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A B S T R A C T   

Biorefining is a promising method for sustainable feed production through conversion of biomass 
into a protein concentrate for monogastrics and fibrous pulp for ruminants. Nitrogen (N) content 
and recovery in pulp and protein concentrate from lucerne, red clover, white clover, perennial 
ryegrass and tall fescue harvested at different spring cut harvest times were analysed to assess the 
effect of plant species, developmental stage and number of screw press processing. 

Plant species and spring cut harvest time affected N content of pulps and protein concentrates 
(P < 0.01). The N contents of the legume pulps and protein concentrates (22.0–43.2 g/kg dry 
matter (DM) and 52.1–68.9 g/kg DM, respectively) were higher than corresponding values of the 
grasses (16.4–31.2 and 38.1–58.9 g/kg DM, respectively) and lowest in late harvested pulps 
(16.4–29.2 g/kg DM). The proportion of N retained in pulp increased with spring cut harvest time 
(P < 0.01) and was higher in grasses compared to legumes (544.5–715.1 and 334.0–565.2 g/kg 
plant N, respectively). Plant species and spring cut harvest time affected N recovery in protein 
concentrate (P < 0.01) and correlated positively with the plant N content (P < 0.01) and nega-
tively with the plant DM (P < 0.01). The legumes had a higher recovery than grasses 
(160.2–556.2 g/kg plant N and 160.2–335.6 g/kg plant N, respectively). Regardless of plant 
species, late spring cut harvests reduced the total N extractability, i.e. recovery after application 
of a two-step extraction procedure, to 342.8–490.9 g/kg plant N (P < 0.01). The largest pro-
portion of N was extracted from the three legumes (458.4–653.8 g/kg plant N), with the lowest 
extractability in the late spring cut harvest. 

The N content and recovery in fractions produced in the biorefining process were dynamic 
variables influenced by plant species, spring cut harvest time and number of screw press proc-
essings. More N was retained in the pulp from late cut grasses whereas the N recovery in protein 
concentrate was highest in early and intermediate cuts from legumes. The dynamics of N dis-
tribution between pulp and protein concentrate highlight the importance of considering input 
plant species, time of harvest and processing technique in order to enhance recovery and secure 
efficient utilisation of the biomass as feed for monogastrics and ruminants.   
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1. Introduction 

In organic and conventional animal production systems, there is increased awareness of using local and sustainable protein sources 
with low climate and environmental impact (Makkar and Ankers, 2014). Grasses and legumes can potentially be such protein sources 
due to a long growing season, high dry matter (DM) and protein yield (Houseman and Jones, 1978; Wilkins and Jones, 2000), and with 
a high content of essential amino acids (Chowdhury et al., 2018). The chemical composition and nutritional quality of grasses and 
legumes vary during the season and are influenced by plant species and growth conditions (Solati et al., 2017). In addition, plant 
maturation leads to a shift in the leaf:stem ratio resulting in declining protein concentration and a subsequent increase in the con-
centration of less digestible fibre and lignin (Terry and Tilley, 1964; Rinne et al., 1997). Grasses and legumes have hitherto mainly been 
used as feed for ruminants, as the high plant fibre content prevents efficient protein utilisation by monogastrics (Buxton et al., 1996; 
Buxton and Redfearn, 1997; Jha et al., 2019). The screw press-based green biorefining process enables feed applications for mono-
gastrics, as the process extracts the soluble plant protein from the complex plant fibres (Pirie, 1987; Colas et al., 2013a). Biorefining is 
performed on fresh grasses due to break down of high quality protein to ammonia during silage. However, the after screw pressing, due 
to high moisture content of pulp (Damborg et al., 2019) and high cost of drying, the pulp fraction would be ensiled to preserve the 
nutrient content of pulp. For feed purposes, most plant protein studies have focused on the extracted protein concentrate as feed for 
monogastrics (Pirie, 1987; Santamaría-Fernández et al., 2019; Stødkilde et al., 2019), whereas the residual fibre; pulp, has been 
considered as substrate for bioenergy (Chiesa and Gnansounou, 2011). However, the recovery of the majority of DM and approxi-
mately half of the plant N into the pulp (Damborg et al., 2020), and the positive effect of feeding pulp on dairy cow milk yield 
(Damborg et al., 2019) emphasise the importance of making pulp a key feed fraction in biorefining. The sustainability of the bio-
refining process is conditioned by value-maximisation of the produced fractions, which for feed purposes relies on nutrient compo-
sition and on nutrient recovery during processing, however knowledge is needed on how plant species and developmental stage 
influence the distribution between fractions. The aim of this study was to measure the content and recovery of N pulp and protein 
concentrate produced by biorefining of tall fescue, perennial ryegrass, lucerne, red clover and white clover harvested at four 
consecutive spring cut harvest dates, thereby representing different developmental stages of the input plant. The distribution of N 
between pulp and protein concentrate is highly dependent on composition of input plant material (Pirie, 1987) and process parameters 
(Vosloh, 1976; Edwards et al., 1978; Colas et al., 2013b) and it is therefore hypothesized that the N content of all fractions will be 
affected by plant species and spring cut harvest time. For late harvest dates, N is thus hypothesized to be recovered in the pulp at the 
expense of recovery in the protein concentrate due to maturation-associated lignification of the plants. Moreover, we hypothesise that 
a second pressing of the initial pulp will increase the total recovery of N in the protein concentrate. 

2. Materials and methods 

2.1. Plant species and growth conditions 

A grassland experiment was established at the experimental station Foulumgaard, Aarhus University (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. 

White clover (Trifolium repens L., cv. Silvester), red clover (Trifolium pratense L., cv. Suez), lucerne (Medicago sativa L., cv. Creno), 
perennial ryegrass (Lolium perenne L., cv. Calvan 1) and tall fescue (Festuca arundinacea L., Tower) were undersown in a spring-barley 
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Fig. 1. Weather conditions during harvesting in May and June 2016 (Foulum Denmark). Minimum temperature (◦C), maximum temperature (◦C) 
and precipitation (mm). 
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cover crop in 2014. Field plots (1.5 × 12 m) were arranged in a split plot design (harvest time as main plot and species as sub-plot) in 
duplicates. The sowing 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 fertilised with 140 kg N ha− 1. 

The spring (first) cut of the plots was harvested at 7 cm stubble height using a Haldrup plot harvester (J. Haldrup a/s, Løgstør, 
Denmark) at four dates in 2016 (17 May, 24 May, 31 May or 6 June). Different plots were used for each harvest date, resulting in 
independent samples. Weather conditions prior to and during harvest are shown in Fig. 1. Wet weight was recorded, and a repre-
sentative sub-sample of approximately 2–3 kg was taken from the harvested plant material and was manually cleaned from bugs, dirt, 
and weeds, and frozen at − 18 ◦C until further processing. 

2.2. Processing 

The plant material was thawed overnight at 4 ◦C prior to processing in a commercial lab-scale twin-screw press (Angelia 8500S, 
Angel Juicer) (Stødkilde et al., 2019), resulting in a fibrous pulp and a green juice. Soluble proteins in the juice were precipitated with 
12 M phosphoric acid until pH = 4. The acidified juice was left overnight at 4 ◦C and subsequently centrifuged for 10 min at 2000 g/ 
4 ◦C, separating the precipitated protein from the residual brown juice. The majority of the pulp was diluted in Milli Q water (200 g 
pulp, 400 mL water) and left for 10 min with magnetic stirring after which the wet pulp was processed in the same lab-scale twin-screw 
press. Similarly, after this second screw-pressing, protein in the green juice was precipitated as described. For analysis, four products 
were used: single screw-pressed pulp (SP), single screw-pressed protein concentrate (SPC), double screw-pressed pulp (DP) and double 
screw-pressed protein concentrate (DPC). All samples were freeze-dried and ground (0.5 mm) before further analysis. 

2.3. Chemical analysis 

The DM content of a representative sample from all fractions was determined on freeze-dried material by drying at 103 ◦C for 2 h. 
Nitrogen was analysed by the Dumas procedure (Hansen, 1989). 

2.4. Calculations 

Nitrogen recovery was calculated from DM-based numbers: 

Nitrogen recoveryfraction(%) =
nitrogen contentfraction ∗ massproduced fraction

nitrogen contentplant ∗ massprocessed plant
∗ 100% 

The input values are based on mass balances and N analysis of a representative sub-sample of the individual samples. Due to 
accumulation of small inaccuracies in the N analyses of individual sub-samples, the sum of the fractions was 2–3 % higher than the 
original input, and therefore the N content was truncated to the sum of fractions being 100 %. The truncation was based on the 
analysed N ratio between the fraction in order to maintain the ratio and distribute the error between the fractions. Total N extract-
ability into the two protein concentrates (SPC and DPC) was calculated as the sum of each fraction taking mass balances into account. 

2.5. Statistical analysis 

The data analysis was performed with SAS (version 9.4. Copyright, SAS Institute Inc., Cary, NC, USA). Two replicates per plant per 
harvest were used. The statistical model used was a general linear model:  

Yij = μ + αi + βj + αβk + εij                                                                                                                                                            

Where μ is the overall mean, α is the fixed effect of plant species (i = lucerne, red clover, white clover, perennial ryegrass and tall 
fescue), β is the fixed effect of harvest time (j = May 17, May 24, May 31, and June 6), αβ is the interaction between plant species and 
harvest time, and ε is the random error. The average values per plant species (across harvest time) were compared using Tukey-Kramer 
test. 

A data set per plant species was made to compare the differences between harvest dates within one plant species. A general linear 
model was used:  

Yij = μ + αi + εij                                                                                                                                                                            

Where μ is the overall mean, α is the fixed effect of harvest date (i = May 17, May 24, May 31, and June 6) and ε is the residual random 
error N (0,σ2). The LSmeans for harvest time were compared using Tukey-Kramer test. The values presented in text and Tables are 
LSmeans. The overall standard error of mean (SEM) is provided. 

The linear relationship between plant N or plant DM content and either N recovery in SPC or total extractability was analysed with a 
general linear model. The correlation coefficient and the associated p-value are presented. Significance was declared at P < 0.05. 

L. Stødkilde et al.                                                                                                                                                                                                      



AnimalFeedScienceandTechnology278(2021)115016

4

Table 1 
Chemical composition and yield of plant species at different spring cut harvest times.1   

DM content (g/kg) Nitrogen content (g/kg DM) Dry matter yield (tonnes/ha)  

Lucerne Red 
clover 

White 
clover 

Perennial 
Ryegrass 

Tall 
Fescue 

Lucerne Red 
clover 

White 
clover 

Perennial 
ryegrass 

Tall 
Fescue 

Lucerne Red 
clover 

White 
clover 

Perennial 
ryegrass 

Tall 
Fescue 

17 May 183.2a 12.81b 153.4 183.4 224.9 37.0a 37.4a 43.2 30.6 30.1a 1.47c 2.85b 1.52c 2.71b 3.45b 

24 May 123.8c 92.7c 110.3 128.3 177.7 39.1a 35.7ab 42.3 24.8 26.7a 2.57b 3.71a 2.33b 4.52a 4.50a 

31 May 156.3b 120.6bc 129.0 186.1 202.3 33.2a 29.0bc 35.1 18.7 18.2b 2.34b 2.57c 1.05d 2.92b 4.32a 

6 June 184.0a 164.5a 116.5 169.5 214.4 25.6b 22.7c 34.2 20.5 19.6b 5.59a 5.10a 3.10a 5.72a 6.99a 

SEM 5.83 8.19 10.10 15.79 16.61 1.89 1.82 1.97 2.24 1.60 0.207 0.199 0.102 0.308 0.482 
Average for plant species2 161.8B 126.5C 127.9C 166.8B 204.8A 33.7B 31.2B 38.7A 23.6C 23.6C 2.99C 3.56BC 2.00D 3.97B 4.82A 

P-value (Plant species) <0.01 <0.01 <0.01 
P-value (spring cut harvest 

time) 
<0.01 <0.01 <0.01 

Interaction (Plant 
species × spring cut 
harvest time) 

0.23 0.25 0.01 

DM = Dry matter. SEM = standard error of the means. Calculated for the overall model with spring cut harvest, plant species, and interaction between them. 
1 a–cMeans within a column with different letters indicate significant differences (P < 0.05). A Tukey test was used. 
2 A–DDifferent superscripts in row indicate significant differences between plant species (LS-means across harvest time; P<0.05). A Tukey test was used. 
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3. Results 

3.1. Composition and yield of plants 

The DM and N content of the five plant species used in the green biorefining process was affected by species and spring cut harvest 
time (P < 0.01; Table 1). The N content of white clover (38.7 g/kg DM; LSmeans for plant species across harvest time) was higher than 
the perennial ryegrass (23.6 g/kg DM) and tall fescue (23.6 g/kg DM). Nitrogen contents declined with advancing spring cuts from 
37.0, 37.4 and 30.1 g/kg DM in the early spring cut for lucerne, red clover and tall fescue, respectively, to 25.6, 22.7 and 19.6 g/kg DM 
in the late spring cut. The numerical decrease in the N content for white clover and perennial ryegrass was not significant. The average 
N content was higher in the legumes compared to the grasses (31.2–38.7 g/kg DM and 23.6 g/kg DM for legume and grasses, 
respectively). There was an interaction in the spring cut DM yield between plant species and spring cut harvest time (P = 0.013), 
generally an increased yield in later cuts and in grasses was seen. 

3.2. Chemical composition of pulp and protein concentrates 

The DM and N content of SP was affected by plant species (P < 0.01) and harvest date (P < 0.01; Table 2). The average N content 
was higher in legumes than in grasses, whereas the opposite was seen for the DM content. The highest DM content of SP was observed 
in perennial ryegrass (404.1 g/kg; LSmeans for plant species across harvest time) and tall fescue (429.9 g/kg). The N content of SP 
decreased significantly in the later spring cut harvest time for lucerne (31.4–22.0 g/kg DM), white clover (43.2–29.2 g/kg DM), 
perennial ryegrass (31.2–19.4 g/kg DM) and tall fescue (25.4–16.4 g/kg DM). 

The N content of DP was affected by plant species (P < 0.01) and spring cut harvest date (P < 0.01; Table 2) and for red clover 
(19.9–31.0 g/kg DM), white clover (25.8–40.4 g/kg DM) and perennial ryegrass (14.7–27.3 g/kg DM) late harvest time had a 
decreased N content. Plant species and time of harvest did not influence DM content of DP. 

In the SPC fraction, an interaction between plant species and spring cut harvest time was seen for both DM and N content (P < 0.01; 
Table 3) and the highest N content was observed in lucerne (63.3 g/kg DM; LSmeans for plant species across harvest time) and white 
clover (61.1 g/kg DM). For lucerne (56.0–68.9 g/kg DM), red clover (52.1–63.1 g/kg DM) and white clover (56.5–66.7 g/kg DM), 

Table 2 
Dry matter and nitrogen content of pulps after single and double screw pressing.1   

DM content (g/kg) Nitrogen content (g/kg DM)  

Lucerne Red 
clover 

White 
clover 

Perennial 
Ryegrass 

Tall 
Fescue 

Lucerne Red 
clover 

White 
clover 

Perennial 
ryegrass 

Tall 
Fescue 

Single screw-pressed pulp 
(SP)           

17 May 289.0bc 266.6c 270.4 412.9 413.1 31.4a 35.5 43.2a 31.2a 25.4a 

24 May 280.8c 264.1c 220.9 390.9 406.1 27.8a 26.7 33.8b 23.3b 20.9b 

31 May 356.5ab 348.8b 273.6 403.6 450.0 22.0b 26.0 32.6b 19.5c 17.9c 

6 June 395.9a 393.6a 328.9 400.2 450.2 23.3b 25.6 29.2b 19.4c 16.4c 

SEM 18.79 9.50 30.48 6.67 32.62 0.96 2.08 1.48 0.98 0.68 
Average for plant species2 330.6B 318.3BC 274.4C 404.1A 429.9A 26.1BC 28.4B 34.7A 23.3C 20.1D 

P-value (Plant species) <0.01 <0.01 
P-value (spring cut harvest 

time) 
<0.01 <0.01 

Interaction (Plant 
species × spring cut 
harvest time) 

0.16 0.36 

Double screw-pressed pulp 
(DP)           

17 May 309.0b 343.6 360.9 379.2 424.5 23.8 31.0a 40.4a 27.3a 19.3 
24 May 373.8ab 353.0 341.5 365.3 401.7 20.1 23.5b 32.9ab 20.7b 17.7 
31 May 393.8a 364.1 355.1 397.5 439.0 20.1 22.1b 26.8b 18.0b 14.3 
6 June 439.6a 413.9 390.5 328.4 370.6 17.5 19.9b 25.8b 14.7c 13.7 
SEM 17.06 19.56 29.85 35.08 29.39 1.04 1.71 2.13 0.78 1.12 
Average for plant species2 379.0 368.6 362.0 367.6 410.3 20.4C 24.1B 31.5A 20.1C 16.3D 

P-value (Plant species) 0.13 <0.01 
P-value (spring cut harvest 

time) 
0.32 <0.01 

Interaction (Plant 
species × spring cut 
harvest time) 

0.13 0.10 

DM = Dry matter, SEM = standard error of the means. Calculated for the overall model with spring cut harvest, plant species, and interaction be-
tween them. 

1 a–bMeans within a column with different letters indicate significant differences (P < 0.05). A Tukey test was used. 
2 A–DDifferent superscripts in row indicate significant differences between plant species (LS-means across harvest time; P<0.05). A Tukey test was 

used. 
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intermediate spring cut dates resulted in the highest N contents. 
The N content of DPC was affected by plant species (P < 0.01; Table 3) and spring cut harvest date (P < 0.01). Higher N contents 

were found in DPC from early cuts of lucerne (46.6–58.4 g/kg DM), red clover (42.8–64.0 g/kg DM), white clover (49.3–63.6 g/kg 
DM) and perennial ryegrass (47.0–64.5 g/kg DM). Plant species and time of harvest did not influence DM content of DPC. 

Table 3 
Dry matter and nitrogen content of protein concentrates after single and double screw pressing.1   

DM content (g/kg) Nitrogen content (g/kg DM)  

Lucerne Red 
clover 

White 
clover 

Perennial 
Ryegrass 

Tall 
Fescue 

Lucerne Red 
clover 

White 
clover 

Perennial 
ryegrass 

Tall 
Fescue 

Single screw-pressed 
concentrate (SPC)           

17 May 227.4a 163.6b 179.6 195.1a 183.1a 56.0c 61.3a 60.4bc 50.4 58.9 
24 May 166.6c 138.3c 157.2 153.0b 152.2c 68.9a 63.1a 66.7a 55.9 59.3 
31 May 190.8b 151.3bc 158.0 155.8b 172.2ab 66.8a 57.6b 60.9b 48.7 50.4 
6 June 195.3b 185.1a 181.0 160.4b 164.1bc 61.6b 52.1c 56.5c 49.0 38.1 
SEM 4.75 4.38 5.22 5.13 4.41 0.85 0.89 1.04 1.70 3.95 
Average for plant species2 195.0A 159.5B 169.0B 166.1B 167.9B 63.3A 58.5B 61.1AB 51.0C 51.7C 

P-value (Plant species) <0.01 <0.01 
P-value (spring cut harvest 

time) 
<0.01 <0.01 

Interaction (Plant 
species × spring cut 
harvest time) 

<0.01 <0.01 

Double screw-pressed 
concentrate (DPC)           

17 May 141.5 126.3 113.2 114.0 118.7 56.0ab 64.0a 63.6a 64.5a 52.5 
24 May 88.6 96.3 113.7 120.1 99.2 58.4a 60.2ab 60.6b 61.8b 51.2 
31 May 113.9 112.2 120.4 113.4 107.7 50.6bc 49.7bc 51.7c 49.7c 42.3 
6 June 120.0 136.3 101.3 125.1 122.7 46.6c 42.8c 49.3c 47.0c 43.4 
SEM 11.07 15.46 18.69 5.79 5.94 1.46 3.22 1.05 1.34 3.98 
Average for plant species2 116.0 117.8 112.2 118.1 112.1 52.9A 54.1A 56.3A 55.7A 47.3B 

P-value (Plant species) 0.93 <0.01 
P-value (spring cut harvest 

time) 
0.13 <0.01 

Interaction (Plant 
species × spring cut 
harvest time) 

0.56 0.55 

DM = Dry matter, SEM = standard error of the means. Calculated for the overall model with spring cut harvest, plant species, and interaction be-
tween them. 

1 a–bMeans within a column with different letters indicate significant differences (P < 0.05). A Tukey test was used. 
2 A–DDifferent superscripts in row indicate significant differences between plant species (LS-means across harvest time; P<0.05). A Tukey test was 

used. 

Table 4 
Nitrogen recovery in pulps after single or double screw-press processing (g/kg plant N).1   

Nitrogen recovery after single screw-press processing (SP) Nitrogen recovery after double screw-press processing (DP)  

Lucerne Red 
clover 

White 
clover 

Perennial 
Ryegrass 

Tall 
Fescue 

Lucerne Red 
clover 

White 
clover 

Perennial 
ryegrass 

Tall 
Fescue 

17 May 467.0a 457.9b 556.8 598.8 544.5 238.5 328.7b 398.4 418.0 388.1 
24 May 362.4b 334.0c 392.0 578.7 555.4 231.0 242.4c 280.2 397.6 411.2 
31 May 343.0b 454.8b 452.7 623.8 613.4 247.0 324.3b 295.1 459.1 460.8 
6 June 467.8a 565.2a 472.7 668.4 715.1 347.7 430.3a 350.1 460.0 519.6 
SEM 20.6 22.2 49.9 30.6 31.6 29.9 19.7 36.7 20.4 32.4 
Average for plant species2 410.0B 453.0B 468.6B 617.4A 607.1A 266.0C 331.4B 330.9B 433.7A 444.9A 

P-value (Plant species) <0.01 <0.01 
P-value (spring cut harvest 

time) 
<0.01 <0.01 

Interaction (Plant 
species × spring cut 
harvest time) 

0.04 0.11 

SEM = standard error of the means. Calculated for the overall model with spring cut harvest, plant species, and interaction between them. 
1 a–bMeans within a column with different letters indicate significant differences (P < 0.05). A Tukey test was used. 
2 A–DDifferent superscripts in row indicate significant differences between plant species (LS-means across harvest time; P<0.05). A Tukey test was 

used. 
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3.3. Nitrogen recovery 

An interaction between plant species and spring cut harvest time was found for the nitrogen recovery in SP (P = 0.04; Table 4). The 
N recovery in DP was affected by plant species (P < 0.01) and spring cut harvest time (P < 0.01) without interaction between plant 
species and spring cut harvest time. For lucerne and red clover SP, the highest N recovery was obtained at the latest harvest time (467.8 
and 565.2 g/kg plant N, respectively). The N recovery found in grasses was higher than in the legumes. In DP fractions, late spring cut 
harvest time increased the N recovery for red clover (430.3 g/kg plant N) and higher recovery was also seen in the grasses compared to 
the legumes. 

The recovery of N in SPC was affected by plant species (P < 0.01) and spring cut harvest time (P < 0.01; Table 5). A higher recovery 
was seen in the legumes than in the grasses (420.2–434.5 g/kg plant N and 271.3–275.0 g/kg plant N for legumes and grasses, 
respectively). For lucerne, the two intermediate spring cut harvest dates resulted in the highest N recovery (474.9 and 480.0 g/kg plant 
N, respectively). For red clover, the highest recovery was found in SPC produced from the 24 May harvest, while for tall fescue, late 
spring cut harvest time decreased N recovery. In DPC, N recovery was affected by spring cut harvest time (P < 0.01), and, for lucerne 
and red clover, early spring cut harvest resulted in the highest recovery. 

Plant species (P < 0.01) and spring cut harvest time (P < 0.01) affected the total N extractability into the protein concentrates 
(recovery in SPC and DPC combined; Table 6), it was 576.7, 551.3, 542.1, 412.8, and 408.3 g/kg plant N, (LSmeans for plant species 
across harvest time) in lucerne, red clover, white clover, perennial ryegrass, and tall fescue, respectively. Total extractability was 
higher in the legumes than in the grasses, ranging from 342.8 g/kg plant N in tall fescue harvested at 6 June to 653.8 g/kg plant N in 
red clover harvested at 31 May. For lucerne and tall fescue, early spring cut harvests resulted in the highest total N extractability. The N 
content of the plant correlated positively with the SPC recovery (P < 0.01; Fig. 2A) and was most pronounced in tall fescue and 
lucerne. Recovery in DPC was not correlated to the plant N (data not shown). Total extractability was correlated to the plant N content, 
with a high extractability in plants with a high N content (P < 0.01; Fig. 2B). The plant DM content correlated negatively with the N 
recovery in SPC and the total extractability (P < 0.01; Fig. 2C and D, respectively) where a high plant DM content resulted in low 
recovery. The recovery in DPC was not correlated to the plant DM (data not shown). 

4. Discussion 

4.1. Composition and yield of plants 

This study presents data from first cut in one growth season as the aim was to test the hypothesis that species and time of harvest 
affected composition and N and DM recovery in biorefined fractions. In agreement with earlier studies (Butkutė et al., 2014), the plant 
DM content increased in the late spring cuts due to accumulation of biomass (Bolsen et al., 1992; King et al., 2012), and the N content 
declined, likely due to a shift in the leaf:stem ratio with a reduced proportion of the protein-rich leaves (Buxton, 1996; Buxton et al., 
2003). Correspondingly, the hectare-based DM yield increased as previously observed (King et al., 2012; Solati et al., 2017). The 
hectare-based DM and protein yield are central factors in order to optimise protein quality and to secure a high yield of the biorefined 
fractions. 

4.2. Chemical composition of biorefined fractions 

The DM content of SP was almost doubled compared to fresh plant as observed previously (Damborg et al., 2018), due to removal of 

Table 5 
Nitrogen recovery in protein concentrates after single or double screw-press processing (g/kg plant N).1   

Nitrogen recovery after single screw-press processing (SPC) Nitrogen recovery after double screw-press processing (DPC)  

Lucerne Red 
clover 

White 
clover 

Perennial 
Ryegrass 

Tall 
Fescue 

Lucerne Red 
clover 

White 
clover 

Perennial 
ryegrass 

Tall 
Fescue 

17 May 415.7b 392.4b 355.1 314.9 335.6a 211.2a 175.4a 206.8 148.3 132.8 
24 May 474.9a 556.2a 504.3 317.8 327.8a 134.4c 97.7b 133.8 176.4 105.4 
31 May 480.0a 431.1b 447.1 264.5 261.6a 99.7c 81.6b 142.2 122.8 127.1 
6 June 367.3c 342.5b 375.3 203.0 160.2b 123.6c 121.8b 108.3 192.0 182.6 
SEM 7.3 30.1 43.3 29.9 21.7 13.2 16.2 52.6 44.5 13.0 
Average for plant species2 434.5A 430.5A 420.2A 275.0B 271.3B 142.2 119.1 147.8 159.8 137.0 
P-value (Plant species) <0.01 0.28 
P-value (spring cut harvest 

time) 
<0.01 <0.01 

Interaction (Plant 
species × spring cut 
harvest time) 

0.06 0.10 

SEM = standard error of the means. Calculated for the overall model with spring cut harvest, plant species, and interaction between them. 
1 a–bMeans within a column with different letters indicate significant differences (P < 0.05). A Tukey test was used. 
2 A–DDifferent superscripts in row indicate significant differences between plant species (LS-means across harvest time; P<0.05). A Tukey test was 

used. 
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water and soluble plant constituents into the plant juice. As the concentration of fibre and lignin increases during plant maturation 
(Hoffman et al., 1993; Buxton, 1996; Buxton et al., 2003), more DM will be distributed into the pulp in agreement with the increased 
DM content of SP from late spring cut harvests. The N content of SP was only slightly reduced compared to the original plant, explained 
by removal of not only soluble proteins into the juice but also other non-protein components like minerals and sugars. 

Application of a second pressing step will osmotically and mechanically extract more protein and other soluble compounds into the 
juice (Edwards et al., 1978). The N content of the DP was lower than of the SP, demonstrating that additional soluble protein was 
extracted into the protein concentrate following the second screw pressing step. The DM content of DP was higher than that of SP, 
especially in the late spring cut, indicating a different ability to press water out of the biomasses. This is contrary to earlier observations 
for lucerne (Edwards et al., 1978) where comparable DM contents of pulp after single and double pressing were reported. Differences 
in the efficiency of double-pressing between species may be related to differences in fibre composition, which will affect how effi-
ciently the screw press macerates the plant cells and/or removes the added water and solubilised DM. 

As the N content of the SP corresponded to the plant N content, the SP fraction is considered to be adequate as roughage for ru-
minants (Frank and Swensson, 2002; Craig et al., 2020), which was also reported in a feeding trial where dairy cows fed grass-clover 
pulp silage had greater energy-corrected milk and feed efficiency compared to cows fed grass-clover silage diets (Damborg et al., 
2019). The N content of the DP fraction was slightly lower than that of SP, but still at a level where the fraction is expected to be of 
interest as roughage for ruminants. 

Table 6 
Total nitrogen extractability in protein concentrates (g/kg plant N).1   

Total nitrogen extractability  

Lucerne Red clover White clover Perennial Ryegrass Tall Fescue 

17 May 626.9a 567.8 458.4 463.2 468.4a 

24 May 609.3ab 653.8 638.1 405.9 433.1ab 

31 May 579.7b 519.4 589.3 387.3 388.8bc 

6 June 490.9c 464.3 482.6 395.0 342.8c 

SEM 10.0 56.5 77.3 37.9 16.3 
Average for plant species2 576.7A 551.3A 542.1A 412.8B 408.3B 

P-value (Plant species) <0.01 
P-value (spring cut harvest time) <0.01 
Interaction (Plant species × spring cut harvest time) 0.28 

SEM = standard error of the means. Calculated for the overall model with spring cut harvest, plant species, and interaction between them. 
1 a–bMeans within a column with different letters indicate significant differences (P < 0.05). A Tukey test was used. 
2 A–DDifferent superscripts in row indicate significant differences between plant species (LS-means across harvest time; P<0.05). A Tukey test was 

used. 
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Fig. 2. Correlation between nitrogen (N) recovery in single screw-pressed protein concentrate (SPC) and plant N (A) or plant dry matter (DM) 
content (C) and correlation between total N extractability and plant N (B) or plant DM content (D). Nitrogen recovery and extractability is expressed 
as percentage of plant N. 
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Variations in the DM and N content of the produced SPC followed the variations in original plant DM content, and contents were in 
agreement with earlier findings (Damborg et al., 2020). Late spring cut harvest resulted in a decreased N content in both SPC and DPC, 
except for lucerne where the intermediate harvest times were accompanied by the highest N content of SPC. The content of 
water-soluble N increases by increasing the maturity in the first cut lucerne (Wilson and Tilley, 1965; González et al., 2001); thus the 
increased N content seen in the SPC fraction from the intermediate cuts for lucerne could therefore be a consequence of a higher 
proportion of N being part of a soluble and precipitable protein in the plant (González et al., 2001; Buxton et al., 2003; Solati et al., 
2017). However, in the late spring cut, the increased lignification of the plant will likely result in a larger proportion of protein bound 
to fibre complexes and hence being distributed to the pulp. The N content in the DPC was slightly lower than in the SPC. The amino acid 
composition has not been investigated but is expected to be comparable to that of the SPC. 

4.3. Nitrogen recovery 

Enhancing N recovery is crucial for a sustainable biorefining process. The present study demonstrated that N recovery into pulp and 
protein concentrate was influenced by plant species and spring cut harvest time. A higher N recovery was found in SPC from the 
legumes, whereas for grasses, a larger proportion of protein was distributed to the pulp, confirming earlier studies (Santamar-
ía-Fernández et al., 2019; Damborg et al., 2020). Recovery of protein is affected by the plant development stage (Pirie, 1971; Joshi and 
Mungikar, 1983), where lignification and a higher DM content in more developed plants will distribute a larger proportion of nutrients 
to the pulp (Engels and Jung, 1998; Santamaría-Fernández et al., 2019), which is confirmed by the reduced SPC and DPC N recovery in 
the late spring cut harvest for both grasses and legumes. 

A high N content in the input plant material was correlated to a high N recovery in SPC suggesting that plant N is also positively 
correlated with extractable protein. Solati et al. (2017) estimated the protein extractability on similar plants using the Cornell Net 
Carbohydrate and Protein System and found a higher content of extractable protein (B1 + B2 fractions) in leaves compared to stems. 
Therefore, the high N recovery in plants with high N content is likely caused by an increased proportion of leaves. In addition, a higher 
DM content, i.e. less availability of water in more developed plants, was suggested as a causative factor of decreased protein recovery 
with increasing maturation, as observed in biorefined chicory, red clover and timothy (Santamaría-Fernández et al., 2019). Inter-
estingly, the N recovery in lucerne and red clover was low in the earliest spring cut harvests, likely caused by a high plant DM. These 
findings state the importance of not only the N content of the plant but also of the water content. Edwards et al. (1978) reported 
increased leaf protein concentrate yield by adding diluted solubles to lucerne prior to biorefining, which can be a feasible and simple 
procedure to increase recovery into protein concentrates in harvests with high DM content. In the present study, additional plant N was 
extracted from the fibre matrix and recovered into the protein concentrate after introducing a second screw-pressing step similar to 
earlier observations (Vosloh, 1976; Edwards et al., 1978). This approach is not commonly used as it increases processing costs and 
requires addition of immersion liquid (Pirie, 1987). However, it is an efficient way to increase yield (Edwards et al., 1978), and 
calculations with respect to additional yield versus processing costs can be used to decide the feasibility of the extra processing step. 

Traditionally, the protein concentrate has been the fraction of main interest in the biorefining process, however, a prerequisite to 
fulfil the demand of sustainability of green biorefining is that all the produced fractions are efficiently utilised (de Jong and Jungmeier, 
2015). Production of a protein concentrate for monogastrics as a sole product limits the competitiveness of the production, and the 
biorefining concept must include efficient use of the pulp fraction as well as the residual brown juice (Dale et al., 2009; Larsen et al., 
2019). The present study clearly demonstrates the dilemma of the concept, i.e. that a high N content and recovery in the protein 
concentrates cause a lower content and recovery in the pulp. The economic potential of the green biorefining concept relies on 
production of high-quality protein for monogastrics and selection of plant species and time of harvest should therefore aim at high 
recovery in the protein concentrate. However, if the outcome then is that the pulp becomes of too low value for cattle feed, non-feed 
utilisation of the pulp must be secured. So far, it seems that the potential of the pulp as feed for high-producing dairy cows is 
maintained (Damborg et al., 2019), but during the season where low-protein-containing pulp is produced alternative applications may 
be considered. 

5. Conclusion 

Protein recovery in green biorefineries can be enhanced by considering input plant species, time of harvest, and processing 
technique. More N was retained in the pulp from late cut grasses whereas the N recovery in protein concentrate was highest in early 
and intermediate cuts from legumes and was correlated to N and DM content of the input plant. In addition, N recovery in the protein 
concentrate could be further enhanced by applying a double screw-pressing. For monogastric feed applications, protein concentrates 
from double-pressed legumes, harvested at intermediate spring cut harvest times, show the greatest potential, whereas for ruminants, 
late harvested grasses will provide the highest N pulp yield. The study clearly highlights the dilemma in green biorefining of pursuing a 
high N recovery in the protein concentrate, while at the same time securing the feed quality of the residual pulp for ruminants. The 
economic potential is primarily related to the protein concentrate and optimizations should thus focus on this fraction. The present 
study demonstrates a potential in the residual pulp, however studies should be done on determining where the balance tilts. 
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