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ABSTRACT
In many regions of Europe, biogas production is an integral part of farming to generate methane as a sustainable and versatile 
renewable energy carrier. Besides providing feedstock for ruminants and energy production, grasslands support multiple bene-
ficial ecosystem services, namely diverse flora and habitats that serve as resources for pollinators. The cost-effective utilization 
of grassland biomass is mainly determined by the biomass quality, which is highly variable and dependent on the management 
intensities. Besides chemical analyses, biogas models are usually applied to predict the biogas yield of a specific biomass type and 
quality. However, available models do not apply to mixed grass stands as they primarily refer to individual grass species and/or 
are just based on single parameters such as lignin. In this work, we evaluated flower-rich extensive fen grassland for its biogas 
yield using a newly created model based on common chemical parameters. Therefore, flower-rich biomass from a cultivation 
experiment (n = 48) was analyzed for its biomass yield (average 9.43 ± 1.26 tVS × ha−1), chemical composition by wet chemical 
analysis and near-infrared spectroscopy (NIRS), specific methane yield (SMY) potential via batch tests, and methane hectare 
yield (1505.62 ± 282.86 m3

N × ha−1). In the results obtained, we found flower-rich grassland biomass characterized by high fiber 
(30.1% ± 1.7%) and high protein content (11.3% ± 1.3%) with reliable determinability of chemical composition by NIRS. The most 
important predictors on SMY assessed by multiple linear regression were crude ash (XA), crude protein (XP), amylase neutral 
detergent fiber (aNDFvs), acid detergent fiber (ADFvs), and enzyme-resistant organic matter (EROM). We conclude that extensive 
flower-rich grassland biomass composed of diverse species and different growth and ripening stages provides a suitable feedstock 
for biogas production despite late harvest dates. NIRS proved capable of analyzing the biomass quality of flower-rich grassland 
and thus contributes to optimizing grassland management strategies and provision of demand-driven feedstock qualities.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, 
provided the original work is properly cited.

© 2025 The Author(s). GCB Bioenergy published by John Wiley & Sons Ltd.

Abbreviations: ADFvs, acid detergent fiber (organic matter ash-free); ADL, acid-detergent lignin fraction; aNDFvs, amylase neutral detergent fiber (organic matter 
ash-free, amylase-digested); EROM, enzyme-resistant organic matter; ES, ecosystem services; EU, European Union; FM, fresh matter; Fru, fructose; Gb, gas building 
(Hohenheimer feed value test); LOOCV, leave-one-out cross-validation; MHY, methane hectare yield; N, nitrogen; NA, not analyzed; Nfe, nitrogen-free extracts; NIRS, 
near-infrared spectroscopy; PCA, principal component analysis; PLSR, partial least square regression; R, correlation coefficient; R2, adjusted coefficient of 
determination; RMSE, the root mean square error; SBY, specific biogas yield determined by batch anaerobic digestion test; SD, standard deviation; SEC, standard 
errors of calibration; SECV, standard errors of cross-validation; SEP, standard errors of prediction; SMY, specific methane yield determined by batch anaerobic 
digestion test; TS, total solids; TSSMY, total solids specific methane yield; VS, volatile solids; XA, crude ash; XF, crude fiber; XL, crude lipid; XP, crude protein; XZ, 
crude sugar; YB, predicted biogas yield; YM, predicted methane yield.
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1   |   Introduction

In many regions of Europe, biogas production is an integral part 
of farming to generate methane as a sustainable and versatile 
renewable energy carrier. Besides feedstock supply for rumi-
nants and energy production, extensive fen grasslands provide 
various beneficial ecosystem services (ES). The ES ranges from 
cultural services (e.g., tourism, education) via supporting (e.g., 
soil formation) and regulating services (pollination, carbon se-
questration) (Fu et al. 2017; Petermann and Buzhdygan 2021). 
While some ES are not closely linked to land-use intensity, 
such as groundwater formation (Archer et  al.  2016; Behrendt 
et al. 2013), the provisioning of most ES heavily depends on the 
magnitude of land-use intensity.

Moderately managed grasslands are global biodiversity hotspots 
(Feurdean et  al.  2018), thus supporting pollination and crop 
production. Higher management intensities (e.g., fertilization, 
mowing or grazing) increase the productivity of food and feed-
stock supply but decrease ES and plant biodiversity. Despite 
their high value, many grassland systems have suffered from 
intense management or conversion into arable land over the 
past few decades. Once a grassland is disturbed, the biodiversity 
may not be restored within decades (Kaiser and Ahlborn 2021). 
This degradation and loss of biodiversity impact ecosystems' 
functioning and capacity to provide essential goods and services 
to society. Thus, alternatives for the intensive management and 
use of grasslands need to be evaluated.

Permanent grasslands occupy 47.9 million ha in the European 
Union (EU) and 4.7 million ha in Germany. This accounts for 
30.5% of the utilized agricultural area in the EU and 28.5% in 
Germany (Eurostat 2020), respectively. The bioeconomic strat-
egy for the energy security of the EU aims to establish a circu-
lar economy (European Commission: Directorate-General for 
Research and Innovation  2018). This circular economy is in-
tended to reduce dependency on fossil raw materials and strive 
for an economy that conserves resources sustainably. According 
to estimates, there is still untapped potential for extended utili-
zation of biomass from grasslands in Europe (Meyer et al. 2018). 
This potential could further increase due to the declining im-
portance of grasslands for food production (Schils et al. 2022). 
In this context, the increased use of biomass from grasslands for 
energy production, namely biogas, could be one way of work-
ing towards energy security without risking negative impacts on 
food production.

In parallel, the importance of grasslands and especially the 
multitude of their ES has been recognized (Intergovernmental 
Science-Policy Platform on Biodiversity and Ecosystem Services 
(IPBES) 2018). Some ES, such as the promotion and protection 
of biodiversity, have been set as objectives at the European level 
(European Commission: Directorate-General for Research and 
Innovation 2018). Conservation measures such as late harvest-
ing and reduced cutting are intended to improve the condition 
of local flora and fauna. A change in utilization also leads to 
changes in the species composition and the chemical composi-
tion of the biomass and thus its quality (Hallikma et al. 2023).

The use of grassland biomass in various value chains is largely 
determined by the quality of the biomass and established 

utilization systems (Ding et  al.  2024). High-quality biomass, 
distinguished by high protein and low fiber content, is tradition-
ally used as animal feed in meat and dairy production. Newer 
value chains include the production of green juice and a further 
breakdown into individual components such as lactic acid, pro-
teins, or amino acids (Krenz and Pleissner  2024). In contrast, 
low-quality biomass, characterized by high fiber content and 
low protein content, can be used as fuel, as feedstock in biogas 
or paper production, and for other material applications (Ding 
et al. 2024; Krenz and Pleissner 2024).

To make an informed decision on the valorization of the grass 
biomass, reliable information on its chemical composition 
is crucial. Traditionally, the Hohenheim feed value gas test 
(Gb) (Menke et  al.  1979) is used to determine the metaboliz-
able energy for livestock, while wet chemical analytical meth-
ods like the Weender and Van Soest analysis (Henneberg and 
Stohmann  1860; van Soest  1966) have been applied to obtain 
reliable information on nutrient composition. However, these 
methodological approaches are comparatively expensive, time-
consuming, and produce chemical waste. On the other hand, 
near-infrared spectroscopy (NIRS) provides a non-destructive 
alternative method, which requires minimal sample prepara-
tion, is time-efficient, inexpensive, and does not produce chem-
ical waste (Roberts et al. 2004). To ensure reliable use, however, 
calibration procedures and reference values are required (Foley 
et al. 1998).

Both, the forage quality of relevant grass species (e.g., Oluk 
et al. 2022; Catunda et al. 2022) as well as the biogas potentials 
of specific grass biomasses have been determined via regres-
sion equations. However, these approaches focus on lignin as 
the decisive regressor (e.g., Dandikas et al. 2015). So far, the de-
termination of the acid-detergent lignin fraction (ADL) content 
of grassland biomass by NIRS is still associated with increased 
inaccuracy (Buonaiuto et  al.  2021; Guimarães et  al.  2023). In 
addition, the ADL content is not measured by harvesting ma-
chines used in Germany. Currently established land cultivation 
machinery is often equipped with NIRS sensory systems to de-
termine dedicated crop constituents in real time during harvest, 
but reliable, certified information on lignin alone is for now not 
available, especially not for innovative, uncommon harvested 
crops (DLG TestService GmbH 2019, 2021). This also accounts 
for flower-rich grassland, which requires extensive modeling of 
the spectral data with numerous data pairs to determine the nu-
trient content due to its complex composition. Consequently, a 
representative number of data pairs from chemical analysis and 
the corresponding NIRS spectra are essential for trustworthy 
NIRS calibrations (Norman et al. 2020). The broad species spec-
trum of flower-rich grassland provides a wide range of resources 
for pollinating insects and the trophic levels based on them. The 
phenological diversity can close potential flowering gaps in the 
agricultural landscape and contribute to its biodiversity preser-
vation. Mixed stands with non-uniform developmental stages 
can result in a biomass quality with a different composition 
than grass monocultures. We aimed to answer the following 
questions in this paper.

What is the nutrient composition of flower-rich grassland and 
can it be reliably determined using NIRS analysis? We demon-
strated an NIRS-based assessment of the nutrient composition of 

 17571707, 2025, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gcbb.70046 by L

eibniz Institut Für A
grarlandschaftsforschung (Z

alf) e., W
iley O

nline L
ibrary on [18/06/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3 of 15

complex flower-rich grassland biomass. In addition, we present 
a new approach to estimating the quality of grassland biomass.

Secondly, what is the methane yield of flower-rich grassland and 
can it be modelled using common quality parameters, such as 
crude fiber (XF), crude protein (XP) or crude ash (XA) as re-
gressors of grassland biomass? To answer these questions, we 
analyzed the harvested biomass for its chemical composition 
via both wet chemical and NIRS analysis, determined specific 
biogas and methane yields (SBY and SMY) in anaerobic diges-
tion batch tests, and predicted the biogas yield (YB) and methane 
yield (YM) using a Multiple Linear Regression (MLR). Thereby, 
we deliberately refrain from using lignin as a regressor, as the 
value can often not be determined with sufficient quality.

The most relevant regressors of the biogas and methane yield 
were determined and the performance of the MLR regression 
was compared with established regression equations proposed by 
Baserga (1998), Keymer and Schilcher (1999), and Weißbach (2008).

2   |   Material and Methods

2.1   |   Study Site

The study site (52°41′13.11 “N/12°43′22.14” E) is near 
Paulinenaue in Brandenburg, Germany, approximately 50 km 
west of Berlin. The climate is humid with a mean annual pre-
cipitation of 545 mm/y and a mean temperature of 9.7°C. The 
area is strongly influenced by the hydrological regime of the 
Havel River and its system of channels, with periodical flooding 
during winter and spring. The surrounding Havelland region is 
characterized by organic soils and its use as grassland.

Fen grassland with dominating species like Festuca arundinacea, 
Elymus repens, Poa pratensis, Agrostis stolonifera, and Phalaris 

arundinacea is typical for the region and was selected as our study 
site. The grassland is usually cut in May and August, rarely in 
October. Due to its smooth relief, the site has a moisture gradient 
(see Figure 1). The soil of the experimental plot is a Hemic Rheic 
Histosol (WRB). It consists of a 50 cm thick heavily decomposed 
black upper layer and a less decomposed brown lower layer from 
50 to 90 cm above a basic substrate mineral silty mud.

2.2   |   Experimental Setup

Seven treatments and one control were established on 96 stripes 
across 12 blocks on an area with 0.8 ha size in spring 2020: two 
wildflower mixtures for different moisture levels (see Table 1) 
were hand-seeded after (a) rotation of the soil and (b) after deep 
mulching of the vegetation, resulting in the first four treat-
ments. The regional and commercial wildflower mixtures were 
selected based on the site conditions. Mixtures of different sorts 
of red clover (Trifolium pratense) and white clover (T. repens), as 
well as alsike clover (T. hybridum), were slotted with a slotting 
machine, resulting in three additional treatments. The control 
completed the experiment. All treatments were fully random-
ized within each block.

2.3   |   Harvesting Details and Sample Preparation

Biomass was harvested in two areas within each stripe (n = 2 
samples × 8 treatments × 12 blocks = 192 per cut) with a plot 
harvester (Wintersteiger Hege 212, Germany). The first cut was 
made on August 19, 2020 and 20, to allow the flowering plants to 
set seeds. The second cut took place on May 31, 2021 and June 1, 
2021, and the third cut on August 24, 2021 and 25.

All samples (n = 192) were analyzed by wet-chemical feedstuff 
analysis (see section 2.4) as well as near-infrared spectroscopy 

FIGURE 1    |    Experimental set-up in Paulinenaue, Brandenburg, Germany. The boxes indicate the treatments and the colors in the background 
indicate the relief and thus the groundwater level.
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(NIRS, Model 5000-M, FOSS Analytical A/S, Denmark, ISI 
scan) (see section 2.6). For the batch anaerobic digestion test (see 
section 2.5), a pooled sample of each treatment was taken from 
all blocks, resulting in a sample size of 12 samples per cut. After 
harvesting and chopping with a stationary chopper (1–4 cm par-
ticle length; rotary mill of Brabender Duisburg, Germany), fresh 
matter (FM) grass samples were immediately frozen and stored 
at −18°C until chemical analyses and batch anaerobic digestion 
tests were conducted. For further analyses of chemical compo-
sition, 50 g aliquots were weighed, pre-dried, and then dried at 
70°C to a moisture content of 8%–12%. The samples were then 
ground (< 0.5 mm) and halved to allow wet chemical feedstuff 

and NIRS analysis. Sample preparation, data acquisition, and 
analyses are shown in Figure 2.

2.4   |   Feedstuff Analysis

Wet chemical feedstuff analyses (Weender and Van Soest anal-
ysis) followed European regulations in compliance with the 
methods of the Association of German Agricultural Analytic and 
Research Institutes (Verband Deutscher Landwirtschaftlicher 
Untersuchungs- und Forschungsanstalten  (2023), see 
Table  2). Chemical analyses for listed components are: total  
solids (TS), crude nutrients, and fiber fractions, namely ash-
free, amylase-digested neutral-detergent fiber (aNDFVS)  
and ash-free acid-detergent fiber (ADFVS) were conducted 
by the Landeskontrollverband Berlin-Brandenburg e.V.,  
Germany (see Supporting Information  S5; Wendt and 
Nandke 2025a).

Furthermore, being aware that ADL is the most recalcitrant 
component in anaerobic digestion (Herrmann et al. 2016) and 
thus has a relevant effect on biogas potential, we did not gather 
this parameter for lack of practical application relevance. Even 
though technical achievements made the on-farm use of NIR 
sensory technology more practical during harvest, especially 
the determination of ADL has not reached reliable status for 
standard purposes (Stubbs et al. 2010) and research is still devel-
oping rather specific calibration models to use NIRS as a cost-
efficient mass analysis method for animal feedstock (Buonaiuto 
et  al.  2021; Debnath et  al.  2022). Partly, the analysis of the 
ADL content via NIRS in grasses still shows poor reliability 
(Guimarães et al. 2023). As of date, harvest machine developers 
only offer a small range of NIRS-based sensory for their fleet 
with only a little accreditation, mostly for total solids contents 
(DLG TestService GmbH 2019, 2021).

2.5   |   Determination of Specific Biogas 
and Methane Yields

SBY and SMY of the samples (n = 48) were determined at the 
ATB Potsdam (Germany) in batch anaerobic digestion tests 
within 3 runs according to German Standard Procedure VDI 
4630 (VDI  2016). Tests were performed in a 37°C-tempered 
water bath using 2 L glass reactors filled with a maximum of 
1.5 L inoculum and flower-rich grassland feedstock (31–50 g 
FM). The inocula were obtained from agricultural biogas fer-
menters as well as previous laboratory anaerobic digestion 
experiments (average chemical characteristics and standard 
deviation: pH 8.1 ± 0.1; TS 3.3% ± 0.1%; VS 65.9% ± 0.3%; 
TS; N 2.8% ± 0.1 g kg−1; NH4-N 1.5 ± 0.1 g kg−1; acetic acid 
0.2 ± 0.1 g kg−1; propionic acid 0.06 ± 0.04 g kg−1). Reference sam-
ples were blank inoculum (control) as well as two microcrystal-
line cellulose samples (< 1 mm milled crop material as positive 
reference sample) to monitor the biological activity of the inocu-
lum material. All samples were prepared in triplicate, ensuring 
a ratio of volatile solids in substrate and inoculum (VSsubstrate: 
VSinoculum) ≤ 0.5. Batch tests were conducted until the daily rate 
of biogas produced during three consecutive days was < 0.5% of 
the total biogas obtained up to that time (VDI 2016), which took 
35–49 days of incubation.

TABLE 1    |    Seeding mixtures of wild grassland community seeds 
adapted for two different soil moisture levels.

Fresh Moist

Achillea millefolium Achillea millefolium

Anthriscus sylvestris Achillea ptarmica

Centaurea cyanus Angelica sylvestris

Centaurea jacea Anthriscus sylvestris

Daucus carota Barbarea vulgaris

Galium album Caltha palustris

Heracleum sphondylium Cardamine pratensis

Knautia arvensis Centaurea cyanus

Leontodon hispidus Centaurea jacea

Leucanthemum vulgare Cirsium oleraceum

Lotus corniculatus Filipendula ulmaria

Lychnis flos-cuculi Galium album

Papaver dubium Geum rivale

Papaver rhoeas Heracleum sphondylium

Plantago lanceolata Hypericum tetrapterum

Prunella vulgaris Leucanthemum vulgare

Rumex acetosa Lotus pedunculatus

Scorzoneroides autumnalis Lychnis flos-cuculi

Silene vulgaris Lysimachia vulgaris

Tragopogon pratensis Lythrum salicaria

Trifolium pratense Papaver rhoeas

Pimpinella major

Plantago lanceoloata

Prunella vulgaris

Ranunculus acris

Rumex acetosa

Scorzoneroides autumnalis

Succisa pratensis

Trifolium pratense
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As described by Herrmann et al. (2016), biogas formed during 
the incubation period was collected in wet gas meters and mea-
sured via a liquid displacement approach applying an acidified 
saturated NaCl barrier solution. The biogas volume was deter-
mined daily, corrected for the volume of biogas produced by the 
inoculum without substrate (blank control) and normalized to 
standard conditions (dry gas, 0°C, 1013 hPa). The SBY and SMY 
are given in Normal Liter per kg of fed volatile solids content 
(LN × kgVS

−1).

The biogas composition, namely the content of methane and car-
bon dioxide, was measured with a portable gas analyzer equipped 
with infrared sensors (BM5000, Geotechnical Instruments Ltd., 
Warwickshire, England), considering headspace correction ac-
cording to VDI 4630 (VDI 2016). Gas analysis required a suffi-
cient volume of biogas, available 9–14 times during a test. SMY 
of each sample was calculated as the sum of methane generated 
during the batch test period, in relation to the VS contents.

The methane content in the biogas and the methane hectare 
yield (MHY) of a biogas feedstock are agronomical key factors. 
For comparison with maize as a reference, we derived these val-
ues from the summed-up biomass volatile solids and SMY of the 
first and second grassland cuts in 2021.

2.6   |   NIRS Analysis & Calibration

The NIRS analysis of the biomass's chemical composition resulted 
in a high-dimensional data set and expected multicollinearity 
between the regressors. Partial least squares regression (PLSR) 
was applied for dimension reduction and to model the chem-
ical components of the feedstuff. PLSR calculations were per-
formed by VDLUFA Qualitätssicherung NIRS GmbH, Germany. 
Components given by NIRS analysis are listed in Table 3.

Enzyme-resistant organic matter (EROM; “organic matter” 
being volatile solids) has been analyzed as an additional al-
ternative analogue to crude fiber (XF) in the grassland of dif-
ferent intensities and cutting frequencies. Weißbach  (2008) 
found it a more reliable parameter explaining digestibility 
than crude fiber in extensively managed grasses and grass si-
lages. EROM is determined after hydrolysis by digestion with 
enzymes and not after hydrolysis by boiling in acids and bases 
as for XF.

The calibration models were calculated with a partial least 
squares algorithm (method of least squares) (Haaland and 
Thomas 1988a, 1988b). The partial least squares factors used 
in the calibration models cover the wavelength range from 

FIGURE 2    |    Flow chart of experimental setup and methods applied to determine specific biogas and methane yields from extensive flower-rich 
fen grassland biomass based on NIRS data. Circles display 12 replications of eight grassland biomass variants; the outer frame displays pooled sam-
ples per variant; samples were taken on three dates: one late cut in 2020, one early, and one late cut in 2021. Wet chemical and NIRS analyses were 
performed for each sample and batch test for pooled samples (n = 48).
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1300 to 2398 nm. At least 100 samples of each substrate were 
used. The results were evaluated based on the correlation be-
tween the reference values of Weender and van Soest analyses 

and the values calculated using the obtained calibration equa-
tions, as well as on the magnitude of the standard errors of 
calibration (SEC) and prediction (SEP). The fit of the result-
ing model is also evaluated based on the correlation coeffi-
cient (R). The closer the R-value is to 1, the more suitable the 
model can be considered. Further indicators of the reliability 
of the model were the values of the standard errors of cross-
validation (SECV), 1-VR, and Ue

2 collected (see Supporting 
Information S2–S4).

2.7   |   Statistical Analysis

We performed a principal component analysis (PCA) as an 
unsupervised dimension reduction method to identify the 
parameters that explained the most variance in our chemical 
composition dataset. We have applied a threshold of 60% of the 
explained variance for our regressors. The PCA was performed 
using the software R package “factoextra” (Kassambara  
and Mundt  2020). Then, these parameters were used as re-
gressors in an MLR, and a backward selection was performed 
based on the corrected Akaike information criterion values.  
A validation analysis of the model was performed by leave-
one-out cross-validation (LOOCV), for which the software  
R package “caret” was used (Kuhn  2008). The correla-
tion matrix was performed with the R package “ggcorplot” 
(Kassambara 2023).

The theoretical models according to Baserga  (1998), Keymer 
and Schilcher  (1999), and Weißbach  (2008) (given in 
Supporting Information  S1) with their specific coefficients 
were implemented using the package “Rcpp Armadillo” 
(Eddelbuettel and Sanderson  2014). The regressions were 
compared based on the adjusted coefficient of determination 
(R2), the root mean square error (RMSE) and the mean ab-
solute error (MAE), for which the package “carret” was used 
(see Wendt and Nandke 2025b).

3   |   Results

3.1   |   Biogas and Methane Yield and Chemical 
Composition (NIRS-Analysis)

The mean SBY determined for the green cuttings/flowering 
plant variants ranges from 490 to 712.7 LN × kgVS,−1 and the 
mean SMY ranges from 280.3 to 412.3 LN × kgVS

−1 and the mean 
methane contents of the tested samples vary between 55.5 and 
60.4 vol% (see Table 4). The results represent typical values for 
average methane yields (275.1–429.2 LN × kgVS

−1) and contents 
(54.0–62.8 vol-%) of ensiled permanent grassland cuttings from 
different locations, grassland types, and land use intensities in 
Germany (Fachagentur Nachwachsende Rohstoffe eV 2016).

The different biomass qualities of the mixed samples tested 
show a wide range regarding their methane formation potential. 
Thus, the methane yield plays a major role in the evaluation of 
individual green cuttings/flowering plant variants concerning 
their suitability for biogas production beside the yield per unit 
area achieved. To identify preferred variants, biomass yield, 

TABLE 2    |    Methodology of the components analysis.

Parameter Abbreviation Unit

Chapter in 
VDLUFA

Method 
book 

volume III

Total solids TS % fresh 
matter 
(FM)

3.1

Crude ash XA % TS 8.1

Crude fats XL % TS 5.1.1

Crude fibers XF % TS 6.1.1

Crude sugar XZ % TS 6.5.1

Neutral-
detergent 
fiber 
(ash-free, 
amylase-
digested)

aNDFVS % TS 6.5.1

Acid-
detergent 
fiber 
(ash-free)

ADFVS % TS 6.5.1

TABLE 3    |    Components obtained by NIRS analysis after PLSR 
modeling.

Components Abbreviation Unit

Total solids TS % fresh 
matter 
(FM)

Crude ash XA % TS

Crude fats XL % TS

Crude fibers XF % TS

Crude sugar XZ % TS

Neutral-detergent fiber 
(ash-free, amylase-digested)

aNDFVS % TS

Acid-detergent fiber 
(ash-free)

ADFVS % TS

Gas building (according to 
Hohenheimer feed value 
test)

Gb mL

Fructose Fru % TS

Enzyme-resistant organic 
matter/volatile solids

EROM % TS
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SMY, and MHY were considered and showed rather large vari-
ations (see Table 5).

The value determined for MHY is approximately half of the 
mean MHY of maize silage due to a lower biomass yield, 
even though the SMY is slightly higher (333 LN × kgVS

−1, ac-
cording to Schmidt et  al.  (2018)). However, it must be taken 
into account that the SMY of maize is subject to a relatively 
wide variance and the average SMY of fresh biomass is 375 
LN × kgVS

−1 according to KTBL (2021). SMY and MHY of reed 
canary grass, a typical wet grassland species, which has been  
grown on two different sites by Schmidt et al. (2018) with nitro-
gen fertilization rates of up to 160 kg N × ha−1, showed similar 
SMY (314.92 and 354.92 LN × kgVS

−1, respectively) but in con-
trast higher biomass yields (12.44 and 15.45 tVS × ha−1) and thus 
higher MHY. This indicates that extensively managed flower-
rich grassland is of the same quality as intensively managed 
grassland regarding SMY. If the biomass is ensiled, the dry 
matter content can be expected to decrease by an average of 4% 
(Weißbach and Strubelt 2008). Consequently, this can also lead 
to lower nutrient concentrations and lower biogas potential 
due to the loss of volatile substances. Following Weißbach and 
Strubelt (2008), an acid correction for ensiled biomass to adjust 
the dry matter content would be recommended.

The mean TS content of our sampled grassland biomass was 
93.72% (±0.85) and ranged between 92.21% and 95.67% (see 
Table 4). The crude fiber content determined showed a greater 
range of 7.85% TS, with a mean of 29.71 (±1.73). The mean crude 
protein content ranged from 8.9% to 13.4% TS with a mean of 
11.25% TS (±1.30) which is above the reported content of other 
mixed grassland biomass (Dandikas et  al.  2015; Herrmann 
et  al.  2014; Meserszmit et  al.  2022). The crude lipid content 
ranged from 2.14% to 3.20% TS with a mean of 2.62% TS (±0.24) 
which is higher than described by Meserszmit et al. (2022) and in 
the range of the findings of Dandikas et al. (2015) and Herrmann 
et al. (2014).

3.2   |   Partial Least Square Regression

The calibration and validation results for the flower-rich grass 
substrate (see Supporting Information S3 and S4) suggest that 
the calibration model for the determination of the chemical 
composition meets the conditions of a reliable model. The 
SECV ranged from 0.31 to 2.36, the SEC ranged from 0.30 to 
2.19, and the subtracted value of the ratio of unexplained vari-
ance from unity (1-VR) ranged from 0.74 to 0.97. The high-
est estimation quality was found for the parameters crude 

protein (R2 = 0.97), fructose (R2 = 0.97) and EROM (R2 = 0.95). 
Total solids achieved the lowest coefficient of determination 
(R2 = 0.75), consistent with Oluk et  al.  2022, where TS also 
generated the lowest R2-values. The standard error of pre-
diction was in good agreement with the standard error of 
cross-validation.

3.3   |   Principal Component Analysis

For the principal component analysis, the parameters XA, XZ, 
XP, Gb, Fru, TS, XL, aNDFVS, ADFVS, EROM, and XF were 
used. The parameters XZ and TS were below the threshold of 
60% explained variance and were excluded as regressors for the 
MLR model (see Figure 3). The first two principal components 
explained a total of 66.8% of the total variance.

3.4   |   Multiple Linear Regression

An MLR was performed with the parameters XA, XP, XL, Gb, 
Fru, aNDFVS, ADFVS, EROM, and XF as predictor variables and 
biogas yield (YB) as the response variable, as previously deter-
mined by PCA (see Figure 3). XL, Fru, XF, and EROM were re-
moved as regressors in the backward selection process.

An analysis of variance revealed a highly significant model (p-
value < 0.001). The adjusted R2-value was 0.88. The absence of a 
bias in the distribution of the residuals indicates a comprehen-
sive representation of the variability of the data by our model 
(see Figure 4).

The LOOCV results for the biogas model gave an R2-value of 
0.83, an RMSE of 26.75, and an MAE of 19.14.

The same analysis was performed for the calculation of a meth-
ane model. In the backward selection process, the regressors XF, 
Fru, and XL were removed from the model, resulting in a highly 
significant model (p-value < 0.001).

The adjusted R2-value for this model was 0.87. The lack  
of bias in the residuals' distribution suggests that our 

YB= −1308.85+27.95XA+18.93XP−2.11aNDFvs

+20.35ADFvs+21.08Gb

YM= −622.62+16.61 XA+10.22 XP−1.52 aNDFvs

+6.99 ADFvs+10.94 Gb+2.66 EROM

TABLE 5    |    Biomass yield, methane content, specific and hectare-related methane yield of early and late 2121 harvests compared to common 
maize methane yield.

Biomass yield 
[tVS × ha−1]

Methane content 
[Vol.-%] SMY [LN × kgVS

−1] MHY [m3
N × ha−1]

MHY relative 
to maizea [%]

9.43 ± 1.26 57.83 ± 1.26 343.60 ± 36.01 3026.26 ± 450.78 53.35

Abbreviations: MHY, methane hectare yield; SMY, specific methane yield.
aMaize MHY = 5.672 m3

N × ha−1 (Schmidt et al. 2018).
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10 of 15 GCB Bioenergy, 2025

methane model accurately captures the variability of the data 
(see Figure  5). The LOOCV results for the methane model  
yielded an R2-value of 0.81, RMSE was 14.78, and the MAE 
was 10.65.

Additional regression analyses were performed based on the 
models of Baserga  (1998), Keymer and Schilcher  (1999), and 
Weißbach  (2008). All three models performed worse than the 
model presented here (see Table 6).

FIGURE 3    |    Correlation loading plot for the first and second principal components. The color of the regressors indicates the contribution of ex-
plained variance, and the outer circle indicates 100% explained variance.

FIGURE 4    |    Measured values versus predicted values of the biogas yield (YB) based on the MLR model presented here.
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4   |   Discussion

Our newly created model for flower-rich grassland with its 
regressors ranges in an intermediate position between the 
Baserga, Keymer & Schilcher and Weißbach models. In the 
regression models of Baserga and Keymer & Schilcher, the im-
portance of the parameters XF, XP, and XL for the biogas and 
methane yield was highlighted. Out of these parameters, only 
XP remained as a regressor in our models after backward se-
lection. XP is positively correlated with the biogas yield YB and 
the methane yield YM (r = 0.44, p < 0.001; r = 0.48, p < 0.001; 
see Figure 6), and explains a moderate proportion of the over-
all variance (see Figure 2). In contrast to the models of Baserga 
and Keymer & Schilcher, crude lipid content correlates nega-
tively with YB and YM (r = −0.67, p < 0.001; r = −0.66, p < 0.001, 
see Figure 6). This correlation is also more pronounced than 
in the case of XP, yet it was discarded as a regressor in the 
backward selection process in both models. Further differ-
ences arise from the coefficients for crude fiber content, which 
in the Baserga, Keymer & Schilcher models has a positive ef-
fect on YB and YM, but reveals a weak negative correlation 
(r = −0.55, p < 0.001; r = −0.51, p < 0.001) in our model. Gb 
correlates positively with YM and YB and also appears as an 

important positive regressor in the other two models, which 
seems plausible, as both approaches assess metabolic pro-
cesses in biomass utilization.

The largest contribution of explained variance in our data set 
comes from XF and EROM. Like the Weißbach model, EROM 
is used as a regressor instead of XF. EROM is negatively cor-
related with the biogas yield (r = −0.50, p < 0.001) and methane 
yield (r = −0.46, p = 0.001). The differences between the type 
of correlation and the coefficients can be caused by different 
effects, such as confounding, suppressing, or mediating effects. 
EROM depicts a stronger correlation with XA, which is also 
more strongly correlated to YM than EROM. By suppressing 
irrelevant variance in XA, it can lead to a positive coefficient 
in EROM.

Crude ash content, which appears as a negative regressor in 
Weißbach's model, showed a positive correlation with YB and YM 
(r = 0.59, p < 0.001; r = 0.59, p < 0.001, respectively) and contrib-
uted to the total variance explained. aNDFvs might be another 
possible suppressor effect as it is weakly positively correlated 
(r = −0.11, p < 0.001; r = −0.15, p < 0.001) but represented with 
negative coefficients in our models. aNDFvs is highly positively 

FIGURE 5    |    Measured values versus predicted values of the methane yield (YM) based on the presented MLR model.

TABLE 6    |    Performance of the three regressions based on Baserga, Keymer & Schilcher and Weißbach.

Biogas model Methane model Baserga Keymer & Schilcher

Weißbach Weißbach

YB YM

R2 0.88 0.87 0.48 0.48 0.54 0.58

RMSE 26.75 14.78 45.81 45.72 44.00 22.15

MAE 19.14 10.65 35.91 35.84 32.59 16.74
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12 of 15 GCB Bioenergy, 2025

correlated with EROM and ADFvs, which, in turn, are nega-
tively correlated with YB and YM.

The development of the models of Baserga and Keymer & 
Schilcher must be seen in the context of the beginning of the 
intensive use of food and forage crops for biogas production in 
Germany in the late 1990s. Thus, the focus in the models is based 
on prominent parameters such as starch or fat from feedstuff 
analyses. While these components are highly available in estab-
lished biogas crops (e.g., maize), they are less present in exten-
sive grassland biomass. Furthermore, the harvest time of biogas 

crops aims to optimise the chemical composition of the biomass, 
such as nitrogen concentration, C/N ratio, non-structural carbo-
hydrates, and cell wall components. The hampering influence 
of increasing crude fiber content with advancing growth stages 
on the biogas yield is extensively described in the literature 
(Prochnow et al. 2005; Klimiuk et al. 2010; Kandel et al. 2013; 
Chiumenti et al. 2018).

The Weißbach model (2008), the most widely used model for es-
timating the biogas potential of intensive grass (first and second 
cut) in Germany, includes the crude fiber content as the only 

FIGURE 6    |    Correlation trimatrix of the biogas yield (YB), methane yield (YM) and the chemical compounds (NIRS analysis) of all 48 samples.
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used organic parameter. In other established formulas for bio-
gas potential estimation, Weißbach (2009) gradually shifted the 
focus from crude fiber (linked to a substrate-dependent factor to 
quantify the usable proportion) to EROM as the single organic 
and mainly fiber-based parameter for further grass cuts. In this 
way, these calculation formulas exclude the direct portions of 
the usable fiber components still included for the first two grass 
cuts of intensive management.

However, the harvesting time of intensive grassland (as a sub-
strate for Weißbach's model) is similarly determined for other 
biogas crops. In contrast, the timing of harvesting extensive 
grassland is guided by factors relevant to nature conservation 
(e.g., flower availability for pollinators, and breeding birds) and 
the gross yield of the biomass. The resulting comparatively late 
harvests are characterized by higher fiber content and lower 
protein content.

The flowering mixtures investigated in our study were com-
posed of plants with a broad flowering spectrum that extends 
from early spring to late fall, showing different phenological 
growth stages when being harvested. As samples from early and 
late harvests were mixed, a broad spectrum of developmental 
stages was covered and analyzed. This resulted in a biomass 
quality characterized by both a high protein and high fiber con-
tent (see Melts et al. 2019), which are otherwise nutrients subject 
to opposing trends (e.g., Krenz and Pleissner 2024). This finding 
underlines the importance of crude protein and fiber fractions 
as significant regressors in our models.

Determined values for SMY are well in line with other find-
ings. The SMY and MHY of reed canary grass, a typical wet 
grassland species also dominantly present in our sites, have 
been grown on two different sites by Schmidt et  al.  (2018). 
Nitrogen fertilization rates of up to 160 kg N × ha−1 showed 
similar SMY (314.92 and 354.92 LN × kgVS

−1, respectively) to 
our biomass (343.60 ± 36.01 LN × kgVS

−1). Still, most proba-
bly due to fertilization rates, it showed higher biomass yields 
(12.44 and 15.45 tVS × ha−1) and thus higher MHY than our ex-
tensively managed sites (9.43 ± 1.26 tVS × ha−1). This indicates 
that extensively managed flower-rich grassland is of the same 
quality as intensively managed grassland, regarding specific 
methane yields.

5   |   Conclusion

Flower-rich fen grassland is composed of a broad spectrum of 
different species with different stages of growth and maturity, 
resulting in increased protein and high fiber content. NIRS 
proved capable of successfully analyzing the nutrient content 
of this complex biomass. The study confirmed flower-rich fen 
biomass as an appropriate feedstock for biogas production. Even 
though the MHY reached only a quarter of that of maize, the 
SMY was comparable. The additional use of biomass from land-
scape enhancement measures can contribute to a better eco-
nomic balance of biodiversity-enhancing measures. Moreover, 
the wide range of species in flower-rich fen grassland can close 
flowering gaps and ensure important ecosystem services such as 
pollination. In addition to promoting insects, important contri-
butions to the biodiversity conservation of higher trophic levels 

are thus supported, too. Future research should focus on the 
yields per hectare of extensive flower-rich fen grasslands for a 
better assessment of its economic significance in the context of 
demand-driven flexible biogas production.
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