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separation processes
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Introduction: Anaerobic digestion of manure, together with other biowastes, 
produces biogas that can substitute fossil energy and thereby reduce CO2 
emissions and post- digestion greenhouse gas emissions. The final digestate 
of the process is an organic fertilizer rich in plant nutrients and recalcitrant 
organic constituents. The digestate characteristics and quality depend on several 
parameters, such as input feedstocks and operational conditions of the biogas 
plants. In Denmark, the rapid expansion of the biogas sector in recent years has 
resulted in a great variety of feedstocks used in the plants. The first generation 
of biogas plants mainly treated manure, industrial wastes, and energy crops with 
short retention times, while the new generation of biogas plants are co-digesting 
manure with higher amounts of lignocellulosic feedstocks and operating with 
longer retention times. This study evaluated whether this shift in feedstock 
composition could impact the fertilizer quality and post-digestion greenhouse 
gases and ammonia emissions during storage and application of digestate.

Methods: Digestate samples from 2015 to 2023 were collected and analyzed 
for composition and residual methane yields. The efficiencies of solid–liquid 
separation applied to several digestate samples from the new generation of 
biogas plants were investigated and the nutrients contents of the liquid and solid 
fractions of digestate were evaluated.

Results and discussion: The most evident change caused by the feedstock transition 
was an average increase of 52% in the total solids content of digestate, which can 
negatively impact ammonia emissions during digestate application. In contrast, 
similar average residual methane yields on a fresh matter basis of approximately 5 L/kg 
indicated comparable risks of methane emissions during storage. The liquid fraction 
of industrially separated digestate presented, on average, nutrient concentrations 
similar to those of unseparated digestate, while the solid fraction presented similar 
K, lower total ammoniacal nitrogen, and higher organic N and P contents than 
unseparated digestate on a fresh matter basis. The average residual methane yield 
of the industrially separated solid fraction of digestate was 101 L/kg volatile solids, 
while the average calorific value was 21 MJ/kg volatile solids, indicating its potential 
for additional energy generation.
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1 Introduction

Anaerobic digestion (AD) is a common method of treating 
organic matter to produce energy in the form of methane rich biogas. 
However, the de-gassed digestate can be  considered as a valuable 
secondary resource that is commonly used as a fertilizer (Teglia et al., 
2011). The fertilizer value of digestates is usually associated with the 
NPK concentrations (Teglia et  al., 2011), and sometimes more 
specifically to the ammonium nitrogen content (Alburquerque et al., 
2012b). However, high concentrations of heavy metals may restrict 
their use (Alburquerque et al., 2012b), and concerns associated to 
ammonia and greenhouse gases emissions exist.

Digestate can be utilized in its raw form or separated into solid 
and liquid fractions for easier transport and application and for 
partitioning of the nutrients (Teglia et al., 2011). Normally, the liquid 
fraction of digestate (LFD) is valued by its ammonium and K 
concentrations, while the solid fraction (SFD) is attractive due to its 
organic matter and P contents (Drosg et al., 2015). The characterization 
of other nutrients, heavy metals, and plant-derived polymers and their 
partitioning into SFD and LFD are seldom reported in the literature. 
The LFD can be used for direct fertilization or fertilization combined 
with irrigation (Alburquerque et  al., 2012b). The SFD is often 
considered as a soil amendment (Kovačić et al., 2022) or it can be used 
for additional energy generation through, for instance, prolonged AD 
by SFD recirculation to the digester, combustion, hydrothermal 
liquefaction, or pyrolysis (Monlau et al., 2015). The produced biochar 
from pyrolysis is suitable for use as a soil amendment (Kovačić et al., 
2022) and can be a method for carbon capture and sequestration (Wu 
et al., 2023).

AD of agricultural wastes such as manures results in relatively low 
biogas yields (Orlando and Velazquez-Marti, 2020), so the use of 
energy crops such as maize silage to boost gas production became 
popular in many countries, with maize silage constituting 70% of the 
fresh matter input to German biogas plants (Daniel-Gromke et al., 
2018). This has led to concerns regarding competition with food 
production and overall sustainability of the process (Bartoli et al., 
2019). As a result of these concerns, the Danish government has 
progressively reduced the proportion of energy crops added to 
manure-based biogas plants in recent years, to a maximum of 4% of 
the fresh mass added from August 2024 to a complete restriction of 
maize silage from 2025 (KEFM, 2023). To replace energy crops and 
increasingly expensive and limited industrial wastes, Danish biogas 
plants have focused on the utilization of agricultural byproducts such 
as cereal straws (Larsen et al., 2023), grasses, and deep litter manures 
(Møller et  al., 2022). Due to the poorer degradability of these 
substrates compared to energy crops, higher loads have been applied, 
along with longer hydraulic retention times (HRTs). This transition in 
AD feedstock may lead to changes in the digestate quality, affecting 
fertilizing and amendment properties, and associated ammonia and 
greenhouse gases emissions during digestate storage and after 
field application.

This study examines digestates from several biogas plants in 
Denmark from 2015 to 2016 and from 2020 to 2023. The two periods 
compare the digestate compositional changes with a reduced portion 
of energy crops and increased portion of straws and deep litter in the 
latter period, when compared to the earlier period. Samples of LFD 
and SFD from the latter period were also examined, and the partition 
of digestate components into these fractions were evaluated. The work 

examines physical and chemical parameters including nutrients and 
heavy metals contents and fiber composition. Residual methane 
potentials were determined to assess the risks of methane emissions 
during storage and the potential of methane recovery by prolonged 
AD. Calorific values were estimated to evaluate the utilization of 
digestate for pyrolysis or combustion.

2 Materials and methods

2.1 Experimental set-up

Digestate samples were collected from the final digester or post-
storage tank of a selection of Danish biogas plants. Samples were 
divided into Group 1 and Group 2. Group 1 consisted of samples 
collected between 2015 and 2016 and comprised samples from biogas 
plants treating mainly cattle and pig manure, industrial waste, energy 
crops, and some portions of deep litter. Group 2 contained samples 
collected between 2020 and 2023 from biogas plants treating cattle and 
pig manure, industrial waste, smaller amounts of energy crops, and 
increased portions of deep litter and straw. Within Group 2, ten of the 
collected digestate samples were separated into solid and liquid 
fractions in the lab on the same day as they were collected. Another 12 
samples of solid and liquid digestate separated at the respective biogas 
plants were obtained. The main feedstock employed, the digestion 
temperature, and the HRTs are presented in Table 1. Digestate samples 
and their fractions were analyzed on the same day of collection or after 
storage at −18°C. They were characterized in terms of pH, conductivity, 
total solids (TS), volatile solids (VS), volatile fatty acids (VFA), total 
ammoniacal nitrogen (TAN), total Kjeldahl nitrogen (TKN), crude 
protein and lipids contents, fiber (cellulose, hemicellulose, and lignin) 
and elemental compositions (C, N, H, and S), calorific values, contents 
of macro-nutrients (Ca, Mg, K, and P), and micro-nutrients, and 
heavy metals (Na, Fe, Mn, Zn, Cu, Cr, Al, Ni, and Mo). Mass balances 
determined the efficiency of the separation methods. AD batch tests 
were employed to determine the residual methane potentials of the 
samples and started on the same day of sample collection, except for 
industrially separated SFD samples, which were previously frozen. Part 
of the unseparated digestate samples from Group 2 (samples A1-A10 
and B1-B19) were characterized in terms of pH, TS, VS, VFA, TAN, 
fiber and elemental compositions, and methane yields in a previous 
study (Romio et al., 2023).

2.2 Solid–liquid separation

In the lab-scale separation, 3 kg of each digestate sample was 
separated with a 1 mm mesh sieve of 20 cm diameter, initially by 
manual screening, followed by applying a pressure of 5.3 kPa for 5 min. 
The weights of the solid and liquid fractions were recorded. The 
industrial separation was conducted with screw presses for eight 
samples and decanter centrifuges for four samples (Table 1).

2.3 Anaerobic digestion tests

The AD batch tests were conducted in triplicates to determine the 
residual methane yields of digestate and its fractions and lasted 
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TABLE 1 Operational conditions from the selected digesters.

Samples Temperature HRT Feedstock Separation method

(°C) (days)

Group 1

01a 38.0 70.8 S, M, IW, PM

02b 52.0 27.7 M, IW, CM, PM

03c 39.0 29.5 M, IW, CM, PM

04d 52.0 17.5 M, IW, CM, PM

05e 52.0 38.0 M, G, IW, CM, PM

06 53.0 29.5 M, IW, CM, PM

07 50.0 30.3 S, G, DL, IW, CM, PM

08 38.0 99.2 M, G, DL, IW, CM, PM

09f 52.0 43.1 M, G, IW, CM, PM

10 38.0 26.6 IW, CM, PM

11 38.0 23.2 M, IW, CM, PM

12 52.0 27.0 IW, CM, PM

13 51.0 69.0 S, M, G, DL, IW, CM, PM

14 51.0 44.7 M, DL, IW, CM, PM

15 52.0 55.0 M, DL, IW, CM, PM

Average 47.20 (6.62) 42.07 (22.51)

Group 2*

A1g, A1S, A1L 52.0 13.0 S, G, CM, PM LS

A2b, A2S, A2L 51.0 35.0 M, G, IW, CM, PM LS

A3h, A3S, A3L 51.0 70.0 S, G, B, IW, CM, PM LS

A4i, A4S, A4L 46.8 100.0 S, IW, CM, PM LS

A5j, A5S, A5L 51.0 75.0 G, IW, CM, PM LS

A6, A6S, A6L 39.0 68.4 M, G, IW, CM, PM LS

A7, A7S, A7L 42.5 60.4 M, G, IW, CM, PM LS

A8, A8S, A8L 42.5 70.8 M, G, IW, CM, PM LS

A9, A9S, A9L 35.0 48.0 M, G, IW, CM, PM LS

A10a, A10S, A10L 42.0 96.0 S, IW, PM LS

B1g 52.0 50.0 S, G, CM, PM

(Continued)
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TABLE 1 (Continued)

Samples Temperature HRT Feedstock Separation method

(°C) (days)

B2b 51.0 35.0 M, IW, CM, PM

B3h, B3Sh, B3Lh 51.0 70.0 S, G, B, IW, CM, PM SP

B4i 46.8 100.0 S, IW, CM, PM

B5j 51.0 75.0 G, IW, CM, PM

B6k 38.0 38.0 IW, CM, PM

B7k 43.0 38.0 IW, CM, PM

B8l, B8Ll 49.0 60.0 S, DL, IW, CM, PM DC

B9l, B9Sl, B9Ll 49.0 60.0 S, DL, IW, CM, PM DC

B10f 52.0 40.0 M, IW, CM, PM

B11 50.0 100.0 S, DL, IW, CM, PM

B12m 46.0 80.0 S, DL, IW, CM, PM

B13n 52.0 60.0 S, DL, IW, CM, PM

B14o, B14So, B14Lo 52.0 60.0 S, DL, IW, CM, PM SP

B15, B15S, B15L 50.0 130.0 S, DL, IW, CM, PM SP

B16 52.0 30.0 IW, CM, PM

B17e 30.0 25.0 IW, CM, PM

B18c, B18Sc, B18Lc 39.0 28.0 IW, CM, PM DC

B19 50.0 70.0 S, G, CM

B20 48.0 35.0 IW, CM, PM

B21p 52.0 43.0 S, DL, IW, CM, PM, CHM

B22p 38.0 43.0 S, DL, IW, CM, PM, CHM

B23 51.0 60.0 S, DL, IW, CM, PM

B24d 51.0 45.0 S, DL, IW, CM, PM

B25d 51.0 45.0 S, DL, IW, CM, PM

B26 51.0 32.0 S, DL, IW, CM, PM

B27, B27S, B27L 40.0 90.0 S, DL, IW, CM, PM SP

B28o, B28So, B28Lo 52.0 60.0 S, DL, IW, CM, PM SP

B29m, B29Sm, B29Lm 46.0 150 S, DL, IW, CM, PM SP

B30Sg 52.0 50.0 S, G, CM, PM DC

B31q 38.0 55.0 S, DL, IW, CM, PM

(Continued)
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between 84 and 148 days. The procedures of the AD tests and methods 
of determination of volumes of biogas and methane have been 
described elsewhere (Romio et al., 2023). An amount of 300 g digestate 
was employed for samples A1-A10 and lab-separated LFD samples 
A1L-A10L, while 200 g of digestate was employed for the remaining 
unseparated and industrially separated LFD samples. The samples 
were digested at the same temperatures as the digesters/storage tanks 
from which they were collected (Table 1).

Lab-separated SFD samples A1S-A10S were not included in the 
AD tests, and their methane productions were estimated through the 
methane productions of the respective unseparated and LFD samples 
(Section 2.5). Industrially separated SFD samples were digested with 
an inoculum, collected from the biogas plant at Aarhus University 
(Viborg, Denmark) 14 days before the start of the tests, filtered 
through a 1 mm mesh sieve, and incubated at 51°C for the partial 
deployment of its residual organic matter. 200 g of inoculum was 
employed in the AD tests, containing a VS content of 1.30%. The mass 
of the SFD samples added corresponded to the mass yielding an 
inoculum to substrate VS ratio of 2:1. AD tests were performed 
at 51°C.

2.4 Analytical methods

The determination of pH, TS, VS, TAN, and VFA contents, the 
elemental analysis, and the fiber characterization were performed as 
described by Romio et al. (2023). The fiber analysis fractionated the 
sample into neutral detergent soluble fraction (NDS), neutral detergent 
fiber (NDF), acid detergent fraction (ADF), and acid detergent lignin 
(ADL), as proposed by Van Soest et  al. (1991). The hemicellulose 
content was considered to be the difference between NDF and ADF, 
the cellulose content as the difference between ADF and ADL, and the 
lignin content corresponded to the ADL fraction.

The conductivity was determined with an EcoSense EC300 
conductivity meter (YSI, USA). The TKN was determined 
following the procedure described by APHA (2017), utilizing the 
digestion apparatus Tecator Kjeltec 2,400 (Foss Analytics, 
Denmark), the distillation system Vapodest 45 s (Gerhardt 
Analytical Systems, Germany), and the titration unit TitroLine 
easy (SI Analytics, Germany). The protein content was assumed 
to correspond to the difference between TKN and TAN multiplied 
by 6.25 (Hattingh et al., 1967). The lipids content was determined 
as described by Jensen (2008). The contents of nutrients and heavy 
metals were determined using optical emission spectrometry with 
inductively coupled plasma (ICP-OES, 4300 Optima, Perkin-
Elmer, United States).

2.5 Calculations and data analysis

2.5.1 Calorific value
The theoretical calorific value was calculated through Eqs. 1, 2 

(Annamalai et al., 1987):
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Calorific value x x x
x x

c H S
O N
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35160 116225 10465
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where the calorific value is given in kJ/kg, and xC, xH, xS, xN, xo, and 
xash represent the contents of C, H, S, N (from elemental analysis), O, 
and ash (from VS determination) in % on a TS basis, respectively.

2.5.2 Separation efficiency
The enrichment of any analyzed component x into the solid 

fraction by the solid–liquid separation was evaluated by its relative 
separation index (RSI), calculated through Eqs.  3, 4 (Hjorth 
et al., 2011):
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where SIx is the separation index of component x, RSIx is the 
relative separation index of species x, mUD represents the initial mass 
of unseparated digestate, mSFD represents the mass of digestate 
recovered as SFD, and Cx,UD and Cx,SFD represent the contents of x in 
the unseparated digestate and SFD (on a fresh matter basis).

The RSI considers the amount of mass recovered in the SFD; 
therefore, it can determine if a component was selectively transferred 
to the solid fraction. An RSI value equal to 1 represents a complete 
recovery of a component in the SFD (occurring when m CSFD x,SFD
= m CUD x,UD ), while an RSI value close to 0 means that the given 
component was not selectively recovered and simply followed the 
overall mass fractionation into SFD and LFD (occurring when Cx,SFD 
= Cx,UD). Negative values of the RSI indicate the removal of a 
component from the SFD to the LFD (occurring when  
Cx,SFD  < Cx,UD).

In the case of lab-scale separation, mUD, and mSFD were determined 
experimentally. However, when considering the industrial separation, 
mass balances were required to estimate m

m
SFD

UD
 to determine the 

RSI. A general mass balance was combined with a mass balance of the 
TS, resulting in Eq. 5:
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where CTS,UD, CTS,LFD, and CTS,SFD represent the contents of TS in the 
unseparated digestate, LFD, and SFD.

The TS content was chosen to be included in the mass balance due 
to the reliability of its determination method, allowing the use of 
greater amounts of sample compared to other analyses and, therefore, 
minimizing the impacts of sample heterogeneity. The calculations 
were performed for the subsets of ten samples with the unseparated 
digestate, SFD, and LFD that were collected on the same day (Table 1). 
Two of these samples underwent separation with decanter centrifuges 
while the remaining were separated with screw presses. Notice that the 
subsets of samples B9, B9L and B30S, which underwent separation 

with decanter centrifuges, were not included in the calculations, since 
samples B9S, B30, and B30L were missing.

The RSI of any component x can, however, be severely impacted by 
inconsistencies in mass balances caused by sampling or analysis issues. 
Therefore, an error threshold of ±20% was assumed, and the RSI was only 
calculated when mass balances errors (E) did not surpass this limit (Eq. 6).
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,

%100
 

(6)

where mLFD corresponds to the mass of digestate recovered as LFD 
and Cx,LFD represents the content of any component x in the LFD (on 
a fresh matter basis).

2.5.3 Methane production
The methane production during the batch AD tests was modeled 

with the first-order kinetic model (Eq. 7):

 B t B kt� � � � �� ��� ��0 1 exp  (7)

where B(t) is the methane yield at time t (on a fresh matter or VS 
basis), B0 is the ultimate methane yield (on a fresh matter or VS basis), 
and k is the apparent hydrolysis rate.

The first-order kinetic model was used for all samples except for 
the industrially separated SFD samples, for which the Modified-
Gompertz model was employed due to a lag-phase in gas production 
(Eq. 8):
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(8)

where μmax is the maximum methane production rate, and λ is the 
lag-phase duration.

The kinetic parameters of both models were determined through 
the least squares method using the Solver function of Microsoft Excel.

For the lab-separated SFD samples, the methane production was 
estimated based on Eq. 9:

 

B
B B m

m
m
m

SFD

UD LFD
LFD

UD
SFD

UD

�
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(9)

where BUD, BLFD, and BSFD are the methane yields of the unseparated 
digestate, LFD, and SFD, respectively. In this equation, the methane 
yields are given on a fresh matter basis, and the conversion of BSFD to 
a VS basis can be obtained by multiplying BSFD by the VS content of 
the SFD sample.

2.5.4 Statistical analysis
Statistical analysis was performed with the software JMP Pro 

16.0.0. The Tukey`s HSD test was used to determine whether sample 
characteristics significantly differed among groups of samples. The 
Pearson correlation factor (r) was used to describe the linear 
relationships among the averaged ultimate methane yields, calorific 
values, digestate characteristics, and operational conditions of origin 
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digesters. The significance of r was determined through a t-test. 
Tukey`s HSD and t-tests considered a significance level of 0.05. 
Significant differences and correlations were represented by the 
probability value (p) < 0.05.

3 Results

3.1 Digestate characterization

The distributions of digestate characteristics on a fresh matter 
basis are displayed in Figures  1–4. Table  2 shows the averages of 
digestate characteristics on fresh matter and TS basis. Results for the 
parameters below the quantification limits were not included. For the 

characterization of every analyzed sample and for specific averages of 
samples that underwent separation and the resulting fractions, see 
Supplementary material.

The pH of digestate samples belonging to Group  2 was, on 
average, 8.04, significantly (p < 0.05) higher than the average pH of 
digestate samples from Group 1, which was 7.87 (Figure 1). The 
same applies to the TS content, which was, on average, 71.03 g/kg 
for samples from Group 2 against 46.85 g/kg for digestates from 
Group 1 (Figure 1). The VS content followed the same trend on a 
fresh matter basis (Figure 1). However, no significant differences 
(p > 0.05) were found for the VS content on a TS basis, resulting in 
average VS contents of 705.50 and 709.42 g/kg TS for digestate 
samples from Group  1 and Group  2, respectively (Table  2). No 
significant differences (p > 0.05) were observed for the 

FIGURE 1

Digestate characterization: distribution of pH, conductivity, VFA, TAN, TS, VS, and calorific values. Letter indices above the boxplots originate from the 
Tukey’s HSD test, comparing means at a significance level of differences set at p  <  0.05, where different letters represent significant differences among 
the groups of samples. VFA, volatile fatty acids; TAN, total ammoniacal nitrogen; TS, total solids; VS, volatile solids; SFD, solid fraction of digestate; LFD, 
liquid fraction of digestate.
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FIGURE 2

Digestate characterization: distribution of NDS, lignin, cellulose, hemicellulose, protein, lipids, and TAN/TKN and C/TKN ratios. Letter indices above the 
boxplots originate from the Tukey’s HSD test, comparing means at a significance level of differences set at p  <  0.05, where different letters represent 
significant differences among the groups of samples. VFA, volatile fatty acids; TAN, total ammoniacal nitrogen; TS, total solids; VS, volatile solids; NDS, 
neutral detergent soluble fraction; TKN, total Kjeldahl nitrogen; SFD, solid fraction of digestate; LFD, liquid fraction of digestate.

conductivities, VFA and TAN concentrations on a fresh matter 
basis, and TAN/TKN ratios between samples from Group 1 and 
Group 2 (Figures 1, 2). VFA contents were, on average, 1.25 and 
0.62 g/kg for digestates from Group 1 and Group 2, respectively. 
However, a few outliers were present with high VFA concentrations. 
TAN contents were, on average, 3.01 and 2.80 g/kg for digestates in 
Group 1 and Group 2, and the average TAN/TKN ratios were 60.08 
and 63.05%. The TAN (Figure 1), protein (Figure 2), TKN, K, P 
(Figure  3), Fe, Zn, and Cu (Figure  4) contents did not differ 
(p > 0.05) in samples from Group 1 and Group 2 when considered 
on a fresh matter basis. However, when their contents on a TS basis 
were evaluated, significantly (p < 0.05) higher contents in samples 
from Group 1 were encountered (Table 2). No significant differences 

(p > 0.05) were observed between the two groups when considering 
the contents of Na, Mg, S, Ca (Figure 3), Mn, Cr, Ni, Al, and Mo 
(Figure 4), neither on a fresh matter nor on a TS basis.

Within Group 2, the LFD samples did not differentiate (p > 0.05) 
from the unseparated digestate when characteristics on a fresh matter 
basis were compared (Figures 1–4). The same occurred for the ratios 
of TAN/TKN and C/TKN. When characteristics were evaluated on a 
TS basis, lower (p < 0.05) VS, lignin, cellulose, and C contents were 
obtained for lab or industrially separated LFD. In contrast, the 
contents of NDS, S, TKN, Ca, K, and Mo were higher (p < 0.05) 
(Table 2). On a fresh matter basis, the VFA (Figure 1), Na, K (Figure 3), 
and Cu (Figure 4) contents of SFD and unseparated digestate samples 
were similar (p > 0.05), while TAN contents were lower (p < 0.05) in 
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industrially separated digestate (Figure  1). TAN/TKN ratios were 
lower, while C/TKN ratios were higher in SFD samples (p < 0.05) 
compared to unseparated digestate (Figure  2). C/TKN were, on 
average, 10.38 and 19.99 for lab and industrially separated SFD. The 
remaining components were higher in lab or industrially separated 
SFD samples than in unseparated digestates (p < 0.05) (Figures 1–4). 
When considering the concentrations on a TS basis, lab or industrially 
separated SFD samples displayed higher (p < 0.05) VS, cellulose, 
hemicellulose, lignin, C, and calorific values contents and lower 
(p < 0.05) TAN, NDS, TKN, S, K, Ca, Na, Mo, Al, Cu, Mn, and Zn 
concentrations than unseparated digestate samples (Table 2).

The average calorific value of unseparated digestates from Group 2 
was 1.21 MJ/kg. The calorific values of lab and industrially separated 
SFD were higher (p < 0.05), on average, 2.22 and 5.28 MJ/kg, 
respectively (Table 2). On a TS basis, the average calorific value of the 
unseparated digestate samples was 16.88 MJ/kg TS. Only the 
industrially separated SFD achieved a significantly higher (p < 0.05) 
average calorific value, resulting in 18.33 MJ/kg TS (Table 2). When 
calculated on a VS basis, the average calorific value of unseparated 
digestate achieved a content of 23.83 MJ/kg VS. In this case, the 
calorific values of both SFD groups were lower while the calorific 
value of the industrially separated LFD was higher (Figure 1).

FIGURE 3

Digestate characterization: distribution of nutrients. Letter indices above the boxplots originate from the Tukey’s HSD test, comparing means at a 
significance level of differences set at p  <  0.05, where different letters represent significant differences among the groups of samples. TKN, total 
Kjeldahl nitrogen; SFD, solid fraction of digestate; LFD, liquid fraction of digestate.
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FIGURE 4

Digestate characterization: distribution of micro-nutrients and heavy metals. Letter indices above the boxplots originate from the Tukey’s HSD test, 
comparing means at a significance level of differences set at p  <  0.05, where different letters represent significant differences among the groups of 
samples. SFD, solid fraction of digestate; LFD, liquid fraction of digestate.

3.2 Separation efficiency

Figure 5 presents the TS contents of the unseparated digestate and 
the resulting LFD after separation by different methods, i.e., lab-scale 
and industrial separation by screw press and decanter centrifuge. 
Linear curves represented well the relationships between the TS 
contents of the samples. According to the curve slopes, the decanter 
centrifuges were the most efficient at reducing the TS contents of the 
LFD, followed by the lab-scale separation. Average reductions in TS 
contents from the unseparated digestate were 32.35, 26.82, and 18.69% 
for decanter centrifuge, lab-scale separation, and screw press, with 
ranges of 28–39, 19–39, and 2–32%, respectively. It should be noticed, 
however, that only three samples (B8, B9, and B18) were separated 

with decanter centrifuges, and their initial TS contents were some of 
the lowest. Contrarily, screw presses were employed for the separation 
of some of the samples with the highest TS contents.

The distributions of digestate components fractioned into solid 
and liquid fractions and the RSI of lab-scale and industrially separated 
samples are presented in Figure 6. The averages of every component 
mass fraction in the SFD (corresponding to the SIs) and in the LFD 
and the RSIs are displayed in Table 3. Values presented in Figure 6 and 
Table 3 only considered groups of samples in which mass balance 
errors were not greater than 20%. The mass balances for all groups of 
samples, including the excluded ones, can be  found in the 
Supplementary material, along with the absolute values of digestate 
fractionation into SFD and LFD, the SIs, and RSIs for all samples.
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TABLE 2 Average composition of digestate and solid and liquid fractions.

Component Digestate 
Group 1

Digestate 
Group 2

SFD Group 2 
Lab-scale 
separation

LFD Group 2 
Lab-scale 
separation

SFD Group 2 
Industrial 

separation

LFD Group 2 
Industrial 

separation

pH 7.87 (0.20) 8.04 (0.19) 8.09 (0.20) 8.05 (0.21)

Conductivity (mS/cm) 25.39 (6.10) 24.53 (4.82) 27.64 (4.17)

TS (g/kg) 46.85 (9.44) 71.03 (18.01) 128.02 (18.00) 54.65 (14.01) 286.97 (45.29) 61.27 (23.05)

VS (g/kg) 33.17 (8.86) 50.98 (15.19) 105.45 (15.62) 35.13 (9.54) 251.32 (45.67) 41.43 (18.93)

VS (g/kg TS) 705.50bc (88.45) 709.42b (48.27) 823.63a (31.36) 642.07c (44.99) 874.05a (48.83) 660.40bc (50.66)

VFA (g/kg) 1.25 (2.90) 0.62 (1.14) 0.25 (0.19) 0.20 (0.23) 0.70 (0.83)

VFA (g/kg TS) 31.97a (80.17) 9.04a (1.42) 1.94a (1.42) 3.54a (3.71) 15.81a (22.07)

TAN (g/kg) 3.01 (0.81) 2.80 (0.63) 2.23 (0.51) 2.54 (0.59) 1.63 (0.58) 3.03 (0.59)

TAN (g/kg TS) 69.35a (31.25) 42.18b (14.89) 17.69c (4.25) 48.78ab (13.98) 5.88c (2.36) 57.40ab (30.98)

TKN (g/kg) 4.97 (0.76) 4.46 (0.80) 5.28 (1.35) 4.05 (0.93) 6.39 (1.38) 4.84 (0.92)

TKN (g/kg TS) 111.63a (34.85) 66.06c (17.15) 42.11d (14.92) 77.43bc (23.12) 22.57d (5.25) 86.49b (28.67)

TAN/TKN (%) 60.08 (8.63) 63.05 (10.46) 44.37 (12.25) 63.84 (10.78) 25.84 (8.57) 63.41 (11.34)

Protein (g/kg) 12.21 (2.59) 10.41 (4.04) 19.02 (8.67) 9.46 (3.49) 29.73 (7.81) 11.30 (4.77)

Protein (g/kg TS) 264.24a (49.93) 149.28bc (49.03) 152.63bc (86.23) 179.07b (78.01) 104.32c (26.34) 181.82b (43.61)

Lipids (g/kg) 3.96 (2.71) 10.06 (7.98) 3.51 (2.70)

Lipids (g/kg TS) 53.45a (32.81) 33.18a (19.19) 53.35a (38.46)

NDS (g/kg) 41.21 (8.62) 50.32 (9.65) 39.95 (9.62) 76.12 (17.45) 44.90 (14.70)

NDS (g/kg TS) 592.99b (88.82) 391.50c (40.04) 738.54a (56.48) 266.51d (52.12) 749.74a (86.42)

Cellulose (g/kg) 11.74 (5.16) 35.85 (6.45) 3.77 (1.43) 95.46 (24.39) 5.05 (4.95)

Cellulose (g/kg TS) 158.58c (44.65) 280.09b (32.79) 66.44d (16.88) 330.03a (48.47) 72.70d (40.83)

Hemicellulose (g/kg) 6.66 (3.77) 19.98 (2.70) 4.96 (1.59) 49.48 (11.67) 4.17 (1.77)

Hemicellulose (g/kg TS) 91.10b (42.48) 157.39a (20.01) 89.34b (14.42) 174.53a (44.82) 71.76b (22.59)

Lignin (g/kg) 9.70 (4.31) 20.08 (4.17) 4.69 (2.34) 60.98 (17.37) 5.95 (5.09)

Lignin (g/kg TS) 132.89b (41.59) 156.68b (22.32) 82.11c (30.21) 210.51a (37.33) 85.65c (41.95)

C/TKN 6.12 (1.76) 10.38 (2.74) 4.86 (1.81) 19.99 (4.32) 4.75 (1.94)

C (g/kg) 27.07 (8.04) 51.84 (8.41) 18.84 (5.28) 124.19 (24.64) 23.29 (11.47)

C (g/kg TS) 376.97b (27.61) 404.62ab (21.83) 343.64c (29.23) 431.10a (27.22) 370.97bc (39.44)

S (g/kg) 0.36 (0.11) 0.58 (0.19) 1.24 (0.76) 0.84 (0.72) 1.26 (0.24) 0.51 (0.11)

S (g/kg TS) 7.74bc (2.42) 8.33b (2.59) 9.63ab (5.57) 14.40a (9.30) 4.43c (0.79) 8.83bc (1.96)

Ca (g/kg) 1.49 (0.39) 1.77 (0.39) 2.09 (0.48) 1.74 (0.42) 4.72 (3.28) 1.76 (0.58)

Ca (g/kg TS) 31.41ab (5.12) 25.89b (6.44) 16.53c (3.84) 33.22a (8.34) 16.10c (9.20) 29.56ab (4.93)

Na (g/kg) 0.94 (0.79) 1.27 (0.52) 1.32 (0.66) 1.48 (0.72) 1.47 (1.18) 1.32 (0.64)

Na (g/kg TS) 19.76ab (14.40) 18.68ab (8.54) 10.00bc (4.52) 26.47a (11.57) 4.77c (2.96) 22.24a (7.36)

K (g/kg) 2.84 (0.93) 3.25 (0.88) 3.39 (1.11) 3.57 (1.04) 4.09 (3.74) 3.69 (0.82)

K (g/kg TS) 60.62a (15.80) 46.69b (11.12) 26.30c (7.59) 65.59a (9.36) 13.42c (9.05) 64.37a (15.56)

Mg (g/kg) 0.36 (0.17) 0.56 (0.12) 0.73 (0.22) 0.52 (0.14) 1.68 (1.48) 0.50 (0.18)

Mg (g/kg TS) 7.64ab (3.16) 8.12ab (1.76) 5.70b (1.50) 9.53a (1.98) 5.77b (5.09) 8.27ab (2.45)

P (g/kg) 0.81 (0.27) 0.84 (0.29) 0.95 (0.38) 0.75 (0.24) 2.46 (2.12) 0.83 (0.41)

P (g/kg TS) 17.52a (5.92) 11.93bc (3.86) 7.45c (2.75) 13.75ab (2.91) 8.44bc (7.22) 13.32ab (3.27)

Fe (mg/kg) 250.92 (183.43) 221.71 (200.72) 619.42 (239.70) 238.90 (149.91)

Fe (mg/kg TS) 5627.69a (4398.88) 3095.08b (2713.83) 2236.21b (1001.42) 4226.07ab (2536.45)

Mn (mg/kg) 17.09 (5.94) 23.83 (8.53) 54.45 (29.98) 24.38 (9.25)

Mn (mg/kg TS) 363.46a (100.84) 340.67a (93.88) 189.35b (94.13) 415.32a (143.15)

Zn (mg/kg) 33.12 (13.82) 27.08 (8.72) 44.66 (29.89) 27.74 (6.52)

Zn (mg/kg TS) 772.62a (465.92) 411.92b (198.92) 151.31c (82.31) 498.86b (193.81)

Cu (mg/kg) 9.45 (4.08) 7.65 (3.36) 10.67 (6.05) 7.89 (2.83)

Cu (mg/kg TS) 220.05a (129.92) 117.04b (64.72) 37.09c (19.13) 145.02ab (69.78)

(Continued)
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On average, 31.31% of the digestate mass was retained in the SFD 
when separated in lab-scale (Table  3), resulting in an average TS 
content in the SFD of 128.02 g/kg and approximately equal fractions 
of TS in the LFD and SFD. The average TS of the SFD obtained 
through industrial separation was 286.97 g/kg and was significantly 
higher (p < 0.05) than that obtained with lab-scale separation (Table 2). 
In this case, the estimated mass retained in the SFD was, on average, 
only 7.24%, resulting in most of the TS (73.16%), remaining in the 
LFD (Table 3). The resulting RSIs of the TS were 31.59 and 21.65% for 
lab-scale and industrial separation, respectively (Table 3).

Except for VS, the RSIs of all components separated by both 
lab-scale and industrial methods did not differ significantly (p > 0.05) 
by the scale of separation (Figure 6). In the case of VS, the highest RSI 
was obtained when employing the lab-scale separation, with an 
average of 41.80% (Table 3). The separation methods also selectively 
highly retained lignin, cellulose, hemicellulose, and Cr in the SFD 
(Figure 6), with average RSIs between 36.07 and 68.60% (Table 3). 
Some moderate RSIs were obtained for protein, C, S, Mg, and Ni 
(10.67–37.56%) (Table 3). Lower RSIs were achieved by lipids, NDS, 
Ca, P, Fe, Mn, Zn, Cu, Al, and Mo (2.49–13.90%) (Table  3). The 
average RSIs of TAN, Na, and K were negative (Table 3), indicating 
that they were preferably transferred to the LFD.

The results of industrial separation in Figure 6 do not discriminate 
between separation by screw presses or decanter centrifuges. However, 
the outliers in the RSIs of NDS, Ca, Mg, P, Mn, and Cu correspond to 
sample B18, which was separated with a decanter centrifuge.

3.3 Residual methane yields

The experimental methane yields obtained in the batch tests and 
by mass balance for lab-scale separated SFD and the kinetic 
parameters calculated with models are presented in Table 4. The first-
order kinetic model represented well the methane production of all 
groups of samples with a minimum r2 of 0.939, except for the SFD 

samples separated industrially. For the latter group, the Modified-
Gompertz model was utilized, resulting in a minimum r2 of 0.962. The 
digestion of these samples was accompanied by long lag-phases, 
averaging 15.47 days.

The average ultimate methane yields of digestate samples 
belonging to Group 1 were significantly higher (p < 0.05) than those 
achieved by samples from Group  2 (152.04 mL/g VS against 
99.40 mL/g VS) (Table 4). On a fresh matter basis, the difference was 
not significant (p > 0.05), with average ultimate methane yields of 4.91 
and 4.95 mL/g obtained for Group 1 and Group 2. Within Group 2, 
the methane yields of the digestate fractions (LFD and SFD) were not 
significantly different from those of unseparated digestate on a VS 
basis (Table  4). On a fresh matter basis, significant differences 
(p < 0.05) were observed only for the SFD, where average ultimate 
methane yields were 8.94 and 24.88 mL/g in samples separated in the 
lab and industrially.

When considering only the samples utilized in the lab-scale 
separation experiments, the average ultimate methane yields of the 
unseparated digestate, SFD, and LFD were 86.46, 86.86, and 
80.95 mL/g VS (or 4.62, 8.94, and 2.73 mL/g). When samples 
separated industrially were evaluated, the average methane yields 
were 112.79, 104.49, and 98.40 mL/g VS (or 5.98, 26.87, and 
3.81 mL/g) for unseparated digestate, SFD, and LFD. In the first 
case, approximately 60% of the methane potential would 
be  captured in the SFD against 40% in the LFD. However, the 
industrial separation of digestate would result in most of the 
methane potential held in the LFD (59%).

3.4 Correlations among digestate 
characteristics, operational conditions, 
methane yields, and calorific values

In Table 5, the linear correlations factors are presented. Equations 
describing significant linear relationships are shown in the 

TABLE 2 (Continued)

Component Digestate 
Group 1

Digestate 
Group 2

SFD Group 2 
Lab-scale 
separation

LFD Group 2 
Lab-scale 
separation

SFD Group 2 
Industrial 

separation

LFD Group 2 
Industrial 

separation

Cr (mg/kg) 0.24 (0.09) 0.73 (0.44) 4.68 (3.92) 0.63 (0.43)

Cr (mg/kg TS) 5.44b (2.98) 10.29ab (6.22) 16.58a (14.48) 10.51ab (8.24)

Ni (mg/kg) 0.46 (0.38) 0.92 (0.59) 3.84 (3.76) 1.41 (1.38)

Ni (mg/kg TS) 10.12b (8.49) 12.75ab (7.16) 12.97ab (11.09) 19.87a (12.13)

Al (mg/kg) 42.02 (48.88) 123.75 (93.53) 217.19 (160.89) 152.52 (92.95)

Al (g/kg TS) 858.00bc (946.61) 1807.93ab (1234.89) 745.82c (450.11) 2739.46a (1817.69)

Mo (mg/kg) 0.23 (0.08) 0.30 (0.11) 0.79 (0.33) 0.35 (0.11)

Mo (mg/kg TS) 5.15ab (2.20) 4.29b (1.33) 2.64c (0.76) 5.90a (1.68)

Calorific value 

(MJ/kg VS)

23.83 (1.21) 21.00 (1.27) 24.78 (1.05) 20.96 (0.83) 26.24 (2.67)

Calorific value 

(MJ/kg TS)

16.88b (1.13) 17.30ab (1.30) 15.92b (1.53) 18.33a (1.28) 17.30ab (2.09)

Calorific value (MJ/kg) 1.21 (0.35) 2.22 (0.41) 0.87 (0.25) 5.28 (1.04) 1.08 (0.54)

Values in parenthesis represent the standard deviations. Letter indices originate from the Tukey’s HSD test, comparing means at a significance level of differences set at p < 0.05, where different 
letters represent significant differences among the groups of samples.
SFD, solid fraction of digestate; LFD, liquid fraction of digestate; TS, total solids; VS, volatile solids; VFA, volatile fatty acids; TAN, total ammoniacal nitrogen; TKN, total Kjeldahl nitrogen; 
NDS, neutral detergent soluble fraction.
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Supplementary material. Correlation factors were not consistent 
within all groups of samples. Significant (p < 0.05) correlations 
included negative relationships between the ultimate methane yield in 
Group 2 and the temperature (r = −0.31) and the natural logarithm of 
the HRT (r = −0.59). When evaluating the digestate composition, the 
ultimate methane yield correlated positively with the protein content 
(r = 0.54) in Group 1, positively with the hemicellulose content in the 
SFD (r = 0.71 for both lab and industrially separated SFD), and 
negatively with the lignin content in industrially separated SFD and 
LFD (r = −0.87 and r = −0.69, respectively). The calorific value did not 
correlate with the operational conditions of the digesters. It presented 
a negative relationship with the protein content in industrially 
separated SFD (r = −0.67). Negative correlations were also observed 
for the NDS content in Group  2 and industrially separated SFD 
(r = −0.50 and r = −0.82). Positive correlation factors were found for 
the cellulose content in Group  2 and industrially separated SFD 
(r = 0.43 and r = 0.64) and for lignin and lipids contents in Group 2 
(r = 0.57 and r = 0.44).

4 Discussion

4.1 Digestate characterization and its 
nutrient contents

4.1.1 Nutrient contents of unseparated digestate
Digestate characteristics of samples from Group 1 and Group 2 

were, in general, in agreement with values previously reported for 
agricultural digestate (Schievano et al., 2008; Möller and Müller, 2012; 
Alburquerque et al., 2012a,b; Monlau et al., 2015; Sambusiti et al., 
2015; Tambone et al., 2017; Akyol et al., 2019; Guilayn et al., 2019; 
Finzi et al., 2021; Ekstrand et al., 2022). Digestate characteristics vary 
widely in literature, depending on feedstock composition and 
operational parameters of digesters.

In Denmark all agricultural digestate is currently applied as a 
fertilizer without solid–liquid separation. Digestate has generally been 
considered as a good alternative to manure since digestate often 
presents higher ratios of TAN/TKN (Crolla et al., 2013) and other 

FIGURE 5

Total solids reduction in digestate separation. TS, total solids; LFD, liquid fraction of digestate.
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FIGURE 6

Digestate characterization: separation efficiency. Letter indices above the boxplots originate from the Tukey’s HSD test, comparing means at a 
significance level of differences set at p  <  0.05, where different letters represent significant differences (comparisons are made between the RSI of each 
component obtained through lab sep. and ind. sep.). SFD, solid fraction of digestate; LFD, liquid fraction of digestate; RSI, relative separation index; lab 
sep., lab-scale separation; ind. sep., industrial separation; TS, total solids; VS, volatile solids; NDS, neutral detergent soluble fraction; TAN, total 
ammoniacal nitrogen.

nutrients in more available forms for plant uptake (Möller and Müller, 
2012). Furthermore, digestate contains less pathogens, less odorous 
compounds, and less easily degradable C than manure (Crolla et al., 
2013). The reduction in the contents of readily degradable C during 
AD results in less availability of this component for denitrification, 
potentially reducing N2O emissions from digestate when compared to 

manure (Crolla et al., 2013). Additionally, the loss of N through soil 
microbial immobilization, stimulated by high C contents and C/TKN 
ratios, is reduced (Alburquerque et al., 2012b). Despite the benefits, 
the increase in pH and TAN content during AD and the associated 
potential increase in ammonia emissions due to a shift in the NH4

+/
NH3 equilibrium towards ammonia formation are well known (Crolla 

https://doi.org/10.3389/fsufs.2024.1415508
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org


Romio et al. 10.3389/fsufs.2024.1415508

Frontiers in Sustainable Food Systems 15 frontiersin.org

et al., 2013). Nonetheless, digestate is still widely applied as a soil 
fertilizer. In the past, when the use of a higher share of manure with 
minimal amounts of co-substrates in biogas plants was predominant, 
it was expected that AD would reduce the viscosity of manure due to 
TS reduction during the process, allowing it to infiltrate faster into the 
soil, therefore balancing off the effects of higher pH and TAN content 
on ammonia emissions. However, substantial changes in the substrates 
fed to anaerobic digesters in Denmark may challenge the fertilizer 
value of digestate and its acceptance by farmers, as it is discussed in 
Section 4.1.2.

Besides N, digestate offers appreciable amounts of the other 
primary nutrients, P and K. However, it is known that the excessive 
application of nutrients can lead to pollution, for instance, due to the 
leaching of N and P to water bodies and the consequent stimulation 
of eutrophication (Teglia et al., 2011). Therefore, in Denmark, the 
amount of N supplied in digestate must currently not exceed 170 kg/
ha/year, in agreement with the EU Nitrates Directive, while P addition 
is limited to 30 kg/ha/year from 2025 (Sommer and Knudsen, 2021). 
Depending on the N and P concentrations in each digestate and crop 

requirements, either of these nutrients should be supplemented by 
commercial fertilizers. In Group 1 and Group 2, four out of 13 and 26 
out of 46 samples would have their application limited by P. Secondary 
essential nutrients, such as S, Ca, and Mg, are also present in digestate, 
along with other elements required by plants in smaller amounts, such 
as Fe, Na, Cu, Zn, Mo, and Mn (Crolla et al., 2013). The source of 
nutrients in the sampled digestates was restricted to the feedstock 
material treated by biogas plants since no supplementation is 
performed in Danish digesters to boost microbial activity in 
AD. However, Cu and Zn are commonly added to animal diets to 
prevent pig diseases. Results in this study showed some high variability 
in the concentrations of all nutrients, especially Fe, Na, Zn, and Cu, 
evidenced by the high standard deviations compared to the 
concentrations averages in Table  2. Differences in nutrient 
composition in digestate can lead to different supplementation 
requirements to accommodate the needs of different plants (Coelho 
et al., 2018). Solid–liquid separation of digestate can result in the 
concentration of different nutrients in the different streams, easing the 
adjustment of nutrients during land application to the needs of the 

TABLE 3 Average components distribution after solid–liquid separation of digestate.

Lab-scale separation Industrial separation

Component Fraction in the 
SFD* (%)

Fraction in the 
LFD (%)

RSI (%) Fraction in the 
SFD* (%)

Fraction in the 
LFD (%)

RSI (%)

Mass 31.31 (13.32) 68.70 (13.32) 7.24 (4.63) 92.76 (4.63)

TS 51.80 (15.71) 50.77 (13.34) 31.59 (11.54) 26.84 (16.29) 73.16 (16.29) 21.65 (13.66)

VS 58.57 (15.67) 45.21 (12.10) 41.80 (13.74) 31.97 (19.22) 67.70 (18.09) 27.34 (16.83)

TAN 28.71 (12.58) 70.94 (13.04) −4.17 (4.41) 4.82 (3.03) 93.70 (7.11) −3.49 (1.94)

Protein 38.15 (13.43) 70.85 (4.93) 21.20 (11.54) 20.72 (22.01) 76.13 (17.20) 15.97 (21.54)

Lipids 11.52 (7.34) 85.83 (16.99) 4.24 (3.06)

NDS 36.68 (14.00) 65.17 (13.89) 8.26 (4.92) 14.31 (8.49) 87.80 (12.41) 7.11 (6.40)

Cellulose 77.64 (4.69) 20.97 (7.58) 68.60 (4.92) 58.09 (28.11) 40.62 (30.65) 55.54 (27.30)

Hemicellulose 66.39 (17.83) 38.56 (13.45) 54.17 (19.18) 47.17 (22.00) 53.22 (23.32) 42.89 (20.98)

Lignin 70.23 (9.93) 35.96 (6.49) 58.14 (12.25) 39.50 (27.38) 42.74 (39.75) 36.07 (25.84)

C 55.80 (15.48) 46.63 (11.97) 37.56 (12.43) 29.58 (17.76) 71.49 (18.79) 24.71 (15.13)

S 36.96 (11.37) 59.82 (1.43) 16.16 (11.35) 17.66 (9.17) 83.30 (13.32) 10.67 (6.91)

Ca 35.20 (13.54) 67.84 (15.90) 6.54 (7.99) 16.78 (11.77) 81.91 (15.96) 9.79 (10.88)

Na 30.56 (8.90) 70.82 (16.08) −5.57 (10.25) 7.74 (3.32) 91.11 (7.14) −0.31 (2.13)

K 33.74 (10.07) 74.25 (18.80) −0.68 (8.38) 6.79 (3.68) 92.92 (6.83) −1.18 (1.32)

Mg 43.46 (16.07) 57.98 (17.49) 12.77 (14.49) 22.78 (24.80) 80.31 (25.14) 17.37 (25.48)

P 35.70 (14.32) 63.84 (14.50) 6.84 (6.32) 18.50 (18.61) 79.19 (21.23) 12.53 (18.65)

Fe 10.30 (12.09) 83.65 (19.52) 7.45 (9.59)

Mn 13.90 (11.23) 85.74 (14.21) 7.20 (10.81)

Zn 10.28 (6.01) 94.64 (13.35) 3.25 (4.84)

Cu 9.29 (5.81) 94.90 (10.04) 2.49 (4.13)

Cr 52.04 (3.91) 49.93 (11.72) 47.65 (5.13)

Ni 26.11 (14.88) 75.63 (15.82) 20.26 (13.08)

Al 13.39 (9.02) 85.94 (12.99) 5.66 (7.38)

Mo 13.01 (11.27) 88.07 (10.94) 8.42 (8.39)

*Equivalent to the separation index. Values in parenthesis represent the standard deviations.
SFD: solid fraction of digestate, LFD, liquid fraction of digestate, RSI, relative separation index, TS, total solids, VS, volatile solids, TAN, total ammoniacal nitrogen; NDS, neutral detergent 
soluble fraction.
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TABLE 4 Kinetic parameters.

First order kinetic 
model

Modified-Gompertz model

Sample Experimental 
methane yield 

(ml/g/VS)

B0

 (ml/g VS)
B0 (ml/g) 103 k 

(1/day)
r2 μmax 

(ml/g 
VS/day)

λ (day) r2

Digestate – Group 1

01 138.97 (7.73) 127.74 3.04 44.47 0.977

02 110.05 (2.88) 102.87 3.28 42.19 0.987

03 143.27 (0.73) 216.21 5.08 10.23 0.980

04 152.17 (7.62) 147.04 5.59 41.59 0.996

05 119.50 (5.33) 113.69 4.77 42.91 0.988

06 172.87 (5.03) 164.26 5.03 45.83 0.991

07 208.98 (3.22) 209.51 5.64 36.20 0.988

08 107.82 (7.98) 112.58 5.05 26.01 0.996

09 180.13 (11.43) 166.82 6.55 50.08 0.980

10 221.58 (6.53) 218.05 7.96 33.31 0.971

11 112.16 (17.55) 108.07 5.72 35.34 0.993

12 127.37 (11.81) 139.08 3.59 16.05 0.998

13 110.75 (2.09) 120.97 3.06 19.92 0.995

14 192.11 (1.46) 172.64 4.25 34.53 0.928

15 102.92 (11.03) 161.05 5.08 9.61 0.999

Average 152.04a (39.44) 4.91bc (1.35) 32.55a (13.18)

Digestate – Group 2*

A1 147.59 (3.33) 138.71 7.52 68.38 0.988

A2 96.26 (2.05) 92.09 3.57 37.05 0.991

A3 73.50 (1.24) 68.72 4.67 39.59 0.986

A4 60.42 (1.24) 59.10 3.50 31.19 0.992

A5 82.67 (1.77) 77.19 6.07 38.23 0.981

A6 77.00 (2.10) 75.15 4.85 40.88 0.995

A7 64.26 (2.25) 74.64 3.36 17.50 0.998

A8 77.19 (6.45) 75.32 4.07 42.53 0.996

A9 97.17 (2.45) 98.05 6.37 34.04 0.999

A10 101.49 (2.15) 105.62 2.22 27.42 1.000

B1 95.05 (0.99) 95.96 4.38 41.11 0.999

B2 59.20 (4.28) 91.01 3.79 11.47 0.997

B3 107.14 (7.87) 108.77 6.08 35.98 0.995

B4 41.85 (1.30) 58.80 2.80 13.12 0.987

B5 132.60 (4.46) 143.89 9.47 33.62 0.990

B6 120.70 (1.99) 112.46 4.93 48.32 0.939

B7 149.07 (0.81) 139.63 6.26 54.49 0.971

B8 117.60 (4.68) 112.93 5.33 45.22 0.992

B9 108.98 (3.03) 105.34 4.80 42.35 0.986

B10 123.30 (4.44) 120.92 4.36 45.19 0.995

B11 63.87 (5.77) 65.95 4.18 29.40 0.993

B12 53.39 (2.46) 54.87 2.36 28.48 0.989

B13 69.70 (2.42) 73.66 5.00 29.58 0.999

(Continued)
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TABLE 4 (Continued)

First order kinetic 
model

Modified-Gompertz model

Sample Experimental 
methane yield 

(ml/g/VS)

B0

 (ml/g VS)
B0 (ml/g) 103 k 

(1/day)
r2 μmax 

(ml/g 
VS/day)

λ (day) r2

B14 88.31 (3.63) 86.42 6.94 40.33 0.991

B15 84.19 (7.76) 83.88 7.40 34.22 0.989

B16 116.85 (2.49) 111.49 4.15 38.52 0.973

B17 96.26 (4.61) 207.94 8.64 6.92 0.989

B18 154.04 (7.52) 235.87 6.88 12.18 0.995

B19 94.81 (1.08) 90.44 6.08 51.52 0.991

B20 128.31 (1.89) 120.97 4.31 79.13 0.977

B21 68.33 (0.98) 64.13 3.55 54.66 0.983

B22 83.32 (1.18) 87.91 4.39 29.29 0.996

B23 79.90 (1.46) 78.88 5.20 33.85 0.986

B24 114.89 (1.88) 118.47 5.89 30.49 0.996

B25 85.57 (1.11) 89.15 4.24 27.07 0.995

B26 94.19 (2.13) 102.50 4.89 25.70 0.997

B27 68.91 (0.57) 68.52 2.86 34.98 0.984

B28 108.12 (1.93) 100.70 6.92 45.85 0.982

B29 79.34 (1.07) 83.00 4.95 24.72 0.996

B31 83.66 (2.12) 95.46 3.73 21.58 0.993

B36 77.06 (2.69) 79.92 1.25 28.81 0.983

B37 117.91 (0.93) 120.44 5.76 36.87 0.998

Average 99.40b (35.73) 4.95c (1.71) 35.52a (14.15)

SFD – Group 2

Lab-scale separation

A1S 157.51 (5.43) 148.19 14.39 69.97 0.985

A2S 108.23 (6.79) 103.44 11.09 42.19 0.990

A3S 66.60 (2.82) 62.83 8.16 36.04 0.983

A4S 55.63 (2.19) 54.98 5.81 28.84 0.993

A5S 67.30 (1.90) 61.97 7.92 40.58 0.977

A6S 71.57 (3.53) 70.25 7.22 38.91 0.995

A7S 61.74 (4.02) 73.80 7.23 16.46 0.998

A8S 74.73 (10.26) 73.04 7.17 48.80 0.997

A9S 98.40 (3.06) 102.88 11.52 30.07 0.998

A10S 116.46 (6.83) 117.25 8.91 41.52 0.998

Average 86.86b (29.94) 8.94b (2.61) 39.34a (14.03)

Industrial separation

B3S 93.21 (7.95) 91.73 23.74 3.78 13.19 0.995

B9S 152.85 (35.60) 152.31 34.95 4.27 13.59 0.996

B14S 74.28 (1.23) 76.38 24.28 4.21 13.83 0.997

B15S 43.58 (10.76) 43.49 14.91 1.34 24.21 0.962

B18S 155.51 (12.43) 151.67 31.86 6.12 11.47 0.996

B27S 81.83 (4.09) 81.16 20.27 4.14 15.81 0.995

B28S 137.24 (50.27) 134.69 38.11 3.61 14.24 0.986

(Continued)
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plants. Further processing, for instance, ammonia stripping to recover 
TAN as (NH4)2SO4 and struvite precipitation to recover N and P, may 
be relevant (Barampouti et al., 2020).

Among the mentioned nutrients, Zn and Cu can also have 
detrimental effects on plants and the environment, as they are heavy 
metals (Teglia et al., 2011). Zn and Cu, along with the other analyzed 
heavy metals Ni and Cr, were below the limits set for waste in Danish 
legislation on a TS or P basis (FLFM, 2018), except for one sample, 
which surpassed the limit for Ni on a TS basis. In general, digestate does 
not need to comply with the waste legislation in Denmark since 

digestate is regarded as manure with no heavy metals restrictions. 
However, biogas plants cannot treat any waste products that exceed the 
limits. When the biomass is anaerobically digested, the TS based heavy 
metal contents are almost doubled since approximately 50% of the TS 
are converted into biogas. Therefore, when waste is treated, it can 
be more appropriate to use the heavy metals contents in relation to P, 
which is conserved in the AD process. Therefore, it can be inferred that 
the materials fed to the digester were within the limits set for waste.

High concentrations of Na+ and other free ions may also negatively 
affect crop growth by impacting the biological activity in soil (Teglia 

TABLE 4 (Continued)

First order kinetic 
model

Modified-Gompertz model

Sample Experimental 
methane yield 

(ml/g/VS)

B0

 (ml/g VS)
B0 (ml/g) 103 k 

(1/day)
r2 μmax 

(ml/g 
VS/day)

λ (day) r2

B29S 93.39 (7.95) 92.63 21.15 5.01 17.04 0.993

B30S 39.02 (4.47) 36.66 7.00 5.23 20.30 0.967

B34S 95.33 (7.07) 91.09 18.86 4.21 14.36 0.994

B35S 165.89 (9.13) 164.11 37.64 5.80 14.41 0.997

B38S 101.64 (28.00) 95.94 25.72 3.37 13.16 0.987

Average 100.99b (41.61) 24.88a (9.44) 4.26 (1.26) 15.47 (3.55)

LFD – Group 2

Lab-scale separation

A1L 134.90 (3.38) 126.48 3.74 65.27 0.989

A2L 94.51 (1.95) 90.91 2.51 33.77 0.990

A3L 82.85 (2.32) 77.11 3.15 43.52 0.987

A4L 61.90 (1.08) 60.04 2.39 33.99 0.990

A5L 81.14 (2.21) 61.97 3.04 40.58 0.977

A6L 79.30 (1.52) 76.87 3.34 43.73 0.994

A7L 63.47 (3.09) 71.91 2.29 18.50 0.995

A8L 68.41 (0.82) 67.71 2.49 33.30 0.995

A9L 80.24 (1.37) 74.04 2.76 50.17 0.979

A10L 86.69 (2.95) 102.44 1.56 17.08 1.000

Average 80.95b (20.46) 2.73c (0.62) 37.99a (14.28)

Industrial separation

B3L 101.15 (5.46) 98.10 3.35 43.19 0.973

B8L 129.68 (5.77) 138.91 4.08 32.02 0.994

B9L 114.59 (4.15) 111.66 3.32 43.03 0.986

B14L 59.38 (6.95) 61.58 4.74 29.95 0.992

B15L 55.17 (1.45) 55.80 4.43 33.85 0.991

B18L 151.01 (8.37) 191.30 3.00 19.03 0.983

B27L 69.25 (0.98) 68.92 2.77 35.09 0.983

B28L 105.05 (1.02) 101.45 5.05 35.39 0.989

B38L 112.53 (3.40) 117.74 3.64 31.74 0.997

Average 105.05b (42.53) 3.82c (0.80) 33.70a (7.23)

*Data for samples A1-A10 and B1-B19 had been presented by Romio et al. (2023). Values in parenthesis represent the standard deviations; the batch tests were performed in triplicates. Letter 
indices originate from the Tukey’s HSD test, comparing means at a significance level of differences set at p < 0.05, where different letters represent significant differences among the groups of 
samples.
VS, volatile solids; LFD, liquid fraction of digestate; SFD, solid fraction of digestate.
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et  al., 2011) and causing osmotic stress, affecting the uptake of 
essential nutrients (Machado and Serralheiro, 2017). Conductivity can 
be an indicator of salinity since it indicates the concentration of free 
ions (Coelho et al., 2018). While Na concentrations differed notably 
within each group of samples, the conductivities presented low 
variability, indicating overall similar salinities of the samples and, 
possibly, similar risks of harmful effects.

Despite part of the C fed to digesters being recovered as biogas, 
substantial contents of C remained in digestate. A fraction of it was 
present as VFA, which are easily degradable and can lead to odorous 
(Crolla et al., 2013) and greenhouse gas emissions during digestate 
storage and application. Most digestates presented low concentrations 
of VFA, but some samples contained high VFA levels, achieving values 
up to 11.55 g/kg. Soluble organic compounds present in NDS, 
hemicellulose, lipids, and proteins may also be  degraded during 
storage and after incorporation into the soil. At the same time, 
cellulose and, especially, lignin are supposed to be more stable forms 
of C, partially contributing to C sequestration into the soil.

4.1.2 Effects of feedstock shift on characteristics 
of unseparated digestate

The shift in feedstock in Danish biogas plants seen in recent years 
was accompanied by important changes in digestate quality. Although 

Group  2 focused on biogas plants that employed large shares of 
lignocellulosic substrates, such as straw and deep litter, and do not 
represent a national average, it still is a good representative of future 
digestates (Pedersen and Hafner, 2023). The most evident change in 
digestate quality was the increase of average TS content (approximately 
52%) seen in samples from Group 2 despite the longer HRTs. The 
higher TS can make digestate handling and field application difficult 
and potentially increase ammonia emissions following broadcast or 
band application by reducing digestate infiltration into the soil and 
prolonging its exposure to the atmosphere (Sommer and Hutchings, 
2001). Additionally, samples in Group  2 presented an increase 
(p < 0.05) in average pH of 0.17 units while the average TAN contents 
remained unaffected (p > 0.05). This may further increase ammonia 
emissions by the shift in NH4

+/NH3 equilibrium towards ammonia 
formation (Sommer and Hutchings, 2001). Modeling predictions 
showed that field application by trailing hose of samples from Group 2 
would cause higher ammonia emissions than undigested cattle and 
pig slurry (Pedersen and Hafner, 2023). For some samples, losses of 
60% of the applied TAN were estimated (Pedersen and Hafner, 2023). 
Evidently, experimental trials are required to endorse these 
predictions. The potential loss of TAN reduces the attractivity of 
digestate for the farmers, requiring the implementation of ammonia 
emissions mitigation strategies. Digestate soil injection can reduce 

TABLE 5 Relationships among ultimate methane yields, calorific values, solids composition, and operational conditions.

Linear correlation factor

Dependent 
variable

Independent 
variable

Digestate 
Group 1

Digestate 
Group 2

SFD 
Group 2 

Lab-scale 
separation

LFD Group 2 
Lab-scale 
separation

SFD 
Group 2 

Industrial 
separation

LFD Group 2 
Industrial 

separation

Ultimate methane 

yield (ml/g VS)

Temperature (K) −0.09 −0.31*

HRT (days) −0.34 −0.50*

ln HRT (ln days) −0.28 −0.59*

Calorific value (MJ/

kg VS)

0.30 −0.30 0.13 −0.55 0.37

Ultimate methane 

yield (ml/g TS)

Protein (g/kg TS) 0.54* −0.04 0.09 −0.32 −0.14 −0.53

Lipids (g/kg TS) 0.19 −0.22 −0.44

NDS (g/kg TS) −0.13 −0.49 0.26 0.31 0.43

Cellulose (g/kg TS) 0.08 0.37 −0.27 −0.23 −0.52

Hemicellulose (g/kg 

TS)

0.22 0.71* 0.14 0.71* 0.61

Lignin (g/kg TS) −0.04 −0.31 −0.32 −0.87* −0.69*

Calorific value 

(MJ/kg VS)

Temperature (K) −0.17

HRT (days) −0.19

Calorific value 

(MJ/kg TS)

Protein (g/kg TS) 0.11 0.34 −0.37 −0.67* −0.30

Lipids (g/kg TS) 0.44* 0.26 −0.19

NDS (g/kg TS) −0.50* −0.48 −0.30 −0.82* 0.15

Cellulose (g/kg TS) 0.43* 0.35 0.13 0.64* −0.08

Hemicellulose (g/kg 

TS)

0.01 0.48 0.13 −0.08 −0.51

Lignin (g/kg TS) 0.57* −0.19 0.39 0.45 0.17

*Significant correlations set at p < 0.05.
SFD, solid fraction of digestate; LFD, liquid fraction of digestate; HRT, hydraulic retention time; VS, volatile solids; TS, total solids; NDS, neutral detergent soluble fraction.
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ammonia emissions by lowering the emitting surface area (Pedersen 
and Hafner, 2023); however, the method is energy demanding and can 
damage crops (Hansen et  al., 2003). Additionally, injection may 
stimulate N2O emissions by lowering the O2 supply due to a more 
concentrated placement of the slurry (Thomsen et al., 2010; Petersen 
and Sommer, 2011). Therefore, alternative treatments to reduce 
digestate TS and pH may become crucial. Feedstock physical, 
chemical, and biological pre-treatments (Carrere et al., 2016) may 
result in a reduced TS content in digestate due to enhanced organic 
matter degradation during AD but can be limited by high costs. Solid–
liquid separation of digestate appears as an obvious option to reduce 
TS contents; however, as seen in Section 4.1.5, enhancements of the 
currently applied technologies are required. Acidification with H2SO4, 
commonly applied to animal slurry (Fangueiro et  al., 2015), can 
be challenging on digestate due to its high buffer capacity, requiring 
large amounts of acid (Møller et al., 2022), which increases costs and 
risks of overfertilization with S (Pedersen and Hafner, 2023). A 
recently explored technology to reduce digestate pH is plasma 
treatment, which fixes N from the atmosphere in the digestate as NO3

− 
and NO2

−, forming the acids HNO3 and HNO2 (Nyangau et al., 2024). 
However, the treatment is costly and the risks of increased N2O 
emissions should be assessed.

Regarding the TS composition of digestate, significant differences 
(p < 0.05) were observed between Group 1 and Group 2. Samples from 
Group 2 showed average lower TAN, TKN, protein, K, P, Fe, Zn, and 
Cu contents, indicating the lower contents of these compounds in the 
substrates substituting energy crops and other materials. 
Compositional differences between straws and energy crops can 
be considerable. For example, Garcia-Ruiz et al. (2019) found average 
wheat straw C/N ratios between 82.4–152.1 depending on variety, soil 
and management techniques, which were much higher than typical 
values for cropped silages of 30.8 for maize silage and 19.4 for grass 
silage (Bahar et al., 2005). These differences can directly affect the 
digestate quality.

4.1.3 Nutrient contents of the liquid fraction of 
digestate

In general, pH, conductivities, TS contents, TS/VS, TAN/TKN, and 
C/TKN ratios, and concentrations of some nutrients and heavy metals 
in the LFD obtained with screw presses were in line with those in the 
literature (Tambone et al., 2017; Guilayn et al., 2019; Mazzini et al., 
2020; Akhiar et al., 2021; Finzi et al., 2021; Cathcart et al., 2023), except 
for Cu and Zn, whose concentrations were higher than those reported. 
TS contents of the LFD originating from the separation with decanter 
centrifuges were higher than those reported by Akhiar et al. (2021) and 
Cathcart et al. (2023), resulting in also higher concentrations of other 
components on a fresh matter basis. Data regarding the lignocellulosic 
composition and lipids contents in LFD are still scarce in the literature.

Within Group 2, LFD samples presented lower TS contents than 
unseparated digestate, which were brought to levels closer to those 
presented by samples from Group  1. However, differences in TS 
contents were not statistically significant (p > 0.05). Some samples of 
LFD still presented very high TS contents, achieving values of up to 
107.12%. Considering the similar levels of pH and TAN in the LFD as 
those of unseparated digestate (p > 0.05), the application of LFD with 
a more efficient solid–liquid separation, achieving higher reduction in 
TS, could contribute to counterbalance the potential increase in 

ammonia emissions during digestate soil application in unseparated 
digestate from Group 2 due to its increased TS content compared to 
Group 1. Lower TS contents in the LFD could also ease digestate 
handling and soil application since the material may become more 
pumpable, and blockages of application equipment may be avoided. 
Pedersen et  al. (2022) estimated the ammonia emissions in 
unseparated digestate and LFD based on literature data concerning 
emission factors and digestate separation efficiency. The authors 
showed that a clear reduction in emissions could be  obtained by 
utilizing LFD as a soil fertilizer instead of the unseparated digestate 
when trailing hoses and trailing shoes were employed, even when 
including the emissions from the SFD during storage and application. 
However, estimates were based on few data available in the literature, 
with even fewer being representative of Danish digestates containing 
high TS contents. Additionally, the authors reviewed that, in some 
cases, emissions factors were higher for the liquid fraction of cattle 
and pig slurry compared to those of raw slurry. The reasons were not 
clear, but a reduction in TS may reduce the mass transfer resistance, 
which impedes ammonia volatilization (Pedersen et  al., 2022), or 
increase the exposed surface area of the material due to more 
spreading out after application (Pedersen and Hafner, 2023). 
Therefore, field experiments are crucial to determine whether 
attainable TS reductions with the currently utilized separation 
methods are sufficient to deliver significant reductions in ammonia 
emissions from the new Danish digestates or if such a technique could 
have undesirable consequences as those observed for some samples of 
separated animal slurry. The assessment of emissions of other 
environmentally harmful gases, such as CH4 and N2O, during storage 
of LFD and SFD and their comparison to the emissions associated 
with the unseparated digestate, is also important.

Regarding other characteristics, results showed comparable 
concentrations to unseparated digestate on a fresh matter basis 
(p > 0.05), even though the concentrations of some components in the 
SFD were significantly higher (p < 0.05). This may be explained by the 
low mass of digestate retained as SFD when industrial separators were 
employed and the low differences in concentrations between LFD and 
SFD obtained in lab-scale separation. Comparable concentrations in 
LFD and unseparated digestate have also been reported in literature, for 
instance for TKN, P (Finzi et al., 2021; Cathcart et al., 2023), and TAN 
(Finzi et al., 2021) when separations were performed with screw presses 
and for K when separations were conducted with either screw presses 
or decanter centrifuges (Finzi et  al., 2021; Cathcart et  al., 2023). 
However, when decanter centrifuges were utilized, Cathcart et al. (2023) 
observed clear reductions in concentrations of TKN and P in the 
LFD. The reduction in contents of VS, lignin, cellulose, and C contents 
and the increase in NDS, S, TKN, Ca, K, and Mo on a TS basis (p < 0.05) 
in the industrially separated LFD compared to unseparated digestate 
samples indicate that the first group of components may be associated 
with larger particles, while the former may be associated with smaller 
ones. Contents of measured heavy metals were within legislated 
recommendations for waste, except for Ni, which surpassed the limit for 
two LFD samples, but only on a TS basis.

4.1.4 Nutrient contents of the solid fraction of 
digestate

In most cases, TS contents, VS/TS and C/TKN ratios, and 
concentrations of some nutrients and heavy metals in industrially 
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separated SFD were comparable to those reported for SFD obtained 
by screw presses (Thygesen et  al., 2014; Sambusiti et  al., 2015; 
Tambone et  al., 2017; Guilayn et  al., 2019; Brémond et  al., 2020; 
Mazzini et al., 2020; Akhiar et al., 2021; Brémond et al., 2021; Finzi 
et al., 2021; Cathcart et al., 2023) and decanter centrifuges (Kratzeisen 
et al., 2010; Thygesen et al., 2014; Akhiar et al., 2021; Cathcart et al., 
2023), except for C contents, which were higher than those presented 
in the literature. TAN contents and TAN/TKN ratios in the SFD 
samples obtained after separation with decanter centrifuges were 
lower than those in the literature, while data from SFD originated 
from screw presses were similar to reported values. As in the case of 
LFD, data about lignocellulosic composition and lipids contents are 
still limited.

In comparison to the unseparated digestate from Group 2, the 
concentrations of VFA, Na, K, and Cu remained constant in 
industrially separated SFD on a fresh matter basis (p > 0.05), while 
TAN contents and TAN/TKN contents decreased (p < 0.05). C/
TKN ratio and the contents of other parameters increased 
(p < 0.05). Finzi et  al. (2021) and Cathcart et  al. (2023) also 
reported higher TKN and P and similar K contents in the SFD 
compared to the unseparated digestate. Finzi et  al. (2021) 
additionally observed similar TAN contents in SFD, while Cathcart 
et al. (2023) described higher C contents in this fraction. On a TS 
basis, lower contents of NDS, TKN (likely driven by TAN), S, Ca, 
K, and Mo and higher contents of VS, cellulose, lignin, and C were 
found in the industrially separated SFD compared to unseparated 
digestate (p < 0.05). The opposite trends were noticed for 
LFD. Hence, these observations corroborate the idea that the first 
group of compounds may be  associated with smaller particles, 
while the second should be part of larger ones.

The differences in nutrients concentrations in SFD compared to 
unseparated digestate, especially the higher P contents, make SFD an 
attractive fertilizer to be applied to soils lacking P. Considering the 
legislation limits for application of N and P, 11 out of 12 of the 
industrially separated SFD would have their soil application limited 
by P concentrations. Soils lacking P, however, are usually located in 
areas far from agricultural biogas plants, where intensive farming is 
present. The higher TS contents of SFD could reduce the transportation 
costs of digestate to these locations. The contents of heavy metals were 
lower than the national limits for waste, except for Ni, where the 
concentration on a TS basis was higher than allowed for one 
SFD sample.

Although the SFD has fertilizer properties, it has mainly been 
proposed as a soil amendment due to its high organic matter 
content, which is more stable than the organic matter of undigested 
organic wastes. Soil amendments improve soil properties, such as 
water retention, permeability, water infiltration, aeration, or 
structure, providing a better environment for roots (Teglia et al., 
2011). Surface-applied SFD should be incorporated into the soil to 
avoid odor emissions and loss of nutrients through runoff or 
volatilization (Crolla et al., 2013). Given the higher C/TKN ratios 
in SFD than in unseparated digestate, the risks of N immobilization 
may be  increased. Most industrially separated SFD samples 
presented C/TKN ratios higher than 18, often assumed as a 
threshold for immobilization stimulation (Teglia et  al., 2011). 
However, immobilization risks do not rely solely on C/TKN ratios 
but also depend on the stability of the organic carbon in soil 
amendments (Teglia et al., 2011). Although the concentrations of 

recalcitrant fractions, such as cellulose and lignin, increased in the 
SFD, the attained methane yields demonstrate that the organic 
matter in SFD was not completely stabilized.

A process capable of enhancing organic matter stability before soil 
application is composting, in which part of the organic matter is 
degraded under controlled aerobic conditions (Akyol et al., 2019). A 
fraction of the organic substances is transformed into humic 
compounds, ensuring stability after soil application. Additionally, the 
increase in temperature during the process can eliminate pathogens 
that may have remained after AD (Lu et  al., 2021). However, 
composting of SFD faces some challenges. For instance, the C/TKN 
ratios of the SFD obtained in the present study were lower than those 
reported as optimal for initiating composting (25–35) (Akyol et al., 
2019). The high cellulose and lignin contents may also prolong the 
duration of composting of SFD due to their recalcitrance (Lu et al., 
2021). Finally, the TS contents of SFD were, with few exceptions, also 
lower than the recommended range of 35–60%, which is optimal for 
microbial activity and allows proper air transport through the solids 
pile during the composting process (Akyol et al., 2019). A potential 
solution for these issues includes adding dry materials with high C 
contents to the SFD to adjust C/TKN ratios and TS contents for more 
favorable composting conditions (Akyol et al., 2019). This strategy 
may also reduce methane and N2O emissions by minimizing the 
formation of anaerobic zones due to facilitated aeration (Li et al., 
2020). However, ammonia emissions may increase as aeration boosts 
microbial activity, leading to increased temperature in the SFD pile (Li 
et al., 2020).

4.1.5 Efficiency of solid–liquid separation
Decanter centrifuges were employed to separate digestate in 

the lowest range of TS contents containing fewer fibers and coarse 
particles, while screw presses were applied to digestates with more 
TS and fibrous materials. Decanter centrifuges are generally more 
efficient at retaining smaller particles than screw presses (Finzi 
et al., 2021), which explains the higher reductions in TS contents 
observed in LFD originating from these separators. However, the 
TS reductions in the LFD obtained with decanter centrifuges were 
lower than those reported in the literature, which is, on average, 
approximately 50%, as reviewed by Pedersen et al. (2022). Screw 
presses were very inefficient for three samples, with TS reductions 
of less than 5%. The TS reductions in the remaining samples 
separated by screw presses were in line with those in the literature 
(Pedersen et al., 2022). In general, both separator types resulted in 
low amounts of digestate mass recovered as SFD, on average, only 
7.24%. It is unclear why the separation efficiencies were, in many 
cases, lower than those in previous studies. The differences might 
have been caused by changes in substrate composition and 
operation of anaerobic digesters. The increasing amounts of 
lignocellulosic substrates fed to anaerobic digesters have forced 
biogas plants to implement maceration as a pre-treatment of 
certain recalcitrant substrates, such as straw. The process reduces 
the sizes of particles, which, to some extent, are recovered in the 
LFD. At the same time, HRTs have been prolonged, also leading to 
smaller particles in digestate. The separation with screw presses 
may be improved by utilizing smaller screen sizes with 0.5 mm, 
since 1 mm screen size is currently used. Furthermore, the 
separation process could be  optimized by the utilization of 
precipitating agents, polymers, and flocculants and by integrating 
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sequential separation steps, such as screw presses and decanter 
centrifuges followed by microfiltration (Barampouti et al., 2020).

The major part of the digestate mass and its components remained 
mainly within the industrially separated LFD, except cellulose, 
hemicellulose, lignin, and Cr, which were retained mainly in the 
SFD. Accordingly, Guilayn et al. (2019) have reported that most of the 
TS, VS, organic N, TAN, P, K, S, Ca, and Mg remained in the LFD, 
while Tambone et al. (2017) observed the same trend for TS, TKN 
(likely driven by TAN), and P. Excluding the three mentioned samples 
with very inefficient separation, the SIs of industrially separated 
digestate were comparable to those reported in the literature for fresh 
mass, TS, VS, organic N (or protein), TAN, P, K, and C (Tambone 
et al., 2017; Guilayn et al., 2019; Finzi et al., 2021; Cathcart et al., 
2023). The RSIs of TS, K, and TAN of digestate separated by screw 
press were similar to those reported by Finzi et al. (2021). Data on the 
RSIs of components resulting from the separation of agricultural 
digestate with a decanter centrifuge are limited in the literature. 
However, Cathcart et al. (2023) showed that the SIs of TS, C, TKN, P, 
and K were higher for decanter centrifuges than screw presses. 
Likewise, in the present study, the separation with decanter centrifuges 
resulted in higher RSIs for P (see Supplementary material). Literature 
data concerning the RSIs of other components in agricultural digestate 
have not been found for comparison. The high RSIs obtained for 
cellulose, hemicellulose, and lignin are linked to their presence mainly 
in large fibrous particles. Likewise, Cr presented high RSIs. While the 
reason for this is unclear, Zhu and Guo (2014) showed that Cr had 
high stability in digestate, being present mainly in residual form and 
being unlikely to be released to the digestate solution. The separation 
of the remaining analyzed components resulted, in general, in lower 
RSIs, suggesting that they were, to a larger degree than cellulose, 
hemicellulose, lignin, and Cr, also associated with smaller particles (as 
an original part of them or adsorbed) or partially solubilized (Möller 
and Müller, 2012; Zhu and Guo, 2014). The negative RSIs obtained for 
TAN, K, and Na can be explained by their high solubility in water 
(Baryga et al., 2021; Finzi et al., 2021).

Industrially separated SFD was obtained with different equipment 
types likely operating with different capacities and at different 
conditions, such as different applied pressures in screw presses and 
bowl speeds in decanter centrifuges (Cathcart et al., 2023). Therefore, 
the lab-scale separation was performed to evaluate RSIs by applying 
the same separation method to several digestate samples. This type of 
separation was not efficient, with larger mass proportions retained in 
the sieve, but with lower TS contents in SFD and smaller differences 
in components concentrations between LFD and SFD when compared 
to industrial separation. Nevertheless, the lab-scale separation resulted 
in average RSIs comparable to those obtained with industrial  
separation.

4.2 Energetic potential of digestate

Significant amounts of digestible fractions (protein, lipids, 
cellulose, hemicellulose, part of NDS) were still present in digestate, 
representing a potential for additional methane recovery in biogas 
plants. Methane yields of unseparated digestate on a VS basis were 
within the range of those presented in a previous publication, 
including some samples belonging to Group 2 (Romio et al., 2023). 
The average methane yield on a VS basis of samples from Group 1 was 

approximately 50% higher than that from Group 2 (p < 0.05). The 
average longer HRT and the more recalcitrant nature of substrates 
applied to digesters in Group 2 explain this difference. However, the 
higher TS contents (p < 0.05) of digestates from Group 2 resulted in 
similar (p > 0.05) average methane yields on a fresh matter basis for 
both groups. This observation indicates comparable risks of methane 
emissions during digestate storage, unless the different TS contents 
affect crust formation, which may also influence gaseous emissions 
(Wood et al., 2012). The negative relationships (p < 0.05) between the 
residual methane yield on a VS basis and the temperature and 
logarithm of HRT found by Romio et al. (2023) were maintained but 
slightly weakened by the addition of data from new samples in 
Group  2. Higher temperatures should enhance organic matter 
degradation, resulting in lower residual methane yields in the 
digestate. Extending the HRT by expanding digestion volume capacity 
can be economically feasible for several biogas plants, as previously 
demonstrated (Romio et al., 2023). Besides enhancing the revenues of 
biogas plants, this strategy also has the potential to reduce methane 
emissions during digestate storage prior to field application.

Digestate separation resulted in similar (p > 0.05) methane yields 
on a VS basis in both SFD and LFD, indicating comparable overall 
recalcitrance of these fractions despite the different compositions. 
Protein and hemicellulose contents positively affected the methane 
yields in some groups of samples, while lignin contents had a negative 
impact. Protein and hemicellulose are digestible fractions, while lignin 
is hardly degradable under anaerobic conditions and contributes to 
increasing the resistance of holocellulose to degradation (Schievano 
et al., 2008).

Methane yields of the SFD agreed with values found in the 
literature (Thygesen et al., 2014; Maynaud et al., 2017; Romio et al., 
2021). The methane production of LFD started rapidly, while long 
lag-phases were observed in the digestion of industrially separated 
SFD. The reasons behind this behavior are unclear, but the larger 
particles and the reduction in soluble organic compounds in SFD may 
have had an influence. Moreover, it should be noted that SFD samples 
had been frozen before digestion, while LFD samples were utilized 
immediately after collection. The inactivation of AD microbes during 
the freezing period may have contributed to the longer start-up phase. 
The same batch assay run included samples of raw cattle manure and 
wheat straw (both from an unrelated study), and these all showed 
good biogas production with no significant lag-phase (data not 
shown). Therefore, low inoculum activity should not have been a 
reason for the occurrence of the long lag-phases.

On a fresh matter basis, the average methane yield of the 
industrially separated SFD was approximately seven times higher 
than that of LFD. The average methane yield of the SFD on a fresh 
matter basis achieved 46–100% and 126–222% of the yields of 
samples of maize and grass analyzed by Triolo et  al. (2011). 
However, only 8% of the methane yield of straw was achieved by the 
SFD (Triolo et  al., 2011). The results indicate that SFD has the 
potential to be reutilized in AD and be a valuable substitute for 
some expensive, low-quality, or scarce feedstock or simply 
be included as additional material to the substrate mix in a system 
where it is recirculated to the digester (Brémond et al., 2021). Likely, 
only a portion of the SFD should be used to avoid the accumulation 
of inorganic matter and inhibitors in the digester, such as heavy 
metals (Brémond et al., 2021), and to avoid an excessive increase in 
the TS content in the digester, which could difficult mixing and 
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mass and heat transfer. As shown by Dinuccio et  al. (2013), the 
recirculation of the totality of the SFD in continuous reactors 
operating with a HRT of 40 days resulted in an increase of 16% in 
the TS content and maintained the volumetric methane production 
4% higher than that of control reactors without recirculation for 
120 days. After this period, the methane production of the two sets 
of reactors leveled out, possibly due to the accumulation of 
recalcitrant compounds in the reactors to which SFD was 
recirculated. The economic viability of the SFD recirculation would 
depend on the resulting methane yields, prices of substituted 
substrates, and costs of digestate solid–liquid separation. Methane 
production associated with SFD recirculation could be enhanced by 
applying post-treatment methods to the SFD to open up its 
structure, increasing its methane yield or accelerating the hydrolysis 
rate. Several studies evaluated the effects of post-treatments, such 
as thermal, mechanical, chemical, and biological methods, in the 
SFD. Varying results were obtained in batch tests, from reductions 
in methane yields to increases of up to 300%, as reviewed by Romio 
et al. (2021). In a continuous test, Jagadabhi et al. (2008) showed 
that recirculating untreated or alkali treated SFD to the digester was 
unjustified in a system operating with a HRT of 20 days and with a 
ratio between the mass load of SFD and fresh feedstock of 10%. 
Nevertheless, studies evaluating continuous tests mimicking the 
recirculation of the SFD to the digester at different rates with or 
without SFD post-treatment are still lacking in the literature.

Although industrially separated SFD presents higher methane 
yields on a fresh matter basis than LFD, most of the methane potential, 
about 2/3, is held in the LFD due to its higher recovered mass in 
separation. This means that, although reduced, risks of methane 
emissions during LFD storage remain, as observed by Gioelli et al. 
(2011); hence, storage of LFD in covered tanks with methane capture 
is recommended. The emissions from the SFD should also 
be considered for an overall assessment of the effects of separation in 
methane emissions. Emissions from the SFD will depend on storage 
type (in covered or uncovered tanks or piles) and utilization, i.e., 
recirculated to the digester, as a soil amendment, composting, or for 
another purpose.

Alternative uses of SFD include bioethanol production, 
hydrothermal carbonization with the production of hydrochar, 
pyrolysis with the production of biochar, syngas, and bio-oil, and 
combustion, as reviewed by Monlau et  al. (2015) and Peng et  al. 
(2020). While bioethanol, hydrochar, syngas, and bio-oil can 
be  further processed for energy generation, biochar has been 
considered a soil amendment, with a significant role in sequestering 
carbon in soil (Monlau et al., 2015). Regarding combustion, calorific 
values were similar to the experimental ones obtained by Czekała 
(2021) and Kratzeisen et al. (2010) for SFD and comparable to those 
of wood. These authors suggested that the waste heat in plants owning 
combined heat and power units could be utilized for SFD drying to a 
moisture content of about 10–20% and pelletizing could be applied to 
produce a homogeneous and transportable material. Cathcart et al. 
(2021) and Kratzeisen et al. (2010) estimated positive energy balances 
for the combustion of SFD, considering the energy demand for 
separation, drying, and pelletizing. According to Cathcart et al. (2021), 
the highest costs of the process would derive from the investment in 
a belt dryer (corresponding to 61 and 78% of the total costs when 
separating digestate with a decanting centrifuge and a screw press), as 
mechanical aid is likely required in the drying process. The profitability 

of the process would highly depend on the amount of SFD being 
produced. Kratzeisen et al. (2010) showed that the emissions of flue 
gas during combustion of SFD pellets were in agreement with German 
limits set for biofuels and suggested that the ash residue could be a 
valuable fertilizer since nutrients such as P, K, and minerals are 
conserved. However, the contents of the heavy metals Ni and Cr were 
above the safe limits for land application.

5 Conclusion

The transition to higher shares of lignocellulosic feedstock seen in 
Danish biogas plants in recent years has caused an average increase of 
52% in the TS content of digestate and an average pH increase of 
0.17 units. These changes may impact ammonia emissions during 
digestate soil application. Solid–liquid separation and the utilization 
of the LFD as a fertilizer may alleviate the increased risks of ammonia 
emissions by reducing TS contents and accelerating digestate soil 
infiltration rate. However, currently employed separation technologies 
have not proved highly efficient at reducing TS contents in the LFD, 
indicating that new approaches are necessary. The SFD was shown to 
be an attractive fertilizer to be applied to P deprived areas or a valuable 
source for additional energy recovery through its recirculation to the 
digester (with average methane yield of 101 mL/g VS) or combustion 
(with average calorific value of 21 MJ/kg VS).
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