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Abstract
The biorefinery technology aiming at protein extraction is rising and identification of suit-
able plant biomass input with valuable protein compounds for extraction is needed. Forage 
crops have been evaluated by the Cornell Net Carbohydrate and Protein System (CNCPS), 
and the result used as proxy of extractable protein in a biorefinery process. This serves as 
a helpful link between crop production and refinery output; however, the method has never 
been validated. Such validation is the main aim of this study. Five forage species—white 
clover, red clover, lucerne, perennial ryegrass, and tall fescue—were cut at four dates dur-
ing spring and processed in a lab-scale refinery (screw press and subsequent protein pre-
cipitation from the green juice). The pulp fraction and the precipitated protein concentrate 
were both CNCPS analyzed to follow the initial crude protein (CP) plant input into these 
two fractions. Total recovery in concentrate was highest for the legumes, which points to 
an advantage of these species in protein extraction setups. High recovery of B1 and B2 
(50% or higher for the grasses) in the pulp demonstrated a large proportion of soluble pro-
tein ending up in the fibrous pulp and shed light on the reason behind high feed quality of 
the pulp fraction. In conclusion, the existing tentative assumption of extractable protein 
being equal to CNCPS fractions of B1 and B2 and partly B3 was shown to be too sim-
plified. The presented findings can improve crop species screening in terms of expected 
extractable protein yield.
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Introduction

The increased demand for protein globally entails a growing awareness of sustainability 
of protein sources as well as increased focus on developing new sources [1, 2]. Green 
forage plants such as legumes and grasses have long been used as high-quality protein 
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sources for ruminants, while monogastrics generally cannot efficiently utilize these pro-
tein sources [3, 4]. The nature of cultivation of perennial forage crops comprises poten-
tial improvement of crop rotation systems as well as environmental benefits in terms 
of high carbon sequestration and low nitrogen (N) leaching and need for pesticides as 
compared to for instance cereals [5, 6]. In order to process forage crop protein for wider 
utilization purposes, the biorefinery technology appears promising [7]. The biorefinery 
separates the protein from the plant fiber matrix into a green protein concentrate suited 
for monogastric digestion in qualities comparable to soybean protein and a fibrous pulp 
fraction, which has shown good results as ruminant feed [7, 8] or for biogas [9].

The full production chain from soil to biorefinery output products comprises the crop 
production, the refinery process technology, and the quality of the end products, each more 
or less isolated in their field of science [10–12]. Nevertheless, in order to optimize the 
overall output and efficiency, this knowledge needs to be linked. Considering the agricul-
tural part, namely the biomass cultivation, an emerging effort is put into investigating the 
optimal choice of crop and management for maximized biomass and protein input to the 
biorefinery operation [6, 10]. These studies largely resemble previous studies examining 
forage crop protein concentration for ruminant feed quality [13–15]. The plant CP con-
tent could presumably be linked to biorefinery protein output by applying the Cornell Net 
Carbohydrate and Protein System (CNCPS), which is a widely applied and internationally 
recognized analysis [16, 17]. The method divides the crude protein (CP) into five fractions 
according to the type of N compound and degradability. The nomenclature of the CNCPS 
has changed over the years and according to the system concept described in 2008 [18], the 
CP fractions are divided into A, B1, B2, B3, and C, where especially B fractions are inter-
esting as A is non-protein N and C is cell wall–bound N. The application of CNCPS analy-
sis of the biomass may serve as a screening of biomass and thereby a link between crop 
production research and the final refinery protein output and quality. A suggested interpre-
tation of the CNCPS protein fractions in biomass and potential protein extraction entails 
that B1 and B2 fractions are expected to be directly extractable whereas B3 is potentially 
extractable [6]. However, an inaccuracy exists regarding this assumption since no study 
previously validated this relationship.

The aim of this study was to examine the relationship between the forage crop bio-
mass CP contents and CNCPS fractions and the biorefinery output in terms of pulp and 
protein concentrate, which were correspondingly analyzed by the CNCPS method. This 
was done for a variety of forage species cut on consecutive dates in the spring, hereby 
providing novel insights into the destiny of each of the CNCPS CP fractions in the bio-
mass throughout the biorefinery process to the end products. We hypothesized that the 
B1 and B2 fractions would largely constitute the protein that distributed into the protein 
concentrate from biorefinery, and that the recovery of specific CNCPS fractions in pulp 
and protein concentrate would differ significantly between forage species of different 
plant functional groups (grasses and legumes).

Materials and Methods

The overall experimental design includes a number of steps (Fig. 1), including a field 
trial (biomass source), lab-scale biorefinery processing, and chemical analyses of bio-
mass input and refinery output according to the CNCPS method.
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Field Trial Design and Management

The samples examined in this study were taken in 2016 in second production year of a 
grassland experiment established at Aarhus University, Foulumgaard (56° 30′ N, 9° 35′ E). 
The soil is classified as a Typic Hapludult, according to the USDA Soil Taxonomy System 
with 7% clay, 10% silt, 81% sand, and 1.7% C in the topsoil (0–20 cm). The soil pH was 
5.9 and concentrations of extractable P, exchangeable K, and exchangeable Mg were 36, 
129, and 39 mg  kg−1 soil, respectively.

The legume species were white clover (Trifolium repens L., cv. Silvester), red clover 
(Trifolium pratense L., cv. Suez), and lucerne (Medicago sativa L., cv. Creno) and the grass 
species were perennial ryegrass (Lolium perenne L., cv. Calvan 1) and tall fescue (Festuca 
arundinacea L., Tower) under sown in a spring barley (Hordeum vulgare L.) main crop in 
2014. All seeds used in the trial were acquired from DLF, Seeds and Science (Roskilde, 
Denmark). The seed rate was 10 kg   ha−1 for white clover and red clover, 20 kg   ha−1 for 
lucerne, and 25 kg   ha−1 for the grasses. Grasses were applied 140 kg N   ha−1 in mineral 
fertilizer. Field plots (1.5 × 12 m) were arranged in a split plot design (harvest time as main 
plot and species as sub‐plot) with two replications.

The plots were harvested at 7-cm stubble height using a Haldrup plot harvester (J. 
Haldrup a/s, Løgstør, Denmark) at four dates in 2016 (May 17, May 24, May 31, and June 
6). A representative sub‐sample of approximately 2–3 kg was taken manually from the har-
vested plant material, and stored at − 18 °C until further analysis.

The field trial was conducted in accordance to local legislation and no further permis-
sions or licenses were required.

Protein Extraction and Precipitation

The plant material was thawed overnight prior to processing, which was done in a com-
mercial lab-scale by using twin-screw press (Angelia 8500S, Angel Juicer, Seoul, South 
Korea) as previously described [4]. Processing resulted in separation of the plant material 

Plant biomass

Screw press

Pulp

Green juice Protein

precipitation

Protein

concentrate

Field trial

Brown juice

Crude protein analysis into fractions (A, B1, B2, B3 and C)

Refinery process

Fig. 1  The overall experimental design showing the flow of plant samples from field trial to refinery output. 
The initial plant biomass as well as the pulp and protein concentrate refinery outputs is analyzed according 
to the CNCPS method into CP fractions (A, B1, B2, B3, and C) in order to follow the distribution of these 
fractions throughout the process. For the brown juice, the CP fractions of A, B1, B2, B3, and C are not 
measured but calculated. The refinery process includes the screw press and protein precipitation steps
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into a pulp and a juice. The juice was acidified to pH 4 using 12 M phosphoric acid result-
ing in precipitation of soluble proteins. The acidified juice was left overnight at 4 °C and 
centrifuged for 10 min at 2000g at 4 °C during which the precipitated protein was sepa-
rated from the supernatant liquid (brown juice). All samples were freeze-dried and ground 
(0.5 mm) before further analysis.

Biorefinery Outputs

Each of the two refinery outputs (i.e., pulp and protein concentrate) was quantified and 
qualified by mass balances and the corresponding content of CNCPS CP fractions, whereas 
the supernatant output was calculated by difference. To reconcile the mass balance, trunca-
tion was used in order to match input and output in case of inconsistency, mainly caused by 
losses in the screw press. This was done relative to output product proportions. The trun-
cation was performed twice during calculations. The first time was in relation to the DM 
distribution between outputs. The second time was performed to reconcile the output of the 
specific CNCPS CP fractions, so that for instance the summed B2 output in pulp and pro-
tein concentrate did not exceed the initial plant content. The result from this procedure was 
inevitably that the results on the supernatant part would be a combination of real material, 
process losses, and uncertainties in relation to calculations, why this output will be named 
supernatant/loss hereafter.

Analysis for Protein Fractions (CNCPS)

Sub‐samples of 200–300 g of biomass samples from the field trial were freeze-dried and 
50–60 g of dried samples was collected and ground to 1-mm particle size in a Foss Cyclo-
tec 1093 mill. Ground samples were stored in airtight bottles at room temperature until 
further analysis. Crude protein was divided into five fractions adhering to the CNCPS 
nomenclature and method described by Licitra et  al. (1996) and Tylutki et  al. (2008). 
Correspondingly, the analysis was performed on the pulp and protein concentrate output. 
Finally, all CP measurements were carried out using the Kjeldahl method with a nitrogen-
to-CP conversion factor of 6.25. This study was conducted in connection to a parallel study 
investigating N recovery in pulp and protein concentrate, however, without considering the 
CNCPS fractions of neither refinery input nor output [19]. The plant samples were handled 
and identified by technician Margit Paulsen and sub-samples were deposited according to 
standard lab procedures.

Statistical Analyses

The statistical software used in this study was R [20]. Test of differences in recovered CP in 
pulp and extracted protein between species was performed by the lme mixed linear model 
in the nlme package [21] followed by a post hoc Tukey test (α = 0.05) using the glht func-
tion in the multcomp package [22]. Harvest date was included as a random factor. Trans-
formation of data from recovered C fraction in extracted protein and B1, B2, and B3 frac-
tions in the pulp was performed (square root, square root, log, and quartered, respectively).
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Results

To increase robustness of the results in this first-of-its-kind study, we choose to collapse 
the four spring cut dates resulting in eight replicates per species. Hereby, the data represent 
more variation within plant physiological development and thus strengthen the reliability 
of concluded differences between species, which is one of the main aims of the study (see 
Electronic Supplementary Material for information disaggregated on cut dates).

The DM contents of the plant material ranged from 12.6 to 20.5% and CP content from 145 
to 217 g  kg−1 across the five species (Table 1, Fig. 2). The B2 fraction constituted the high-
est CP fraction content in all plant species across all cut dates followed by fraction A (Fig. 2, 
S1). The proportional order of B1, B3, and C alternated between species, although fraction C 
generally showed the lowest concentration. The relative distribution of CNCPS fractions of 
total CP for the five species (species showing lowest and highest values in parenthesis) ranged 
from 9.7 to 16.2% for B1 (perennial ryegrass; lucerne), from 40.6 to 48.6% for B2 (red clover; 
lucerne), from 4.7 to 17.9% for B3 (lucerne; perennial ryegrass), from 4.1 to 6.5% for C (white 
clover; red clover), and from 22.9 to 26.2% for A (perennial ryegrass; red clover) (Fig. 3).

The DM content of the pulp fractions ranged from 28.0 to 42.7% and CP content from 
92 to 164 g  kg−1 DM (Table 1). The CP recovery in the pulp ranged from 34 to 48% of 
plant CP across the four cut dates and five forage species (Table 2). The grasses showed 
significantly higher recovery as compared to red clover and lucerne and especially the 
recovery of the B3 fraction drove this difference. Of the soluble B1 and B2 CP fractions, 
between 8 and 37% and between 39 and 55% of B1 and B2, respectively, were recov-
ered in the pulp. The relative distribution of CNCPS fractions of total CP in the pulp for 
the five species (species showing lowest and highest values in parenthesis) ranged from 
0.6 to 7.6% for B1 (tall fescue; lucerne), from 46.0 to 59.1% for B2 (red clover; white 
clover), from 5.7 to 31.3% for B3 (lucerne; perennial ryegrass), from 2.3 to 6.0% for C 
(perennial ryegrass; lucerne), and from 15.3 to 22.0% for A (red clover; lucerne) (Fig. 3). 

Table 1  Dry matter and crude 
protein content in the five 
forage species. Standard error in 
parenthesis (n = 8). Average of 
four harvest dates

Species Product Dry matter (%) Crude pro-
tein (g  kg−1 
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)

Lucerne Plant 16.2 (1.0) 216 (12)
Pulp 32.9 (2.4) 129 (11)
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)

2475Applied Biochemistry and Biotechnology (2021) 193:2471–2482



1 3

This showed that B2 generally constituted the main proportion, although the B3 frac-
tion tangented the B2 level on some cut dates for red clover and perennial ryegrass (see 
Fig. S1). As compared to the CNCPS fraction distribution in the plant, the pulp had rela-
tively less or similar B1 and A content, and more or similar B2 and B3 content pointing 
at an overall increased proportion of soluble proteins in the pulp.

For the protein concentrate, the DM contents were from 15.3 to 18.3% and CP con-
tent from 266 to 336 g   kg−1 DM (Table 1). Total CP recovery in the protein concen-
trate fraction in proportion of plant CP ranged from 23 to 39% with the legumes hav-
ing significantly higher recovery than the grasses (Table 2). The driver behind this was 
mainly a systematically higher B2 recovery in the legumes (51 to 58%) as compared 
to the grasses (29 to 33%) (for recovery-dynamics across the four spring cut dates, see 
Fig.  S1). The relative distribution between CNCPS fractions in the protein concen-
trate for the five species (species showing lowest and highest values in parenthesis) 
ranged from 7.0 to 10.7% for B1 (perennial ryegrass; red clover), from 58.4 to 69.7% 
for B2 (perennial ryegrass; white clover), from 0.9 to 18.4% for B3 (lucerne; perennial 
ryegrass), from 0.7 to 1.2% for C (lucerne; white clover), and from 12.2 to 19.6% for A 
(red clover; tall fescue) (Fig. 2). The summed B1 and B2 fractions comprised at least 
65% of the concentrate CP revealing a general picture of relatively decreased A content 
and increased B2 content in the concentrate compared to the plant.

Fig. 2  CP content in plant biomass and the distribution of this CP into the three outputs: pulp, concentrate, 
and supernatant/loss divided on the five CNCPS fractions, for five forage species. Forage species are white 
clover (W.C.), red clover (R.C.), lucerne (Luc.), perennial ryegrass (Per.Ry.), and tall fescue (Tall Fe.). For 
example, the three black bars (B2 content) of the red clover pulp, red clover concentrate, and red clover 
supernatant/loss sum to the black bar representing the red clover plant. Individual bar colors (from beneath) 
represent B1, B2, B3, C, and A, according to the CNCPS method. The bars show results averaged across 
four spring cut dates. CP contents for the supernatant/loss fraction are calculated as difference. The order 
of fractions is changed to facilitate the overview of monogastric digestible CP fractions, which has been 
argued to be B1, B2, and partly B3
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Higher or equal amounts of total CP were recovered in the pulp as compared to the 
protein concentrate (except for lucerne) (Fig. 2). The supernatant/loss held between 25.8 
and 33.7% of plant CP (mean = 29.0%) and contained a mix of the five CP fractions, 

Fig. 3  CNCPS fraction distribution of total crude protein in the plant biomass, pulp, protein concentrate, 
and supernatant/loss for five forage species. Individual bar colors (from beneath) represent B1, B2, B3, C, 
and A, according to the CNCPS method. Forage species are white clover (W.C.), red clover (R.C.), lucerne 
(Luc.), perennial ryegrass (Per.Ry.), and tall fescue (Tall Fe.). The bars show results averaged across four 
spring cut dates. The order of fractions is changed to facilitate the overview of monogastric digestible CP 
fractions, which has been argued to be B1, B2, and partly B3

Table 2  Percentage of plant CP that is recovered in the pulp and protein concentrate. The recovered CP is 
shown as total and as divided on CNCPS fractions for each of the five forage species. Values are means of 
8 samples for each species (average of four harvest dates). Numbers in parenthesis indicate standard error. 
Letters indicate significance in the vertical direction (p < 0.05) (separately for pulp and concentrate)

Fraction Species A B1 B2 B3 C Total
(%) (%) (%) (%) (%) (%)

Pulp White clover 25 (3) AB 37 (12) A 49 (5) AB 47 (7) BC 47 (8) A 40 (2.2) AB
Red clover 21 (5) B 23 (5) AB 39 (4) B 64 (7) B 28 (0.7) A 34 (2.2) B
Lucerne 32 (7) AB 15 (6) AB 42 (3) B 44 (3) C 54 (5) A 35 (3) B
Per. ryegrass 33 (3) A 13 (5) B 50 (7) AB 78 (3) A 42 (10) A 45 (4) A
Tall fescue 32 (8) AB 8 (9) B 55 (10) A 82 (10) A 50 (12) A 48 (3) A

Concentrate White clover 22 (4) AB 33 (1.4) A 51 (5) A 8 (1.2) B 12 (5) A 35 (3) A
Red clover 17 (3) AB 45 (12) A 58 (6) A 21 (5) A 5 (2.1) B 35 (5) A
Lucerne 26 (1.1) A 20 (4) A 58 (3) A 8 (1.3) B 7 (0.7) AB 39 (1.9) A
Per. ryegrass 16 (2.1) B 22 (9) A 29 (2.5) B 22 (3) A 6 (1.9) AB 23 (2.0) B
Tall fescue 19 (1.5) AB 38 (12) A 33 (15) B 18 (5) A 6 (2.1) AB 26 (5) B
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although no (or very low levels) B2 was recovered for the legumes and no B3 was recov-
ered for the grasses.

The mass balance of the specific CNCPS CP revealed a systematic surplus in the 
summed B2 content in pulp and concentrate (mean = 32%; data not shown) as com-
pared to the initial plant B2 input in the legumes, whereas a systematic surplus in the 
summed B3 content in pulp and concentrate (mean = 84%; data not shown) as com-
pared to the initial plant B3 input in the grasses. This overload was reduced by the sec-
ond step of the truncation procedure (see the Materials and Methods section “Biorefin-
ery Outputs”).

Discussion

Recovery

The results revealed differences between species in CP recovery of some of the five 
CNCPS fractions as well as total CP recovery for both pulp and protein concentrate. 
Nevertheless, in the pulp, the only systematic differences found were higher proportion 
of B3 and total CP in the grasses compared to legumes (except white clover for total 
CP). Higher CP recovery in pulp from grasses compared to legumes was also shown by 
Stødkilde et  al. (2020) using the Dumas procedure for overall CP determination. The 
high recovery of B1 and B2 (50% or higher for the grasses) in the pulp showed that sol-
uble protein does not necessarily end up in the protein concentrate. The pulp contained 
from 57 to 72% water in the present study, and therefore it can be argued that solutes 
will naturally also distribute to the pulp output. The inability to perform a complete sep-
aration of soluble and insoluble protein during processing is in agreement with previous 
findings, where similarities between amino acid compositions of the pulp and protein 
concentrate suggest that the fiber-rich pulp contains a proportion of soluble proteins 
enclosed in the fiber network [4, 23]. These findings nuance the existing assumption 
that the plant B1, B2, and possibly B3 content represent a proxy for estimated extract-
able true protein [10].

Considering the CP recovery in the protein concentrate, the grasses differ from the 
legumes in terms of higher B3 recovery, except for red clover. Total recovery was system-
atically higher for the legumes, which points to an advantage of these species in protein 
extraction setups, although this has to be viewed in a broader perspective also including, 
e.g. biomass yields and environmental impact of cultivation. In addition, the quality as 
defined by the CNCPS fractions is also important, which will be treated further below. 
Stødkilde et al. (2020) came to the same conclusion regarding higher total CP recovery 
in the legumes and further found a significant correlation between total CP plant con-
tent and CP recovery in the concentrate, which assumingly represents the same pattern as 
shown by the data presented in this study. However, recovery percentages reported from 
this study are generally lower for both pulp and protein concentrates as compared to Stød-
kilde et al. (2020), which will be discussed in section “CP Fraction Shift During Process-
ing”. Santamaría-Fernández et  al. (2019) found CP recovery in the protein concentrate 
from red clover to be approximately 40%, which is roughly in line with the 35% found in 
this study for red clover, whereas they found recovery in timothy (a grass species) to be 
approximately 25%.
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Quality of Pulp and Concentrate

It has previously been shown that the pulp has a feeding quality similar to the initial crop 
biomass, based on the CP content and feeding experiments [8, 23]. In this study, we found 
consistently less CP in the pulp as compared to pre-treated biomass. Stødkilde et al. (2019) 
reported CP content of the pulp to be on average 12.6% lower than CP plant content across 
the four investigated species—white clover, red clover, lucerne, and perennial ryegrass—
whereas this study found a corresponding decrease of 33.3% as an average for the same 
four species. This could be explained (at least partly) by the truncation issue as discussed 
below, pointing at a shift of CP between CNCPS fractions during the process. Interest-
ingly, the new knowledge on CP quality provided by this study confirms that the relative 
distribution between CNCPS fractions in the pulp resembles the one in the crop biomass 
when it comes to the important components of B1 and B2 for all species. The summed B1, 
B2, and B3 in the pulp were on similar levels as the crop biomass for all species. Damborg 
et al. (2020) reported total amino acid content in plant and pulp protein CP to be 76.8% and 
82.5% of total CP, thereby showing an amino acid increase in pulp as compared to plant 
biomass, although that method does not clarify the distribution between A, B1, B2, B3, 
and C in the outputs. Our results shed light on the reason behind high feed quality of the 
pulp fraction in terms of the somewhat surprising CNCPS fraction distribution in the pulp.

Regarding the protein concentrate, the findings indicate that the quality is improved 
compared to the initial forage crop biomass, since the concentrate had a higher proportion 
of B2. This fraction containing soluble true protein is expected to have a higher digest-
ibility than the cell wall–bound C fraction and would hence be more utilizable by the 
monogastric animal. The recovery of non-protein N (A fraction) in the protein concen-
trate can be compared to the previously reported results by Damborg et al. (2018) of 12%, 
whereas Stødkilde et al. (2019) reported values as low as 1% or less.

CP Fraction Shift During Processing

The proportion of plant CP ending up in the supernatant/loss was (averaged for each spe-
cies) 25.8–33.7% (mean = 29.0%), whereas Stødkilde et  al. (2020) found it to be 8.6 to 
17.7% (mean = 12.2%) for the corresponding treatment (single screw pressed). These dif-
ferences can be caused by increased uncertainty on CP contents when quantified as the 
summed content of the five CNCPS fractions as compared to the Dumas method for total 
N content. Moreover, the truncation used in this study is likely to play a role. When the 
summed CP contents of pulp and concentrate, e.g., for the B2 fraction, exceed the initial 
plant content, the relative reduction by truncation terminates this part of the total output 
without considering that another CNCPS fraction should be increased equivalently. This, 
so to speak, missing CP will reappear in the supernatant/loss fraction, since this is not 
measured but calculated as the difference between plant CP input and the summed pulp 
and concentrate CP output. Although we found the truncation as a necessary step in the 
analysis of this first-of-its-kind study, we also conclude that the unintended consequence is 
that the supernatant/loss fraction assumingly becomes inaccurate when calculated by dif-
ference. Future studies on this matter should include CNCPS analysis of the supernatant 
in order to improve determination of CP flow into the outputs. A tentative estimate of the 
significance of the second truncation (see the Materials and Methods section “Biorefinery 
Outputs”) was provided by omitting this, and hereby the supernatant recovery dropped to 
− 3 to 18% (mean = 13.1%; data not shown). The fact that the average for one of the species 
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becomes a negative value reveals that there are some uncertainties related to the CNCPS 
method as compared to the Dumas method, assumingly due to the five independently quan-
tified CP fractions instead of one (total N). However, the non-truncated CP recovery in the 
supernatant is much more in line with the values presented in Stødkilde et al. (2020). The 
presented data here indicate and raise an important question: whether or not some of the 
CP shifts from one CNCPS fraction to another during the biorefinery process. The reported 
surplus of B2 and B3 found in the mass balance reveals a pattern, which suggests that 
during the biorefinery process, the B2 fraction increases in the legumes whereas the B3 
fraction increases in the grasses. The data does not point at which fractions are correspond-
ingly decreased, which indicates that it could be a combination of more contributing frac-
tions. This question needs further examination in order to achieve improved estimation of 
biorefinery CP output quality based on forage crop analyses.

Linking Forage Biomass CNCPS Analysis to Biorefinery Output

The above discussion underpins different aspects of the findings that influence the link 
between forage crop CP content and biorefinery output. Farmers will tend to maximize 
the B1 and B2 protein output per hectare and thereby choose the highest yielding forage 
crop, which might be unbeneficial in case this plant has a low recovery of B1 and B2 in 
the protein concentrate. Thus, the knowledge on CP recovery for a variety of crop species 
is important. The finding regarding that the protein concentrate contains other CP fractions 
than B1 and B2 (namely A, B3, and C) stresses the importance of qualifying the feed prop-
erties for these fractions to monogastrics. This will improve further optimization of forage 
crop choice for protein concentrate extraction. Finally, the possible shift between CNCPS 
fractions during the biorefinery process might change which crop is the most suitable for 
protein extraction, since the input could be different from the output. In addition, future 
studies should look more into cut dates and management, e.g., fertilization, and how this 
influences the distribution between CNCPS protein fractions.

In summary, the tentative assumption of extractable protein being equal to CNCPS frac-
tions of B1 and B2 and partly B3 was shown to be too simplified. The CP recovery varies 
across forage crop species; however, only the B3 and total CP recovery showed systematic 
differences between legumes and grasses. The presented insight will potentially influence 
the balance between crop species in terms of expected maximized extractable protein yield, 
meaning that the forage species producing the largest crop CP yield per hectare may not be 
the overall most beneficial species. We point at the replication of this experiment to shed 
light on an even broader number of species, varieties, and cut dates—not only in the spring 
but also throughout the year - in order to secure further improvement for field experiment 
results to be related to realistic extractable protein yields.
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