCO is
suggested to be a protein of relevance for food emulsions with performance comparable to soy and egg

white proteins (Barbeau & Kinsella, 1988), or even superior to egg white proteins (Lamsal et al., 2007).

Emulsions of alfalfa protein defatted by acetone extraction have been studied as function of concentration,
and salt and sucrose addition (Wang & Kinsella, 1976b). These authors observed the highest emulsifying
capacity of alfalfa leaf protein at pH 5 and much lower at both higher and lower pH values (Wang & Kin-
sella, 1976b). In contrast, both the Emulsifying Activity Index and the Emulsifying Stability Index of alfalfa
leaf protein extracted under alkaline condition from alfalfa leaves h increase with pH (pH 2, 7, and 10)
(Hojilla-Evangelista et al.,, 2017). This indicates improved emulsifying properties of alfalfa leaf protein at
alkaline pH, where unfolding of the proteins increases the surface hydrophobicity of the protein when hy-
drophobic amino acid side-chains become exposed at the surface allowing for interactions at the oil-water

interface (Hojilla-Evangelista et al., 2017).

RuBisCO obtained from sugar beet leaves showed larger mean diameter than those of whey protein isolate
but smaller than those of soy protein isolate (Martin et al., 2019). At high protein concentration (10 g/kg) the
emulsion droplet diameters of RuBisCO are more comparable to whey protein than at protein concentra-
tion < 5 g/kg, but more stable RuBisCO emulsion is seen pH 4 than at pH 7. At present no study show emul-

sifying properties of grass or clover proteins.
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6.4.4 Gelation properties and gel texture

A protein gel is a network of protein molecules in an aqueous solution where the protein molecules aggre-
gate and/or bind together to form a network. Hence, the water or aqueous solution is bound in the gel
network resulting in a macroscopically semi-solid structure. Gelation is often induced by a physical treat-
ment, either thermal treatment or shift in pH (Martin et al,, 2019). Gelation is also affected by the salt con-

centration.

Heat treatment around the denaturation temperature (72 °C, 30 min) of alfalfa leaf protein expose the
hydrophobicity of the protein surface resulting in gel formation at low concentrations (1-2% protein) (Knuck-
les & Kohler, 1982).

A 5% alfalfa leaf protein gives a gel strength twice as high as of a 15% soy protein isolate (Knuckles & Kohler,
1982). RuBisCO protein from sugar beet leaves forms stronger gels at low concentration compared to whey

protein and soy protein isolate (Martin et al., 2019).

Soluble alfalfa protein shows significant cold-setting behaviour and the aggregates are suggested to be
either branched or clustered with a low density and shear thinning behaviour after heating at 90 °C for T h
followed by cooling (Lamsal et al., 2005). The same group compared a solution of 7% soluble alfalfa leaf
protein and 13% whey protein isolate at pH 7. Both type of protein solutions form standing gels, although

the gels formed are different types (Lamsal et al.,, 2007).

Another study compared 2.5-10% protein concentration of RuBisCO from spinach with whey and egg white
protein in combination with and salt levels of 0-0.2 M NaCl. The spinach RuBisCO gels shows a lower onset
temperature and higher storage modulus (G') and gel strength in texture analysis compared to gels of whey
protein and egg white protein (Martin et al., 2014). The density, also referred to as microstructure, of the
RuBisCO gel is correlated to the protein concentration. The RuBisCO gels are more affected by ionic
strength than the egg white and whey protein gels. This is caused by the RuBisCO protein structure, which
is highly dependent on the RuBisCO subunit being held together in the gel by electrostatic interaction.
Hence, addition of NaCl to the gel system at 5% protein resulted in lower gel strength while NaCl addition
to a 10% protein concentration do not affect the gel microstructure (Martin et al,, 2014). Most recently, Nissen
et al. shows remarkable gelating potential of alfalfa protein concentrate with the alkaline pH shift method

(pH 11) with re-adjusting to pH 7, reaching 2584 Pa with 72 g/L protein (Nissen et al., 2021).

6.5 Conclusion on food properties of protein from green biorefining

In conclusion, RuBisCO and alfalfa protein show promising functional properties, making it a potential sub-
stitute for animal protein ingredients. Thus far, when considering leaf protein for food the focus has been on
proteins from alfalfa and sugar beet leaves. However, the RuBisCO protein is very preserved among differ-

ent plant species in terms of protein sequence and structure, why RuBisCO obtained from other leafy plants,
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such as grasses and clovers, may have similar functional properties. At the same time RuBisCO shows rela-
tively low allergenicity, so a purified RuBisCO product may serve as a potential source for highly challenged
multiallergenic population. Other proteins but RuBisCO present in different green biomass may have aller-
genic potential but more investigations are needed to resolve this. Today, alfalfa protein is approved in food
applications, but only based on a limited daily intake. Still there is a way to go concerning description of the
full matrix both for alfalfa and other green biomass. Different antinutritional factors are present in different
plant species and they need to be quantified in each specific case of processing as they may concentrate
in the protein concentrate depending on the specific processing used to produce the protein. Hence, any
new protein product produced from either alfalfa, clover or grass needs a new EFSA approval before the
protein can be used in food products, but if we want to meet a 70% reduction in carbon emissions, plant
protein from alternative sources like green biomass traditionally used for feed will need attention for food

applications.
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/ Perspectives in organic farming

Troels Kristensen, Anne Grete Kongsted

Department of Agroecology, Aarhus University

/.1 The challenges

In organic farming it is difficult to meet the need of proteins with the correct amino acid profile for pigs and
poultry since in organic farming no use of synthetic amino acids are allowed to balance the diet. This in-
creases the risk of oversupplying pigs and poultry with protein to meet the need of the individual essential
amino acids. An oversupply of protein is likely a contributing factor to the lower feed conversion of organic
poultry and pig production compared to conventional production. This increases the environmental foot-
prints of the organic production e.q. exemplified in a considerable higher ammonia emission from the ma-

nure than in conventional production (Hermansen et al., 2015).

Regionally produced and 100% organic feed is an important goal in the organic livestock production. How-
ever, in the EU project 'Improved contribution of local feed to support 100% organic feed supply to pigs and
poultry' (ICOPP), it was calculated that the self-sufficiency (considered at the EU level) with organic proteins
to monogastric livestock was low - 50% for lysine and 40% for methionine (Smith et al., 2014). An increasing
organic livestock production at EU level continues to put pressure on the supply of organic protein sources

suitable for livestock feeding.

The above challenges have repeatedly postponed a transition to 100% organically produced feed com-
ponents for organic pigs and poultry in the EU. Until Jan 01 2022, pigs and poultry may be supplied with up
to 5% non-organic feed (protein-sources) in order to better meet their nutrient needs (EC, 2021). According
to an industry agreement within the Danish organic pork sector, pigs must be fed with 100% organic feed
ingredients. However, due to a reduced import of soya from outside Europe - partly caused by the Covid19
pandemic - a temporal dispensation (until 01 Jan 2022) has recently been implemented (Holdensen, pers.

comm. 202 1) accentuating the need for locally produced protein sources.

A number of feed materials can be used to fully or partially meet livestock amino acid needs, e.q. seeds of
esparcette or 'grass seed ped', processed sunflower cakes where the protein is concentrated, starfish and
mussel meal or meal frominsects. A common feature of these solutions is that the feed material is expensive
due to low yields (esparcette and grass seed pea), cost-effective technology is not fully developed (insect
meal) or the availability is limited (starfish meal) (Smith et al., 2014; Steenfeldt & Poulsen, 2018; Studnitz,
2019). In the above-mentioned ICOPP project, it was concluded that green legumes like alfalfa were the
most promising in terms of providing the necessary organically produced protein to meet the needs of pigs
and poultry, because they are crops, which can produce high yields even under organic production. In

addition, they are crops that fit well into organic crop rotation, and do not require synthetic nitrogen fertilizer.
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Use of whole green mass as feed (with the objective of supplying the animals with protein) results, however,
in a lower feed conversion since the monogastric livestock cannot utilize the fibre part very well (Smith et

al., 2014).

Thus, the biorefinery technology seems to represent a promising pathway to produce protein for organic
monogastrics production. The potential of “green protein” in organic livestock feeding has been discussed
in Steenfeldt and Poulsen (2018) and evaluated in a number of recent national projects OrganoFinery,
Multiplant, SuperGrassPork, and Green-eggs. A bio-refinery was established on a commercial farm in 2020
to produce protein from organic grass as part of the national project TailorGrass. The produced green pro-
tein has been applied in several commercial organic feed mixtures for pigs and the effects on animal per-

formance and health are currently evaluated.

7.2 Example of industry perspectives in organic livestock production

The organically managed land in Denmark amounts in year 2019 to 301,000 ha - in latest year showing an
increasing trend. Of these approx. 160,000 ha are located on dairy farms or support roughage production
and 30,000 ha on farms for horticulture and specialised plant production. The remaining area (110,000 ha)
is used for mixed farming, including suckler cows as well as pig and poultry farming (Landbrugsstyrelsen,
2020).

The largest proportion of land is used for grass/clover grass/other green fodder (131,000 ha), while approx.
100,000 hais used for cereal production. Thus, contrary to the situation in conventional farms, organic farms
have much more grass-clover in the crop rotation (to support the supply of nitrogen through biological N-

fixation) and less cereal.

A typical organic dairy farm has around 55% grass-clover, 20% cereals and 20% whole crop silage or maize
silage in the rotation (Kristensen et al., 2020), and grass-clover constitutes the main silage type used during
winter. The high proportion of grass-clover in the rotation facilitates a high intake of fresh grass through
grazing during summer (40% of annual grass production), but at the same time makes much grassclover

available for conservation due to the high growth in early summer.

Based on these numbers it could be considered to use half of the grass-clover produced for silage on or-
ganic dairy farms for biorefining corresponding to a theoretical area of 26.000 ha. (160,000 ha at dairy

farms of which 55% with grass-clover, 60% of this for silage and 50% of this for biorefining).

The organic farms, besides dairy, has on average 20% of grassland in the rotation, some of the area for
grazing and outdoor access for livestock, but also some areas for silage and green manure (Kristensen et
al,, 2012). Therefore, it is probably not feasible in general to reduce this proportion too much further. How-

ever, like for dairy farms it could be an option to use part of the grassland on these farms for biorefining
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purposes. Using 1/3 of the grassland at these farm for biorefining equals 14,000 ha (131,000 organic grass-
land - dairy grassland (160,000*0.55=88,000) = 43,000 * 0.3 = 14,000 ha).

Assuming that in total 40,000 ha of organically managed grassland could be used for biorefining, with a
production annually of 7,000 kg DM/ha, 19% of DM in a protein fraction with 42% protein of DM equaling
559 kg protein per ha, or in total from 40,000 ha 22,000 tonnes of protein could be achieved.

Assuming Danish organic pig and poultry production includes 12,000 sows with 240,000 finishers and
1,200,000 hens (Landbrugsstyrelsen, 2020) producing 23m kg eggs per year, the need for protein in total
can be estimated to 23,000 tonnes protein. If 40% of this could be from biorefining of grass-clover it equals

9,500 tonnes protein or 15,000 ha organic grassland.

Thus there would be room for an export of another 12,500 tonnes of protein. As previously mentioned, there
is a shortage of protein feed for monogastrics in the EU generally, so one can assume good market oppor-
tunities. The fibre fraction containing 58% of the DM, with17% protein in DM, can be used as roughage for
dairy and other livestock, but if biorefinery protein is exported there will be a need for alternative protein

and energy sources, primarily to dairy livestock feeding, if production should be maintained.
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8 Economic assessment of a small scale green biore-
finery

Morten Gylling’, Frederik Lehmann Olsen’, Claus Gren Serenser?
'Department of Food and Resource Economics, Copenhagen University

2Department of Electrical and Computer Engineering, Aarhus University

8.1 Introduction

As stated in chapter 4, Green Biorefining (GB) is a fundamental concept that “represents the sustainable
processing of green biomass into a spectrum of marketable products and energy” (McEniry and O'Kiely,
2014). GB can be seen as a technology platform that integrates a variety of different sustainable solutions
in order to produce a variety from food and feed to biomaterials, biofuels and bioenergy based on multi-
product cascading. As described above in chapter 4, a green biorefinery will fit in various production or
value chain schemes and configurations. As a basis for the following business economic assessments, it has
been decided to build on technical data from a basic decentralized stand-alone biorefinery plant produc-

ing soy quality green protein, fibre pulp and brown juice.

8.2 Short technical description

The production of green protein from grass-clover is not yet fully commercialized in DK, and therefore we
have a lack of full-scale experience for the biorefinery concept. As stated in chapter 4, currently there is a
medium scale pilot plant at AU Foulum and a smaller scale pilot plant at The Danish Technological Institute.
Two semi-commercial farm-scale plants have been built for the season 2021 based on the experiences
from the mentioned pilot scale plants and various demo scale projects. The capacity of the plants is about

20,000 tonnes of DM grass-clover input, annually (Morten Ambye-Jensen, pers. comm., 2021).

A similar size decentralized biorefinery plant with capacity of 20,000 tonnes of DM grass-clover input and
an output of 3,600 tonnes DM protein, 14,000 tonnes of fibre pulp DM and 2,500 tonnes DM brown juice
has been described and used for economic assessment in Jensen and Gylling (2018) and Bargesen et al.
(2018). The size and capacity is chosen based on the experiences from the pilot scale and field scale demo
activities. The necessary farming area to supply the grass-clover is estimated to equal an area of 2,600
hectares. The assessment is made based on three price-levels, conventional, non-GM and organic protein

products.

8.3 Organization in practice

Based on the experience from the green drying industry, it is assumed that harvest and logistics/transport

to the biorefinery is managed centrally by the biorefinery or hired contractors. The farmer grows the grass-
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clover and sells it to the biorefinery as a standing crop, and the biorefinery manages the harvest and

transport in terms of scheduling and operations planning.

Pilot scale experiences have shown that an efficient logistics setup is extremely important for the operations
efficiency and quality of the harvested grass-clover and thus for the processing at the biorefinery plant and

the products from the biorefinery.

8.4 Scenarios for harvesting and transport of grass to processing facility: design
and operational-economic analysis

Operations configuration: The grass is cut 3 times during the season. The estimated DM content is set at 18%,
and the calculations included 2 levels of yields/ha, high yield of 10 tonnes DM/ha and low yield of 6 DM/haq,

respectively (Claus Gren Sgrensen pers. comm., 2021)

All the grass is mowed before harvesting, and the harvesting involves the following harvesting technology:
A. Self-loading wagon with chopping,
B. Self-loading wagon, non-chopping,
C. Self-propelled exact chopper.

Transport configuration: mean transport distance to the plant is set at 10 km for the conventional - and 11
km for the organic clover-grass. The transport from the field to the plant is carried out by lorry or trailer/trac-
tor, with the following load capacities: lorry (55 m?®) and trailer/tractor (40 m3). The density of the grass was
assessed at 365 kg/m? for chopped grass and 200 kg/m? for non-chopped grass, affecting significantly the
load weights of the two systems. The transport speed for the lorry was set at 55 km/h and set at 25 km/h for
the trailer/tractor. For the calculations, it is decided only to use lorries for transportation. This is due to general
higher transportation costs when transporting the biomass by trailer/tractor (Sopegno et al., 2016; Paviou
etal, 2016).

Cadlculation scenarios:
Scenario A): mower, self-loading wagon (chopped), unloading device at field exit, lorry transport to plant

Scenario B): mower, self-loading wagon (non-chopped), unloading device at field exit, lorry transport to

plant
Scenario C): mower, self-propelled exact chopper, unloading device at field exit, lorry transport to plant

The operational calculations of the harvesting and transportation of grass are based on standard methods

for machine performance, costs, etc. (e.g. Sopegno et al.,, 2016; Pavlou et al,, 2016).

In the following the economic assessments of the scenarios are presented:
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As described in chapter 4, the green biorefinery is in principle based on cascade utilization of the green
biomass. However, in this example the green biorefinery only produces 3 saleable products: soy quality
protein, fibre pulp with a feeding value comparable to grass-clover and a low value brown juice which can

be used either as a nutrient in crop production or as a raw material in biogas plants.

However, the product mix constitute a number of different price scenarios for the protein concentrate, con-
ventional, non-GM and organic. As for the conventional products, there are no possibilities for a price mark
up. For the non-GM products, they are basically identical to the conventional as the raw material (grass-
clover) is non-GM (in the EU), but non-GM protein has a bigger price label in some uses where non-GM is in
demand. Milk producers delivering to ARLA are demanded to use non-GM feed from now on. This means

that non-GM has a higher price in for example Danish and Swedish milk production.

The organic products of protein and fibre pulp have higher prices and the production costs are estimated

to be more or less equal.

Production at the biorefinery plant are estimated to be the same for the three product groups, conventional,
non-GM and organic (the only difference is raw material cost and transport, which is slightly higher for or-

ganic (see tables 8.1, 8.2 and 8.3).

8.5 Economic calculations

The economic assessment encompass the steps from cost of raw material (grass-clover), harvest and
transport to the biorefinery plant and calculation of revenue for three scenarios; conventional, non-GM and
organic. The raw material cost is based on budget calculations (FarmtalOnline, 2021). Calculation of costs
for harvest and logistics is based on standard methods for machine performance. The calculated revenue
is based on estimated market prices and production costs. The economic results are stated as the business

economic performance for the three-abovementioned scenarios.

8.6 Cost structure

The cost of biomass is estimated at 980.50 DKK/tonne DM for conventional grass-clover and 1,140 DKK for
organic grass-clover corresponding to a price of 1.35 DKK/FEN and 1.53 DKK/FEN. This equals the farmer’s

costs if the grass-clover was used for silage (FarmtalOnline, 2021).

As can be seen from the following tables, the biomass cost (grass-clover) equals around 50% of the cost in
all scenarios, and if we add harvest and transport to biorefinery plants, the total cost share for the grass-

clover delivered at the biorefinery plant is about 68 - 70 % of the total cost.

The cost of harvest and transport varies between 5,108,521 DKK (self-loading wagon with cutter) - to
6,617,494 DKK (organic grass and self-loading wagon without cutter). The density of the load and the yield

are two most important factors affecting the total cost of cost of harvest and transport across the scenarios.
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The cost of establishing a biorefinery plant with an annual capacity of 20,000 tonnes DM grass-clover is
assumed to be 20,000,000 DKK (Jensen, 2018; Martinsen and Andersen, 2020). This price may very well
fluctuate both above and below the set price once the technique is more broadly adopted. The actual cost
of establishing the refinery may in the beginning be relatively high, but once the technology is better known
and established the construction costs may well decrease. The capital cost is assumed to be 4.5% of the

20,000,000 DKK establishing costs and a 10 year depreciation period.

The selling price of pulp (feeding value) and brown juice (value as biogas) is estimated at the gate by the
customer. The transport cost also show that the value of the brown juice cannot pay the transport to a biogas

plant, however a localization of the biorefinery together with a biogas plant could be an option.

The price of the protein is based on the market, which can be rather volatile. The price is set at 2,500

DKK/tonne conventional protein, 3,700 DKK/tonne non-GM protein and 5,000 DKK/tonne organic protein.

The price of grass-clover and fibre pulp is based on production price of grass-clover (FarmtalOnline, 2021)
and set at 1,350 DKK/FE for the conventional and non-GM grass and 5,000 DKK/FE for the organic fibre

pulp.

Lastly, the brown juice is set at 12 DKK/tonnes wet weight (Bergesen et al., 2018).

8.7 Cost and revenue

Tables 8.1, 8.2 and 8.3 show the cost, revenue and economic result for the three described biorefinery sce-

narios.
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Table 8.1. Annual cost, revenue and result in DKK when using a self-loading wagon (chopped)

Conven- % of
Cost tional % of cost Non-GMO % of cost Organic cost
Biomass 12,621,797 49% 12,621,797 49% 14,674,740 51%
Harvest 3,652,585 14% 3,652,585 14% 4,313,742 15%
Transport, biomass 1,210,577 5% 1,210,577 5% 1,312,660 5%
Transport, fibre fraction 842,504 3% 842,504 3% 913,549 3%
Transport, brown juice 1,082,819 4% 1,082,819 4% 1,082,819 4%
Processing cost
Auxiliary cost 727,000 3% 727,000 3% 727,000 3%
Wages 1,474,000 6% 1,474,000 6% 1,474,000 5%
Energy 1,525,000 6% 1,525,000 6% 1,525,000 5%
Maintenance 1,200,000 5% 1,200,000 5% 1,200,000 4%
Capital cost 1,634,000 6% 1,634,000 6% 1,634,000 6%
Total cost 25,970,282 25,970,282 28,857,510
Revenue
Protein concentrate 9,445,000 13,978,600 18,890,000
Fibre fraction 15,074,100 15,074,100 17,083,980
Brown juice 687,504 687,504 687,504
Result -763,678 3,769,922 7,803,974

Table 8.2. Annual cost, revenue and result in DKK when using a self-loading wagon (non-chopped)

Conven- % of
Cost tional % of cost Non-GMO % of cost Organic cost
Biomass 12,621,797 47% 12,621,797 47% 14,674,740  48%
Harvest 2,795,501 10% 2,795,501 10% 4,118,201 13%
Transport, biomass 2,313,021 9% 2,313,021 9% 2,499,293 8%
Transport, fibre fraction 1,609,753 6% 1,609,753 6% 1,739,390 6%
Transport, brown juice 1,082,819 4% 1,082,819 4% 1,082,819 4%
Processing cost
Auxiliary cost 727,000 3% 727,000 3% 727,000 2%
Wages 1,474,000 5% 1,474,000 5% 1,474,000 5%
Energy 1,525,000 6% 1,525,000 6% 1,525,000 5%
Maintenance 1,200,000 4% 1,200,000 4% 1,200,000 4%
Capital cost 1,634,000 6% 1,634,000 6% 1,634,000 5%
Total cost 26,982,890 26,982,890 30,674,443
Revenue
Protein concentrate 9,445,000 13,978,600 18,890,000
Fibre fraction 15,074,100 15,074,100 17,083,980
Brown juice 687,504 687,504 687,504
Result -1,776,286 2,757,314 5,987,041




Table 8.3. Annual cost, revenue and result in DKK when using a self-propelled exact chopper

Conven-
Cost tional % of cost Non-GMO % of cost Organic % of cost
Biomass 12,621,797 47 % 12,621,797 47% 14,674,740 49%
Harvest 4,431,273 17% 4,431,273 17% 5,409,235 18%
Transport, biomass 1,210,577 5% 1,210,577 5% 1,312,660 4%
Transport, fibre fraction 842,504 3% 842,504 3% 913,549 3%
Transport, brown juice 1,082,819 4% 1,082,819 4% 1,082,819 4%
Processing cost
Auxiliary cost 727,000 3% 727,000 3% 727,000 2%
Wages 1,474,000 6% 1,474,000 6% 1,474,000 5%
Energy 1,525,000 6% 1,525,000 6% 1,525,000 5%
Maintenance 1,200,000 4% 1,200,000 4% 1,200,000 4%
Capital cost 1,634,000 6% 1,634,000 6% 1,634,000 5%
Total cost 26,748,970 26,748,970 29,953,003
Revenue
Protein concentrate 9,445,000 13,978,600 18,890,000
Fibre fraction 15,074,100 15,074,100 17,083,980
Brown juice 687,504 687,504 687,504
Result -1,542,366 2,991,234 6,708,481

8.8 Economic results

The revenue varies across the 3 scenarios, conventional has the lowest revenue while the nonGM scenario
has a higher revenue due to the higher market price for non-GM protein. The organic scenario has the best
economic result, the cost of raw material is only slightly higher than for the conventional scenarios and the
product price (revenue for both protein and fibre pulp are higher. The price of brown juice is assumed the

same for conventional, non-GM and organic.

As table 8.1-8.3 show, a biorefinery based on conventional raw material and selling protein at conventional
protein price is not economic viable. The economic result for conventional is negative for all three logistics

scenarios, ranging from -1,776,286. DKK to -763,678 DKK.

As can be seen from the table, the non-GM scenario has the same input and processing cost as conven-
tional but the selling price for the protein is assumed to be the higher non-GM price which enables the result
to be positive in the range of 2,757,314 DKK to 3,769,922 DKK.

Organic has higher input cost for both biomass and logistics but this is offset by the higher selling prices for

organic protein and fibre pulp. The economic result is in the range of 5,987,041 DKK to 7,803,974 DKK.
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Based on the above presented results it can be concluded the Non GM scenario and the organic scenario

are economic viable due to the higher selling prices.

In Martinsen & Andersen (2020) financial and welfare economic analyses of two scenarios for production
of green proteins are presented. The two scenarios feature production of green protein at a biorefinery,
integrated with a biogas facility, and with some synergies exploited. Residual biomass resources from the
protein production provides input to biogas generation, which in turn supplies process energy for the biore-
finery. One scenario features a smaller biorefinery, scaled to an annual grass input of 20,000 tonnes of dry
matter, and with only the juice fraction being supplied to the biogas. The other scenario features a large-
scale protein plant with an annual grass input of 150,000 tonnes of dry matter. In this case residuals of both

juice and fibre are used for biogas generation, with significant investments required for a new biogas plant.

The small-scale biorefinery scenario is similar to the size and production setup illustrated in the present eco-
nomic assessment apart from the colocation to a biogas plant. The business economic results in Martinsen
and Andersen (2020) are similar to the results in the present study where an economic result at approx. -
2,035,500 DKK is presented for a conventional small scale biorefinery without any revenue or cost regarding

the brown juice, which is fairly similar to the results in this study.

The financial analysis does not include externalities connected to the green biorefinery concept. In order to

assess the welfare economic impacts, the study includes a number of relevant externalities.

The externdlities considered in the analysis comprise GHG emissions, air pollution, N and P leaching, cad-
mium as well as road and off-road transport. The small-scale scenario involves positive externalities from
reduced N and P leaching as well as from less off-road transport, but the remaining environmental impacts

are all negative, with GHG, ammonia and road transport dominating. (Martinsen and Andersen, 2020).
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9 Ongoing and concluded commercial, research and development activities

Table 9.1. Overview of support for research and implementation projects on green biorefining in Denmark. The overview has been collected until

May 2021 by Danish Protein Innovation (www.proteininnovation.dk) with supplements from the report authors and reviewers.

ApS som producent,
Bceredygtige byggeplader med
Kronospan ApS og Jena Trading
ApS som producenter,

Protein fra enggrces med Bio-
massProtein ApS som producent,

problem til en baeredyatig forretning
(foodbiocluster.dk)

Bio Cluster Denmark,
Curru-Tek ApS, Krono-
span ApS, Jena Trad-
ing ApS, BiomassPro-
tein ApS, AST A/S, Eiler
Chr. Knudsen A/S,
Conterra, Kebenhavns

Projekt Indhold/content Links Deltagere/participants | Til-
sagn/fun
ding
[m DKK]

Grecesprotein

Demonstrationsprojekt under GUDPs Ekstra pulje til fremme af gren bioraffinering.

Kundespecifikt og skrcedder- | AP1 - Etablering af anlceg https://landbrugsavisen.dk/staten-qgi- | Vestjyllands Andel, Au- | 14

syet GraesProtein-anlceqg (Tai- | AP2 - Demonstration af graespro- | ver-14-mio-kr-til-stort-graesprotein- sumgaard, R&D Engi-

lor-Grass) teinfremstilling - fra hest til terring | anleeg neering & Automation,

(2020-2023) AP3 - Procesoptimering https://mst.dk/service/nyheder/ny- SEGES

AP4 - Demonstration og formid- hedsarkiv/2020/jan/tailorgrass/
ling af skrceddersyet koncept

Projekter bevilget ved GUDP runde Il 2020

SinProPack SinProPack ensker at eftervise Fremtidens kaffe to-go-kop er kom- Teknologisk Institut, 3.3

anvendelse af greesfibre fra bio- | posterbar og af grees (mst.dk) Aarhus Universitet,
raffineret proteinekstraheret LEAF Packaging,
grenbiomasse til fremstilling af COOP, Aarhus Univer-
bceredygtige, formstebt embal- sitet
lage. Projektet vil udvikle, de-
monstrere, teste og evaluere fib-
rebaseret emballage til to-go fo-
devareprodukter via proof-of-
concept, pilotproduktion og indu-
striel opskalering.
H@STTEK Hastteknologi med Curru-Tek Ny hostteknologi vil forvandle klima- | Naturstyrelsen, Food & | 14



http://www.proteininnovation.dk/
https://landbrugsavisen.dk/staten-giver-14-mio-kr-til-stort-gr%C3%A6sprotein-anl%C3%A6g
https://landbrugsavisen.dk/staten-giver-14-mio-kr-til-stort-gr%C3%A6sprotein-anl%C3%A6g
https://landbrugsavisen.dk/staten-giver-14-mio-kr-til-stort-gr%C3%A6sprotein-anl%C3%A6g
https://mst.dk/service/nyheder/nyhedsarkiv/2020/jan/tailorgrass/
https://mst.dk/service/nyheder/nyhedsarkiv/2020/jan/tailorgrass/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2020-projekter/2-sinpropack/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2020-projekter/2-sinpropack/
https://foodbiocluster.dk/nyheder/ny-hoestteknologi-vil-forvandle-klimaproblem-til-en-baeredygtig-forretning-?Action=1&M=NewsV2&PID=44109
https://foodbiocluster.dk/nyheder/ny-hoestteknologi-vil-forvandle-klimaproblem-til-en-baeredygtig-forretning-?Action=1&M=NewsV2&PID=44109
https://foodbiocluster.dk/nyheder/ny-hoestteknologi-vil-forvandle-klimaproblem-til-en-baeredygtig-forretning-?Action=1&M=NewsV2&PID=44109

Projekt Indhold/content Links Deltagere/participants | Til-
sagn/fun
ding
[m DKK]

Logistikkceden fra mark til kunde Universitet, Aalborg
udvikles af AST A/S oq Eiler Chr. Universitet
Knudsen A/S
Conterra ApS udvikler et vcerktej,
som kan inddele lavbundsjorder i
forskellige klasser
Projekter bevilget ved GUDPs program for fremme af gren bioraffinering
DLG prototypeaniceg Etablering af prototypeanlceg https:.//www.dlg.dk/Om- DLG, Biotest, Arla 14
Produktion af hvidt protein til hu- | DLG/Presse/Nyheder/2019/11/DLG-
mankonsum investerer-i-groent-bioraffinaderi-til-
klimavenligt-lokalt-produceret-pro-
tein

Beeredyqtig anvendelse af Oprensningsteknikker https:.//www.food.dtu.dk/nyhe- DTU, SEGES, Lihme 4

protein fra gren biomasse til Fedevareprodukter der/2019/01/graes-skal-goeres-til- Protein Solutions, AAU,

fodevarer (InnoGrass) Novel-Food-godkendelse en-rentabel-og-sikker-protein- Greenfield Innovation,

(2019-2021) kilde?id=55¢c942b7-7721-47c2- Naturl’, Biotest

b539-e5cdbé5ach569c

Lucerne som grovfoder til svin | 1) Foraedling for eget maengde https://mst.dk/erhverv/groen-virk- DLF, KU, AU 4

(AlfaMax Bioraf) r&protein i lucernen. somhed/groent-udviklings-og-de-

(2019 -2021) 2) Enzymatisk behandling af monstrationsprogram-gudp/gqudp-

planteekstrakt for at friggre mere | projekter/2018-projekter/al-
protein og forhindre proteinned- | famaxbioraf/
brydning under den efterfal-
gende proces.
3) Forbedret design af den me-
kaniske juiceekstraktion fra plan-
ten sdledes at plantecellerne ab-
nes mere effektivt.
Projekter bevilget ved Promilleafgiftsfonden 2020
Beeredygtig anvendelse af Se InnoGrass ovenfor SEGES 0.2

protein fra gren biomasse til
fedevarer
(Promilleafgiftsfonden 2020)
(Medfinansiering af GUDP In-
noGrass)
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https://www.dlg.dk/Om-DLG/Presse/Nyheder/2019/11/DLG-investerer-i-groent-bioraffinaderi-til-klimavenligt-lokalt-produceret-protein
https://www.dlg.dk/Om-DLG/Presse/Nyheder/2019/11/DLG-investerer-i-groent-bioraffinaderi-til-klimavenligt-lokalt-produceret-protein
https://www.dlg.dk/Om-DLG/Presse/Nyheder/2019/11/DLG-investerer-i-groent-bioraffinaderi-til-klimavenligt-lokalt-produceret-protein
https://www.dlg.dk/Om-DLG/Presse/Nyheder/2019/11/DLG-investerer-i-groent-bioraffinaderi-til-klimavenligt-lokalt-produceret-protein
https://www.dlg.dk/Om-DLG/Presse/Nyheder/2019/11/DLG-investerer-i-groent-bioraffinaderi-til-klimavenligt-lokalt-produceret-protein
https://www.food.dtu.dk/nyheder/2019/01/graes-skal-goeres-til-en-rentabel-og-sikker-proteinkilde?id=55c942b7-7721-47c2-b539-e5cd65ac569c
https://www.food.dtu.dk/nyheder/2019/01/graes-skal-goeres-til-en-rentabel-og-sikker-proteinkilde?id=55c942b7-7721-47c2-b539-e5cd65ac569c
https://www.food.dtu.dk/nyheder/2019/01/graes-skal-goeres-til-en-rentabel-og-sikker-proteinkilde?id=55c942b7-7721-47c2-b539-e5cd65ac569c
https://www.food.dtu.dk/nyheder/2019/01/graes-skal-goeres-til-en-rentabel-og-sikker-proteinkilde?id=55c942b7-7721-47c2-b539-e5cd65ac569c
https://www.food.dtu.dk/nyheder/2019/01/graes-skal-goeres-til-en-rentabel-og-sikker-proteinkilde?id=55c942b7-7721-47c2-b539-e5cd65ac569c
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2018-projekter/alfamaxbioraf/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2018-projekter/alfamaxbioraf/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2018-projekter/alfamaxbioraf/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2018-projekter/alfamaxbioraf/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2018-projekter/alfamaxbioraf/

Projekt Indhold/content Links Deltagere/participants | Til-
sagn/fun
ding
[m DKK]

Opskalering og validering af Projektet har til formal at udvikle AU 1.2

processer for separering af det tekniske potentiale i opkon-

restsaft fra produktion af centrering af restsaft fra produk-

graesprotein tion af grces

(Promilleafgiftsfonden 2020) protein i ncer fuldskala, samt

skabe et solidt grundlag for vur-
dering af det gkonomiske poten-
tiale. Mdlet er at

optimere og validere membran-
filtreringen i demonstrationsskala,
samt skabe tilstreekkelig veerdi of
koncentrat og permeat, s& pro-
duktion af grces protein bliver
okonomisk rentabelt.
Opkoncentrering/membranfiltre-
ring af sukkersfoffer i brunsaft.

Igangvcerende projekter

GrassTools - GrassTools aims to develop www.grasstools.dk Arla, Danish Crown, 19.4

Tools for improving grassland | mechanistic insight and tools to Yara, DSV frg,

biomass optimize farmer’s grassland man- Lemvigegnens farmers

production and delivering agement and secure documen- Union, Skive Munici-

multiple tation for future regulation. The pality, Ministry of Food,

ecosystemn services (IFD 2021- | project will investigate the factors Agriculture and Fisher-

2026) determining climatic and envi- ies, Vestjyllands Andel

ronmental effects of a transition and Aarhus University
from cereal-based crop rotations
to perennial grassland systems in
order to enhance the societal
value of the change.
Grees4Food: Udvikling af en Udvikling af en proces til hgjkvali- | https://mst.dk/erhverv/groen-virk- BiomassProtein, Aal- 8.1

membranproces til raffinering
af hojkvalitets fedevarepro-
tein fra klevergrces og lucerne
(2020 - 2023)

tets fedevareprotein fra klaver-
grces og lucerne, som skal opti-
meres og opskaleres i pilotskala.

somhed/groent-udviklings-og-de-
monstrationsprogram-gudp/gudp-

projekter/2020-projek-
ter/graes4food/

borg Universitet, MMS
Nordic, GreenLab
Skive, Thise Mejeri
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http://www.grasstools.dk/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2020-projekter/graes4food/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2020-projekter/graes4food/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2020-projekter/graes4food/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2020-projekter/graes4food/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2020-projekter/graes4food/

Projekt

Indhold/content

Links

Deltagere/participants

Til-
sagn/fun
ding

[m DKK]

Det samlede koncept, inkl. hdnd-
tering af sidestreamme, skal inte-
greres i en BiomassProtein™ pro-
tein fabrik i GreenLab Skive. Ud-
viklingen af fedevareproteinpro-
cessen vil ske i et teet samar-
bejde mellem BiomassProtein,
Center for Membranfiltrering ved
Aalborg Universitet, membranfil-
trerings-firmaet MMS, GreenLab
Skive og Thise Mejeri. De produ-
cerede fedevareproteiner vil
blive analyseret for fedevare-
egenskaber og benyttet til udvik-
ling af nye fedevareprodukter.

Vcerdiskabelse med graespro-
tein (Grees-prof)
(2020 - 2023)

AP1 - sorter og markforseg:

AP2 - Hostteknik:

AP3 - Neddelingsteknik:

AP4 - Hojvcerdi - Tanniner foder-
tilskud

AP5 - Beeredygtighed / LCA /
PEF

https.//www.seges.dk/innovation-
og-udvikling/graesprotein

DLF Seeds, SEGES,
Kverneland, Maxi-
Grass, AU, AAU SDU,
Vestjyllands Andel
Vinderup Maskinforret-
ning, Maskinstation
Martin Bersting

11.3

Grass Biochar - Enerqi fra
pressepulp fra greesprotein-
produktion til drift af raffine-
ringsprocessen og produktion
af veerdifuldt biokul

(2020 - 2022)

AP1: Test af graespulp pd DTP
processen

AP2: Design, installation og inte-
gration

AP3: Kvalitet og anvendelse af
grees-biochar

AP4: Procesanalyse, klima og
energiregnskab

AP6: Projektledelse, administra-
tion og kommunikation

https://mst.dk/erhverv/groen-virk-
somhed/groent-udviklings-og-de-
monstrationsprogram-gudp/gudp-
projekter/2019-projekter/2-grass-bi-

ochar/

AU, Norphos, Aqua-
green, DTU, RUC

6.0
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https://www.seges.dk/innovation-og-udvikling/graesprotein
https://www.seges.dk/innovation-og-udvikling/graesprotein
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2019-projekter/2-grass-biochar/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2019-projekter/2-grass-biochar/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2019-projekter/2-grass-biochar/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2019-projekter/2-grass-biochar/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2019-projekter/2-grass-biochar/

Projekt Indhold/content Links Deltagere/participants | Til-
sagn/fun
ding
[m DKK]

GrecesProteinFoder: Enzym Formdlet med projektet er at https://mst.dk/erhverv/groen-virk- AAU, KU, BiomassPro- 8

optimeret greesprotein til udvikle et forbedret somhed/groent-udviklings-og-de- tein, Glucospot, Ham-

unge produktionsdyr graesproteinprodukt fra dansk monstrationsprogram-gudp/gudp- let Protein, DLF

(GUDP) produceret plantemateriale til projekter/2019-projekter/graespro-

(2019 -2023) helt unge produktionsdyr. teinfoder/

Projektet vil fokusere pd& at
forbedre proteinproduktet
gennem designede enzymatiske
behandlinger, der vil resultere i
foder, der har foreget
fordejelighed for dyrene og som
indeholder fcerre
antinceringsstoffer

GO-GRASS Udvikling af demoanlceg https://www.go-grass.eu/ AU, Agro Business Park, | 74 (11 for

(H2020) fokus pd samarbejde med Velas. Velas, INVESTORNET- | AU)

(2019 -2023) Udvikling af paludikultur som en GATE2GROWTH,

mulig leverander af r&varer til + en lang rcekke uden-
bioraffinering landske partnere

GreenVALLeys 1) Systemanalyser https://agrovast.se/eu-pro- AU, Chalmers, Skive 37.5

(2019-2022 2) Beeredygtighedsanalyser jekt/green-valleys/ Kommune, Aqrovost,‘

(Interreq) _ . . Sveriges Lantbruksuni-

3) Etoplenng af pilotaniceg i https://cbio.au.dk/nyhed/vis/arti- versitet, Hushallnings-
Sverige kel/nyt-dansk-svensk-projekt-med- sallskapet Sjuhrad,
fokus-paa-graes-og-groen-bioraffi- Vestra Gétlandsregio-
nering/ nen
PALUDI-fiber (Gluds Legat) The objectives are to https://pure.au.dk/portal/en/pro- AU 0.7

- obtain more knowledge for op-
timal establishment and man-
agement of alternative flooding
tolerant crops

- characterize the fibre fraction
from the side stream when leaf
protein is extracted in biorefiner-
ies

jects/baeredygtige-fibre-fra-bio-
masse-produceret-paa-kulstofrige-

og-vaade-lavbundsjorde(b1a85bde-

5017-41ba-ad16-
179b7dc90e83).html
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https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2019-projekter/graesproteinfoder/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2019-projekter/graesproteinfoder/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2019-projekter/graesproteinfoder/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2019-projekter/graesproteinfoder/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2019-projekter/graesproteinfoder/
https://www.go-grass.eu/
https://agrovast.se/eu-projekt/green-valleys/
https://agrovast.se/eu-projekt/green-valleys/
https://cbio.au.dk/nyhed/vis/artikel/nyt-dansk-svensk-projekt-med-fokus-paa-graes-og-groen-bioraffinering/
https://cbio.au.dk/nyhed/vis/artikel/nyt-dansk-svensk-projekt-med-fokus-paa-graes-og-groen-bioraffinering/
https://cbio.au.dk/nyhed/vis/artikel/nyt-dansk-svensk-projekt-med-fokus-paa-graes-og-groen-bioraffinering/
https://cbio.au.dk/nyhed/vis/artikel/nyt-dansk-svensk-projekt-med-fokus-paa-graes-og-groen-bioraffinering/
https://pure.au.dk/portal/en/projects/baeredygtige-fibre-fra-biomasse-produceret-paa-kulstofrige-og-vaade-lavbundsjorde(b1a85bde-5017-41ba-ad16-179b7dc90e83).html
https://pure.au.dk/portal/en/projects/baeredygtige-fibre-fra-biomasse-produceret-paa-kulstofrige-og-vaade-lavbundsjorde(b1a85bde-5017-41ba-ad16-179b7dc90e83).html
https://pure.au.dk/portal/en/projects/baeredygtige-fibre-fra-biomasse-produceret-paa-kulstofrige-og-vaade-lavbundsjorde(b1a85bde-5017-41ba-ad16-179b7dc90e83).html
https://pure.au.dk/portal/en/projects/baeredygtige-fibre-fra-biomasse-produceret-paa-kulstofrige-og-vaade-lavbundsjorde(b1a85bde-5017-41ba-ad16-179b7dc90e83).html
https://pure.au.dk/portal/en/projects/baeredygtige-fibre-fra-biomasse-produceret-paa-kulstofrige-og-vaade-lavbundsjorde(b1a85bde-5017-41ba-ad16-179b7dc90e83).html
https://pure.au.dk/portal/en/projects/baeredygtige-fibre-fra-biomasse-produceret-paa-kulstofrige-og-vaade-lavbundsjorde(b1a85bde-5017-41ba-ad16-179b7dc90e83).html

Projekt Indhold/content Links Deltagere/participants | Til-
sagn/fun
ding
[m DKK]

- investigate how the fibre com-
position depends on the nutrient
status, harvest time and fre-
quency of the crop

Dansk demoskala teknologi- 1) Etablering og test af demoan- | https://mst.dk/erhverv/groen-virk- Aarhus Universitet En- | 8 (GUDP)

platform for forskning i gren lceg pé Foulum somhed/qgroent-udviklings-og- gineering, Kebenhavns | 3.5 (Re-

biomasse (GR@NBIORAF) _ demonstrationsprogram-gudp/gudp- | Universitet, Agro Busi- | gion Midt)

(GUDP + Region Midt + Arla, 2) Korticegning af effekter projekter/2017-projekter/groenbio- ness Park

Danish Crown, DLG, DLF) 3) Kommercialisering og forret- | 1qf/

(2018 -2021) ningsudvikling

Afsluttede projekter/salgsopgaver

Konsulentopgaver 1) Rentabilitetsanalyse ved SEGES

gron bioraffinering for Ry-
bjerg Biogas
2) Bornholm - griseproduktion

Opt|m0| Udnyttelse af bioraffi- ]] Fodrinqsforsgq med presseret KU, AU, SEGES 1.5

neret pulp fra gren biomasse fra gren bioraffineriring

til kvcegfoder . .

(Hofmansgavefonden) 2) @konomiberegninger

(2019 - 2020)

EZSR-P)ORK 40 1) Fodringsforseg med graes- https://mst.dk/erhverv/groen-virk- SEGES, Aarhus Univer- | 7.1

GUDP o . somhed/groent-udviklings-og-de- sitet, Danish Crown

(2016 - 2020) prgteln til kenventionelle monstrationsprogram-gudp/gudp-

agnse projekter/201 6-projekter/dokumen-
2) Beeredyqgtighedsvurderinger | teret-baeredyqtighed-og-ressource-
optimering-i-hele-svinekoedets-vaer-
dikaede-csr-pork-40/
Subleem 2.0 | projektet etableres et fedevare- | https://www.teknologisk.dk/projek- Teknologisk Institut, 2.8
(GUDP) ter/projekt-subleem-2-0/39276 Nordic sugar, Keben-

(2019 - 2020)

godkendt pilotskala biomasse se-
parationsanlceq til forarbejdning
af gren biomasse.

havns Universitet, KU-
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https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2017-projekter/groenbioraf/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2017-projekter/groenbioraf/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2017-projekter/groenbioraf/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2017-projekter/groenbioraf/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2017-projekter/groenbioraf/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/dokumenteret-baeredygtighed-og-ressourceoptimering-i-hele-svinekoedets-vaerdikaede-csr-pork-40/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/dokumenteret-baeredygtighed-og-ressourceoptimering-i-hele-svinekoedets-vaerdikaede-csr-pork-40/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/dokumenteret-baeredygtighed-og-ressourceoptimering-i-hele-svinekoedets-vaerdikaede-csr-pork-40/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/dokumenteret-baeredygtighed-og-ressourceoptimering-i-hele-svinekoedets-vaerdikaede-csr-pork-40/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/dokumenteret-baeredygtighed-og-ressourceoptimering-i-hele-svinekoedets-vaerdikaede-csr-pork-40/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/dokumenteret-baeredygtighed-og-ressourceoptimering-i-hele-svinekoedets-vaerdikaede-csr-pork-40/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/dokumenteret-baeredygtighed-og-ressourceoptimering-i-hele-svinekoedets-vaerdikaede-csr-pork-40/
https://www.teknologisk.dk/projekter/projekt-subleem-2-0/39276
https://www.teknologisk.dk/projekter/projekt-subleem-2-0/39276

Projekt

Indhold/content

Links

Deltagere/participants

Til-
sagn/fun
ding

[m DKK]

FOOD, KWS Scandina-
via A/S, Green Solu-
tions

(Biorof-Business 1) Analyse af afgredefordeling | https://www.seges.dk/da-dk/nyhe- | SEGES 0.4
Svine- og Fjerkrceafgiftsfon- : : der/seges%20flyt-
den) / plocerlr.qumullqheder ter%20gront%20protein%20fra%20te-
(2018-19) 2) @konomikalkuler gnebrattet%20til%20virkeligheden

3) Case-analyser
Greesprotein-fabrik Udvikling af investeringsoplceg til | https://www.rmbio.dk/nyheder/ny- R&D Engineering, Sic- | 0.9
(Innovationssamarbejde un- bygning og idrifttagning af Bio- rapport-om-graesprotein?Ac- caDania, AU, Danish
der Region Midtjyllands Ud- massProtein proteinfabrik i tion=1&M=NewsV2&PID=13439 Marine Protein, RUNI,
viklingsprogram for Biogko- Greenlab Skive. Skive Biogas,
nomi) Vestjyllands Andel,
(2018-19) Nordic Seaweed
BiomassProtein Projektering af graesproteinfa- https:.//www.rmbio.dk/cases/bio- AAU, BiomassProtein, 1
(Innovationssamarbejde un- brikker (mobile anlceq) mass-protein-green-lab-skive Greenlab Skive,
der Region Midtjyllands Ud- Case med DMP i Skive Greenetic Aps, Aktive
viklingsprogram for Biogko- Energianiceg
nomi)
(2018-19)
(SuperGrossPork ) 1) Teknisk optimering (Hasttid, https://icrofs.dk/forskning/dansk-for- | SEGES, Aarhus Univer- | 6.7
GUDP / Organic RDD3 . . _ | skning/organic-rdd-3/supergrass- sitet, Aalborg Universi-
(2017-19) dobbeltpresning, lagringsfor- | 0/ tet, IFAU, KU, Friland

s2q)

Fodringsforseg med slagteg-
rise

Beeredygtighed (miljz og
okonomi)

Interessentanalyse
@konomiske effekter /
Roadmap

A/S
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https://www.seges.dk/da-dk/nyheder/seges%20flytter%20gront%20protein%20fra%20tegnebrattet%20til%20virkeligheden
https://www.seges.dk/da-dk/nyheder/seges%20flytter%20gront%20protein%20fra%20tegnebrattet%20til%20virkeligheden
https://www.seges.dk/da-dk/nyheder/seges%20flytter%20gront%20protein%20fra%20tegnebrattet%20til%20virkeligheden
https://www.seges.dk/da-dk/nyheder/seges%20flytter%20gront%20protein%20fra%20tegnebrattet%20til%20virkeligheden
https://www.rmbio.dk/nyheder/ny-rapport-om-graesprotein?Action=1&M=NewsV2&PID=13439
https://www.rmbio.dk/nyheder/ny-rapport-om-graesprotein?Action=1&M=NewsV2&PID=13439
https://www.rmbio.dk/nyheder/ny-rapport-om-graesprotein?Action=1&M=NewsV2&PID=13439
https://www.rmbio.dk/cases/biomass-protein-green-lab-skive
https://www.rmbio.dk/cases/biomass-protein-green-lab-skive
https://icrofs.dk/forskning/dansk-forskning/organic-rdd-3/supergrasspork/
https://icrofs.dk/forskning/dansk-forskning/organic-rdd-3/supergrasspork/
https://icrofs.dk/forskning/dansk-forskning/organic-rdd-3/supergrasspork/

Projekt Indhold/content Links Deltagere/participants | Til-
sagn/fun
ding
[m DKK]

GreenEggs Udvidede forseg med graespro- https://mst.dk/erhverv/groen-virk- Aarhus Universitet 7.8

(GUDP) tein til cegleeggere - ceg-kvalitet | somhed/groent-udviklings-og-de- Aalborg Universitet,

(2017-20) Forseg med at bruge pileblade monstrationsprogram-qudp/gudp- Ingeborg og Brian

fra traeer i hensegard. projekter/2016-projekter/green- Holm, DLG, SEGES
eqgss/

BioValue Tre arbejdspakker: Aarhus Universitet, Aal- | 79.5

(Innovationsfonden) 1) Biomasser borg Universitet, Ka-

(2014-18) - P benhavns Universitet

2) Proteinudvinding SEGES, KMC, Arla, DLF

3) SESE Platform (WPT+ WP2 om dyrk-
ning af graes og gren
bioraffinering + en
rcekke partnere til @v-
rige arbejdspakker)

OrganoFinery 1) Plantearter / proteinudbytte https://icrofs.dk/forskning/dansk-for- | Aalborg Universitet, 10

(GUDP / Organic RDD2) 2) Bioraffinering med skning/organic-rdd-2/organofinery/ | SEGES, Fermentation-

(2014-18) ) sexperts A/S, Keben-

mcelkesyrefermentering havns Universitet, Aar-
3) Fodringsforseg med cegleeg- hus Universitet, Biotest
gere ApS, IFAU og
4) Biogaspotentiale Teknologisk Institut-
5) Praktisk anvendelse AgroTech
6) Markedsvurdering
7) @konomi

MultiPlant 1) Planteartsblandinger - ud- https://icrofs.dk/forskning/dansk-for- | Aarhus Universitet, 9

(GUDP / Organic RDD2) bytte skning/organic-rdd-2/multiplant/ @kologisk Landsfor-

(2014-2018) .. ening, SEGES, Agro

2) Effekt pd insekter Business Park A/S, DLF-

3) Forsaqg med kyllinger Trifolium PlanEnergi

4) Biogaspotentiale Kebenhavns Universi-

5) @konomi / beeredygtighed tet Vestjyllands Andel
BioBase 1) Dyrkningssystemer pd sced- https://dca.au.dk/for- Aarhus Universitet 45

(2014-2017)

skiftearealer
2) Biomasse fra engarealer

skning/biooekonomi-og-biobaseret-
produktion/biobase/
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https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/green-egss/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/green-egss/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/green-egss/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/green-egss/
https://mst.dk/erhverv/groen-virksomhed/groent-udviklings-og-demonstrationsprogram-gudp/gudp-projekter/2016-projekter/green-egss/
https://icrofs.dk/forskning/dansk-forskning/organic-rdd-2/organofinery/
https://icrofs.dk/forskning/dansk-forskning/organic-rdd-2/organofinery/
https://icrofs.dk/forskning/dansk-forskning/organic-rdd-2/multiplant/
https://icrofs.dk/forskning/dansk-forskning/organic-rdd-2/multiplant/
https://dca.au.dk/forskning/biooekonomi-og-biobaseret-produktion/biobase/
https://dca.au.dk/forskning/biooekonomi-og-biobaseret-produktion/biobase/
https://dca.au.dk/forskning/biooekonomi-og-biobaseret-produktion/biobase/

Projekt Indhold/content Links Deltagere/participants | Til-
sagn/fun
ding
[m DKK]

3) Gron Protein

4) Produktion af bio-olie med
HTL-teknologi

5) Konsekvenser af @get bio-
masseproduktion

Opskalering og validering af Projektet har til formal at udvikle https://promilleafgiftsfonden.dk/det- | Aarhus Universitet 1.9

processer for separering af ncer fuldskala processer for at har-fonden-stoettet/bevillingsover-

restsaft fra produktion af koncentrere restsaft fra produk- sigter/fondens-bevillinger-2019/aar-

graesprotein tion af graesprotein ('grent pro- hus-universitet

(Promilleafgiftsfonden) tein’) samt at evaluere udnyttel-

(2019) sespotentialet af bade koncen-

trat og permeat.
Produktion, anvendelse og Projektet har til formal at validere | https://promilleafgiftsfonden.dk/det- | Aarhus Universitet 15

okonomiscetning af koncen-
treret restsaft fra produktion af
graesprotein
(Promilleafgiftsfonden)

(2018)

muligheden for at koncentrere
restsaft fra produktion af grces-
protein ('grent protein’) samt vur-
dere det gkonomiske potentiale i
en sddan produktstrem

har-fonden-stoettet/bevillingsover-
sigter/fondens-bevillinger-2018/aar-

hus-universitet
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https://promilleafgiftsfonden.dk/det-har-fonden-stoettet/bevillingsoversigter/fondens-bevillinger-2018/aarhus-universitet
https://promilleafgiftsfonden.dk/det-har-fonden-stoettet/bevillingsoversigter/fondens-bevillinger-2018/aarhus-universitet
https://promilleafgiftsfonden.dk/det-har-fonden-stoettet/bevillingsoversigter/fondens-bevillinger-2018/aarhus-universitet
https://promilleafgiftsfonden.dk/det-har-fonden-stoettet/bevillingsoversigter/fondens-bevillinger-2018/aarhus-universitet

Projekt

Indhold/content

Links

Deltagere/participants

Til-
sagn/fun
ding

[m DKK]

BIOREF
(Det strategiske forksningsrad)
(2009 - 2013)

1)

proteinudvinding fra grensaft
af lucerne ved hjcelp aof
skruepresning og efterfol-
gende udfceldning med
svovlsyre

anvendelse af presserest til
produktion af vcerdistoffer
gennem forbehandling og
hydrolyse

karakterisering af lignin-frak-
tionen med henblik pd iden-
tificering af antimikrobielle
egenskaber (anti-biofilm)

at identificere, udvikle og an-
vende on-site svampeenzy-
mer til enzymatisk hydrolyse
at anvende produceret suk-
ker til produktion af bio-
ethanol (via gcerfermente-
ring)

til produktion af biokemika-
lieri form af organiske syrer
(svampefermentering)

AAU, KU, Biogasol Aps,
Solum A/S, Biotest
Aps-

16.7

BiomassProtein™; udvikling af
mobilt anlceg til udvindelse af
funktionelle proteiner fra
grenne planter (grees, klover
mm.)

(Innobooster)

(2018)

Udvikling af mobilenhed

BiomassProtein

0.4
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SUMMARY

Green biomass may be used to produce local protein, and substitute other protein sources, and at the same time obtain
environmental benefits. Grass or grass-clover crops on arable land can deliver high yields of biomass as well as protein with
a good amino acid profile. Grass from unfertilized permanent grassland may represent an opportunity if focus is on the fibre
part of the grass. For cover crops to be an attractive supply of biomass, production systems need to be developed with a suf-
ficiently high production to cover harvesting costs. Changing from wheat or maize to grass results in decreased N-leaching
and greenhouse gas emissions. With current techniques, 40% of the protein in the green biomass can be recovered in a protein
concentrate with protein content around 50% of dry matter, similar to soybean meal. Higher contents are possible for specialty
applications. In addition, a fibre fraction containing 15-18% protein can be produced and used for ruminant feed, bioenergy
production or further biorefined into chemical building blocks or used for bio-materials. Experiments have been performed
on several animal species, where soy was replaced without negative effects on animal performance. High contents of unsa-
turated fat in the protein affect the meat and fat tissue and may be a limiting factor for the amount of included green protein.
The fibre fraction seems suitable for ruminant feeding replacing other types of silages. The first industrial scale biorefineries
on green biomass for feed and bioenergy are now established in Denmark, while more research is needed to evaluate the
protein quality for food applications, and in addition a full EFSA approval. There are major uncertainties in the economic as-
sessment of establishing a full-scale biorefinery. Major obstacles are transportation costs and uncertainty in running cost for the
biorefinery. The largest prospects are within the organic sector where there is a need for locally sourced, sustainable protein.
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