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Forage type and additive effects on fermentation quality
and biorefinery performance of silages
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The concept of a green biorefinery has recently gained interest and can be defined as
Correspondence

M. Rinne, Natural Resources Institute Finland
(Luke), Tietotie 4, FI-31600 Jokioinen, Finland.
Email: marketta.rinne@luke.fi

a process where green biomass is processed to a variety of products. Most green
biorefineries rely on fresh green biomass as the feedstock, but using a stable ensiled
biomass could provide benefits. We evaluated the effects of silage additive treat-
ments on silage fermentation quality and performance in a laboratory scale liquid-
solid separation to simulate the first step of a green biorefinery. In Experiment 1, red
clover and fresh and wilted grass were ensiled without additive or treated with a
lactic acid bacteria inoculant or a formic acid based additive. In Experiment 2, grass
or red clover were treated with a fibrolytic enzyme, formic acid or a combination of
them, and a control without additive was also included. Silage fermentation quality
was improved by additive use. Biomass dry matter concentration was negatively
related to liquid yield, but effects of additive treatments on the biorefinery perfor-
mance were minor and inconsistent between different forages. Optimizing agronomic
and feedstock conservation management plays an important role for the success and
sustainability of the biorefinery process. Good silage management practices with
minimal losses during storage should be targeted, but no clear patterns in biorefinery
outputs were observed in the current study when different types of additives were

used in grass and clover silage production.
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INTRODUCTION perennial plant species to produce green biomass provides ecosystem

1 |

services such as high nutrient use efficiency, build-up of soil carbon and

The concept of a green biorefinery has recently gained a lot of interest
and it can be defined as a process where green biomass is processed to
a variety of products. Green biorefineries can provide much-needed
alternatives to fossil resources such as materials (biocomposites, insula-
tion, bioplastics, nanofibres), bioenergy (biogas, biofuels, carbon source
in single cell production), and novel protein sources (feed and food
materials directly extracted or produced by cell cultures) both for live-

stock and human consumption (Gaffey et al., 2023). Cultivation of

low pesticide usage (Jargensen et al., 2022), and additional benefits can
be gained if forage legumes are included in the swards (Ditzler
et al, 2021). Most green biorefinery approaches rely on using fresh
green biomass as the feedstock but using a stable raw material available
year-round, i.e., ensiled biomass, could provide benefits depending on
the business model (Rinne, 2024).

There is a vast amount of knowledge regarding the agronomic

factors as well as harvesting and conservation techniques on biomass
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quality for feed use that should be exploited in novel uses of green
biomass. The major management factors of forages affecting final
silage quality include choices of plant species, harvesting strategy
(stage of development of plants at harvest), fertilization, extent of
wilting, technology choices in harvesting and storage options, and
additive use. In addition, the climate and weather conditions modify
both the quantity and quality of biomass. Some of the variations on
feedstock quality can be manipulated by management decisions, while
others are more difficult to control and may result to suboptimal feed-
stock quality. In addition, the large variability in the biorefineries
themselves regarding technology, processing options and product
portfolio emphasizes the need to optimize the feedstock quality case
by case.

During silage fermentation, lactic acid bacteria convert water-
soluble carbohydrates (WSC) into fermentation end products, which
lowers the pH to approximately 4 and ensures the stability of silage
under anaerobic conditions (McDonald et al., 1991). At the same time,
plant and microbial enzymes and acid hydrolysis modify the chemical
constituents of the biomass so that similar processes and products as
from fresh grass cannot be obtained from ensiled grass. On the other
hand, ensiling may act as a bioprocessing step synthesizing e.g., lactic
acid or butyric acid, which can be extracted from the biomass to be
used as platform chemicals for further processing in the chemical
industry (Haag et al., 2016; Steinbrenner et al., 2022). Ensiling may
also act as a pre-treatment to increase the yield of soluble compo-
nents in liquid-solid separation (Ayanfe et al, 2023; Rinne
et al., 2020).

In commercial silage production for ruminant livestock, different
types of additives are used to manipulate the type and extent of silage
fermentation (McDonald et al., 1991; Muck et al., 2018). Lactic acid
bacteria inoculants are used to boost and direct the fermentation,
which otherwise depends on the characteristics of the epiphytic flora.
Application of organic acids restricts, but not totally prevents the fer-
mentation and inhibits detrimental microbes. Fibrolytic enzymes have
been used to liberate more substrates for the lactic acid bacteria, but
in case of a biorefinery use, could also positively affect extraction of
various components from the biomass (Rinne et al., 2020).

The objective of the current study was to quantify how plant spe-
cies and different types of additive treatments affect silage fermenta-
tion and subsequently the quantity and quality of press juice in a
simulated first step, i.e., liquid-solid separation, of a green biorefinery
process. We hypothesized that the use of silage additives improves
the capture of protein in the liquid fraction irrespective of forage

type used.

2 | MATERIALS AND METHODS

21 | Conduction of the ensiling experiments

Two pilot scale ensiling experiments were conducted. The fresh for-
ages were produced at the experimental farm of Natural Resources
Institute Finland (Luke) in Jokioinen, Finland (60°48' N, 23°29’ E). All

swards were mown and precision chopped using farm scale machin-
ery. The forages were ensiled in 12-| cylindrical plastic laboratory silos
with 3 replicates per treatment. Representative samples of the fresh
forages were collected at the laboratory before filling the silos.

In Experiment 1 (Exp. 1), a mixed timothy (Phleum pratense) and
meadow fescue (Festuca pratensis) sward was harvested on 7 June
2016 from a field that was used for silage production for dairy cows.
The grass was ensiled after a short field wilt (4 h; G4) and after an
additional 20-hour wilt indoors (G24). Indoor wilting was chosen due
to rainy weather conditions. Red clover (RC1; Trifolium repens) was
harvested from a pure stand on 20 June 2016 and ensiled on 21 June
after a field wilt of 24 h under good wilting conditions. The following
additive treatments were used for all three forages:

e Control without additive (CON).

e Lactic acid bacteria inoculant (LAB; Sil-All 4 x 4-+; Microbial Devel-
opments, Worcestershire, UK at 5 g/t resulting in bacterial inocula-
tion of 10°cfu/g fresh forage. The additive contained
Lactiplantibacillus plantarum 21 x 10! cfu/g, Pediococcus acidilacti-
ci 24 x 10%° cfu/g, Pediococcus pentosaceus, 24 x 10%° cfu/g, Pro-
pionibacterium acidipropionici 22 x 101° cfu/g, a-amylase from
Bacillus amyloliquefaciens > 3600 BAU/g, cellulase from Tricho-
derma reesei > 60 CMCU/g, B-glucanase from Aspergillus
niger > 1000 IU/g and xylanase from Trichoderma longibrachia-
tum = 1500 1U/g).

e Formic acid based additive (FA; AIV 2 Plus, Eastman Chemical
Company, Oulu, Finland at 5 L/t. The additive contained 760 g/kg

formic acid and 55 g/kg ammonium formate).

In Experiment 2 (Exp. 2), the forages were mown on 24 August
2016 from first regrowth of large experimental plots, where timothy
(Tim) and red clover (RC2) were grown as pure stands. The plots had
not been fertilized after the first cut. Both swards were immediately
harvested without field wilting under humid weather conditions. Addi-

tive treatments applied for both forages were:

e CON

e Fibrolytic enzyme (ENZ; Flashzyme Plus containing cellulase and
hemicellulase activities, Roal Ltd., Rajamaki, Finland at a rate of
0.5 mL/kg DM)

e Combination of FA and ENZ (FA + E; first FA and then ENZ from
separate bottles).

e FA

The experimental procedures were the same in both experiments.
The commercial additives were applied at doses recommended by the
manufacturers while the dose of ENZ was chosen based on a previous
study (Rinne et al., 2020), where different levels of enzyme application
were evaluated. Additives were applied separately for each replicate
and mixed with tap water so that the actual volume applied was 10 L/
ton to ensure even spreading. Bottles with perforated caps were used
for additive application, and the forage material (10 kg per replicate)

was thoroughly mixed manually. After that, the forage was placed into
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the cylindrical silos in ca. 500 g batches and an 8-kg lead plummet
was let to drop freely 10 times on the top of the forage to compact
it. Densities obtained were 599, 540 and 816 kg/m3 for G4, G24 and
RC1 in Exp. 1, and 760 and 1016 kg/m?® for Tim and RC2 in Exp. 2.
After silos were filled, they were closed with a plastic bag, a lid, an
8-kg lead plummet and finally a plastic bag filled with water.

The silos were stored at room temperature (ca. 20°C) with protec-
tion from light and opened after an ensiling period of 111, 110 and
97 days, respectively, for G4, G24 and RC in Exp. 1, and after 92 days
for both Tim and RC2 in Exp. 2. The silos were weighed before and
after filling, and immediately before opening to measure the weight
loss during fermentation. The fermentation weight loss was multiplied
by 1.44 according to Knicky and Spérndly (2015) to account for the
H,0 production during CO, formation. Approximately 10 cm of silage

Amount of compound captured in liquid (g/g) =

pressings was combined. In Exp. 2, a double screw press (DS; Angel
Juicer Ltd., Busan, South Korea) was also used for liquid-solid separa-
tion. A single pressing of 300 g was used per sample, and the mea-
surement of liquid yield was taken when the screw press had reached
steady state. The division of the fresh material into liquid and solid
fractions is described as liquid yield, and it was calculated as follows:

Liquid yield (g/g) =

Fresh matterin liquid (g)/Fresh matter in original biomass (g).

To describe how much of a compound in original biomass was
captured in the liquid, the following calculations were conducted for
DM, ash and crude protein (CP):

(Liquid yield (g/g) x Liquid DM (g/kg) x Nutrient concentration in liquid (g/kg DM))

from the surface and 5 cm from the bottom of each silo were dis-
carded before sampling for analyses. Representative samples were
stored in —20°C until processed and analysed. The fresh forage sam-
ples were dried overnight at 105°C for dry matter (DM) determination
and at 60°C for 2 days for analyses, and ground using a Wiley mill

with a 1 mm sieve.

2.2 | Laboratory measurements and calculations
Fresh forage, silage and juice fractions were analysed for chemical
composition and fermentation quality by routine methods as
described by Ayanfe et al. (2023). The fermentability coefficient
(FC) was calculated according to DLG (2020) as:

FC= (DM (g/kg) +8 WSC (g/kg DM) /buffering capacity

% (g lactic acid/100g DM))/10,

and values below 35 indicate a forage difficult to ensile. The amount
of ammonia-N added in FA treatments was reduced from the analysed
ammonia-N concentration based on the theoretical addition level.

The liquid-solid separation was conducted from frozen and
melted samples using a pneumatic press (PP; in-house built equip-
ment; Luke, Jokioinen, Finland). A sample of 150 g was put into a
mesh bag and squeezed between two vertical piston plates for
2 minutes at 6 bars (x 100 kPa) of pressure. The separated liquid was
quantitatively collected and weighed. Three analytical replicate press-
ings were conducted per sample and a mean value of them was used

for statistical analyses. For chemical analyses, the juice from the three

" DM of original biomass (g/kg) x Nutrient concentration in original biomass (g/kg DM)

2.3 | Statistical analyses

Data was analysed using a MIXED procedure (SAS Inc. 2002-2012,
Release 9.4; SAS Inst. Inc., Cary, NC, USA) of SAS. In Exp. 1, the data
was analysed in 3 separate parts. First, the grass treatments were ana-
lysed with a model including the effects of additive, wilting, and their
interaction. The second analysis included only red clover treatments,
and the effect of additive was included in the model. In the third anal-
ysis, wilted grass treatments and red clover were included to evaluate
the effect of plant species, additive, and their interaction. In Exp. 2,
only one analysis was conducted, where the effects of plant species,
additive, and their interaction were evaluated. In all cases, replicate
was used as the random effect in the model. The pairwise compari-
sons of the treatment means within each analysis were performed
using Tukey's test at a probability level of p < .05.

3 | RESULTS

The fresh forage composition for both experiments is presented in
Table 1. The DM concentrations were higher in Exp. 1 (on average
291 g/kg) than in Exp. 2 (on average 170 g/kg). The CP concentra-
tions were clearly lower in grass (93 g/kg DM) than red clover (187 g/
kg DM) materials. With lower WSC concentrations and higher buffer-
ing capacity values, the red clover forages had lower fermentation
coefficients than the grasses (48 and 27 for grass and red clover,
respectively). The results of the fermentation quality and simulated
biorefinery outputs are presented in Tables 2 and 3 for Exp. 1 and
2, respectively. A figure showing fermentation quality of all silages is

included as Figure S1.
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TABLE 1 Chemical composition of grass and red clover in primary growth (Experiment 1) and first regrowth (Experiment 2) before ensiling.
Experiment 1 Experiment 2
Grass
4-h wilt 24-h wilt Red clover Grass Red clover
Dry matter (DM), g/kg fresh matter 290 298 285 210 129
Buffering capacity, g lactic acid/100 g DM 6.4 6.5 10.1 4.4 11.2
Fermentation coefficient 48 43 36 52 17
In DM, g/kg
Ash 82 88 101 59 89
Crude protein 98 103 197 78 176
Water soluble carbohydrates 153 109 89 170 60
Neutral detergent fibre 537 563 334 592 485
In vitro organic matter digestibility, g/g organic matter 0.762 0.746 0.753 0.628 0.599

The increased ash concentrations in control treatments of G4 and
RC2 were probably linked with the greater fermentation losses of
them. In Exp. 1, the fermentation quality of CON in G4 was poor as
indicated by high pH, ammonia N and butyric acid concentrations, and
it resulted in highest weight losses during fermentation (p < .05). The
quality could be improved both by LAB and FA applications, where
LAB increased lactic acid fermentation (p < .05) and FA restricted it
(p <.05). A highly significant wilting x additive interaction was
observed for all fermentation parameters (p <.001) as differences
between the additive treatments practically disappeared after the
wilting of G24, although the DM concentration of the fresh forage
increased only marginally (8 g/kg). For G24 and RC1, the CP concen-
trations were higher for FA than LAB (p < .05). For RC1, FA restricted
lactic acid fermentation (p < .05) but resulted in higher ethanol con-
centration than the other treatments (p < .05), and LAB had slightly
smaller weight losses during fermentation than the other two additive
treatments (p < .05). The other differences between the RC1 silages
were minor.

In Exp. 2, the fermentation pattern of particularly Tim but also
RC2 was characterized by high ethanol concentrations (60 and 21 g/
kg DM for Tim and RC2, respectively). There were also clear differ-
ences between the plant species as RC2 CON was very poorly pre-
served with high pH, ammonia-N and ethanol concentrations and
virtually no lactic acid, which led to significant species x additive
interactions. For Tim, ENZ did not affect fermentation quality, but FA
+ E and FA restricted lactic acid production (p< .05). However, for
RC2, ENZ clearly improved the fermentation quality by increasing lac-
tic acid concentration and decreasing pH, ammonia N, ethanol and
acetic acid concentrations compared to CON (p < .05), although acetic
acid concentration remained high (61 g/kg DM). Residual WSC were
detected in FA + E and FA, while they were depleted in CON and
ENZ (p < .05). Acetic acid concentration could be controlled by FA
application (65 vs 17 g/kg DM for non-FA vs FA treated RC2; p < .05)
and also lactic acid concentration was reduced compared to ENZ
(p < .05). There were no benefits of adding ENZ to FA as the only sig-
nificant difference between FA + E and FA was a decrease in pH in

RC2 (3.95 vs 4.07; p < .05). Fresh matter losses during fermentation
were not affected by additives in Tim, but for RC2, addition of FA
either alone or with ENZ reduced the losses compared to CON and
ENZ alone (p < .05).

The liquid yield using PP varied between silage batches being
0.192 for G4, 0.123 for G24, 0.232 for RC1, 0.359 for Tim and 0.481
for RC2. Further, in Exp. 2 when DS was also used, the liquid yields
were clearly higher (0.628 and 0.694 for Tim and RC2, respectively).
However, there were no statistically significant effects of additive
treatments on liquid yield (p > .05). On the other hand, some treat-
ment effects were noted on the chemical composition of the liquids.
The FA application increased liquid DM concentration in G24, RC1
and RC2 compared to CON, but in Tim it decreased (p < .05). Liquid
ash concentration was higher in FA-treated G24 and RC1 but lower in
RC2 compared with CON (p< .05). For liquid CP concentration, CON
resulted in higher value than LAB in G4. In RC2, the FA-containing
treatments resulted in lowest CP concentrations and CON in highest,
while ENZ was intermediate (p < .05).

The CP captured in the liquid may be considered the most impor-
tant biorefinery output, and it was 0.153, 0.096, 0.127, 0.100 and
0.078 for G4, G24, RC1, Tim and RC2, respectively, when the less
efficient PP was used. The values were greatly increased with DS
being 0.301 and 0.239 for Tim and RC2, respectively. The differences
in liquid yields and liquid CP concentrations tended to compensate for
each other so that the only significant additive effect was observed
for RC1, where CON resulted in lower captured proportion of CP than
LAB and FA (p < .05) using PP. For DS, an additive effect for Tim was
found so that the capture of CP was higher in ENZ compared to the
FA-containing treatments (p < .05).

4 | DISCUSSION

The agronomic factors in green biomass production such as choice of
plant species, fertilization and timing of harvest relative to plant devel-

opmental stage greatly affect the characteristics of the feedstock, and
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subsequently outputs from the biorefinery process (Damborg
et al., 2020; Lindorfer et al., 2019; O'Keeffe et al., 2011). The bio-
masses used in the current experiments were not totally optimal for
biorefining, although that actually depends on what is the main prod-
uct of the process. The large variability of potential approaches (busi-
ness cases, arrays of products produced, external benefits such as
ecosystem services in feedstock production) plays a major role in
defining the optimal characteristics of the feedstock. The opportunity
to produce local protein and extract it from the fibre matrix so that it
is suitable for feeding monogastric animals is often targeted (Keto
et al,, 2021; Stgdkilde et al., 2020, 2023), and in that case the low CP
concentration of particularly the grass materials was not optimal. The
average CP concentration of the grasses was as low as 93 g/kg DM
which is clearly lower than the average value of 145 g/kg DM for
commercial grass silages for dairy cows in the same region
(n = 89,473, years 2019-2022; Valio Ltd., Helsinki, Finland, personal
communication). Grass CP concentration can be manipulated by N
fertilization with subsequent effects on protein yield from the biore-
finery (Damborg et al., 2020).

Forage legumes such as red clover are not dependent on the N
fertilization due to their ability of biological N fixation by the Rhizo-
bium bacteria in their root nodules and provide a valuable way to pro-
duce protein. Typically, the CP concentration is higher in red clover
than in grasses, which was the case for the current material as well.
Fair comparisons between different plant species are however diffi-
cult because the variation within species is also large and depends
greatly on the environmental conditions and management decisions
taken. When an organic non-N-fertilized ley was sampled and differ-
ent species manually separated, red clover had a clearly lower DM
and higher CP concentration than timothy (Rinne & Nykanen, 2000),
and similar trends were reported by McEniry et al. (2014) from pure
stands of grasses and red clover. It should however be kept in mind
that the choices in plant species are case-specific, and many factors
such as ability to increase manure nutrient circulation may affect it
(Tampio et al., 2019). For example, a green biorefinery in conjunction
of a piggery may benefit from using grasses rather than forage
legumes in the swards, as grasses can more efficiently utilize the slurry
N applied in the fields.

The focus of the current research was to evaluate how the ensil-
ing process manipulated by additive use affected the biorefinery out-
puts of the different silage batches. Most of the biorefinery
development has concentrated on using fresh grass (Jgrgensen
et al,, 2022), but as a stable year-around available feedstock, ensiled
biomass would provide benefits, so that studying also silages is justi-
fied (Rinne, 2024). There are also indications that ensiling might bene-
fit e.g., liquid-solid separation (Ayanfe et al, 2023), but direct
comparisons of fresh and ensiled materials are scarce.

The current set of forages showed quite distinct characteristics
and particularly G4 and RC2 were challenging to ensile as shown by
the poor fermentation quality of CON silages. The significant interac-
tions revealed that the effects of additive treatments varied depend-
ing on fresh forage characteristics. The FA treatments consistently

increased the fermentation quality even with difficult to ensile

materials in line with e.g., McEniry et al. (2014) and Rinne et al.
(2023). In our previous study, ENZ improved silage fermentation qual-
ity and increased liquid yield (Rinne et al., 2020), but here the efficacy
was not so obvious although CP captured in liquid increased signifi-
cantly in Tim and numerically in RC2, and the fermentation quality of
RC2 improved.

Although the additive effects on the biorefinery parameters eval-
uated in the current study were not consistent, silage quality may
have important effects on the biorefinery output. In the current study,
more detailed analysis of the nitrogenous compounds was not
included, but Rinne (2024) reported that poor fermentation quality
resulted in greatly reduced proportion of amino-N in total silage N the
values being 0.53 in a very poorly preserved control silage and 0.75 in
formic acid treated silage. This would significantly affect the value of
the product if for example used as a liquid feed for pigs. Winters et al.
(2001) evaluated the N quality of non-treated, formic acid treated and
inoculated silages, and noted that additive treatments conserved
amino-N, although differences were relatively small (proportion of
amino-N in total N 0.60, 0.64 and 0.65 for control, formic acid treated
and inoculated silages, respectively), which may be explained by the
relatively good fermentation quality of even the control silage. In
the data sets of Nadeau et al. (2019), use of chemical additives (formic
acid or salt based products) increased the proportion of true protein
in silages. Formic acid application also decreases the solubility of
silage CP (Ayanfe et al., 2023; Jaakkola et al., 2006; Nadeau
et al, 2019), which could decrease the CP capture into the liquid
(Ayanfe et al., 2023), although that was detected in the current data
set only for Tim when the more efficient press was used.

Silage DM concentration was closely linked to liquid yield as pre-
viously reported by Franco et al. (2019). In the current data set, liquid
yield decreased by 0.02 per 10 g increase in silage DM concentration,
when the less efficient PP was used (R? = 0.95). The fit with the
equation presented by Franco et al. (2019) was good between silage
DM concentration and liquid yield with R? equalling 0.95. When the
more efficient DS was used, the effect of silage DM concentration on
liquid yield was smaller (0.009 per 10 g increase in silage DM concen-
tration), but still affected by it (R> = 0.87).

The overall liquid yields and amounts of compounds captured in
the liquid were low in the current data when the low efficiency PP
extraction method was used. In Exp. 2, when a more efficient press
was used, the amounts of CP captured in the liquid tripled. This high-
lights the importance of technological choices to the performance of a
biorefinery (Lindorfer et al., 2019). When low efficiency press is used,
the feedstock characteristics may be more important as shown by
Franco et al. (2019) and Ayanfe et al. (2023). This was also observed
in the current data set referring to the discussion above about the
magnitude of the effect of silage DM on liquid yield using different
presses.

The wilting period of 24 hours was not effective in increasing the
DM concentration of grass in Exp. 1. Due to rainy weather, wilting
was conducted indoors, and it resulted in only a minimal (8 g/kg dur-
ing 20 h) increase in fresh forage DM concentration. However, sub-

stantial losses in WSC concentration appeared showing that extensive
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respiration had taken place during the wilting period. Even more inter-
estingly, the fermentation quality was greatly improved, which must
have been due to changes in the epiphytic microflora during the wilt-
ing period.

High moisture content in the biomass increases the logistics costs
and compromises silage fermentation quality (McDonald et al., 1991;
Rinne et al., 2023), so it should in general be avoided. Technological
solutions such as blending or pulping the drier biomass with liquid
prior to pressing could be a viable option to be able to benefit from
the effects of wilting in biomass conservation for biorefineries. Fur-
ther, higher liquid yield as such may not be a proper goal, and in the
current data set, liquid yield and CP captured in the liquid were even
slightly negatively correlated (R? = —0.33).

The losses during storage can be separated into fermentation and
effluent losses. More extensive fermentation and particularly secondary
and clostridial fermentation and losses caused by them are linked with
low DM silages (McDonald et al., 1991). In current silage production
practises for livestock feeding, effluent losses are in general prevented
by efficient wilting prior to ensiling as effluent production ceases when
biomass DM reaches 250-300 g/kg (Jones & Jones, 1995). For suc-
cessful mechanical liquid solid separation, relatively low DM feedstock
is however required (Franco et al., 2019) so that risks for effluent losses
may increase, if low DM biomass is preserved for biorefineries. Further,
if formic acid based additives are used, effluent losses are increased
(Jones & Jones, 1995; Winters et al., 2001). If spontaneous effluent
production takes place, the collection of the effluent needs to be
arranged to prevent environmental damages. Issues related to silage
losses have been discussed from livestock feeding point of view
(Borreani et al., 2018; Wilkinson & Davies, 2013), but aspects related
to low DM forages might require further attention specifically concern-
ing biorefineries. Further, losses related to spoiled top and side silage in
the silos as well as aerobic spoilage after silo opening may importantly
affect the overall efficiency and environmental impact of a biorefinery
operation. Thus, silage management practises such as optimized DM
concentration and use of effective additives are recommended in silage

production for green biorefineries.

5 | CONCLUSIONS

Optimizing the management of agronomic and feedstock conservation
techniques will play an important role for the economic and environ-
mental sustainability of the biorefinery process, but actual choices
depend on the particular business case regarding feedstock sourcing
policy and array of products produced. Good silage management prac-
tises with minimal losses during storage should be targeted, but
against our hypothesis, no clear patterns in biorefinery outputs were
observed in the current study, when different types of additives
were used in grass and red clover silage production.
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