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Abstract: Global warming and climate change are imminent threats to the future of humankind. A
shift from the current reliance on fossil fuels to renewable energy is key to mitigating the impacts of
climate change. Biological raw materials and residues can play a key role in this transition through
technologies such as anaerobic digestion. However, biological raw materials must also meet other
existing food, feed and material needs. Green biorefinery is an innovative concept in which green
biomass, such as grass, is processed to obtain a variety of protein products, value-added co-products
and renewable energy, helping to meet many needs from a single source. In this study, an analysis
has been conducted to understand the renewable energy potential of green biorefinery by-products
and residues, including grass whey, de-FOS whey and press cake. Using anaerobic digestion, the
biogas and biomethane potential of these samples have been analyzed. An analysis of the fertiliser
potential of the resulting digestate by-products has also been undertaken. All the feedstocks tested
were found to be suitable for biogas production with grass whey, the most suitable candidate with
a biogas and biomethane production yield of 895.8 and 544.6 L/kg VS, respectively, followed by
de-FOS whey and press cake (597.4/520.3 L/kg VS and 510.7/300.3 L/kg VS, respectively). The
results show considerable potential for utilizing biorefinery by-products as a source for renewable
energy production, even after several value-added products have been co-produced.

Keywords: green biorefinery; grass whey; anaerobic digestion; biogas; digestate

1. Introduction

Climate change and interrelated environmental challenges represent the most eminent
issues that threaten the future of the humankind. The European Commission launched
‘The Green New Deal’ in 2019, with aims to make Europe carbon neutral by 2050. As
part of the deal, the EU has attributed more importance towards biodiversity, farming,
energy and circular economy [1]. However, the energy sector is responsible for 75% of
the total greenhouse emissions in the EU. Ensuring a greater contribution of renewable
sources of energy across all sectors has been identified as a key building block for achieving
climate and energy objectives. The Renewable Energy Directive (2009/28/EC) is a legal
framework supporting renewable energy integration across all sectors in the EU [2]. This
directive set out an overall target of 20% renewable energy integration by 2020, with
binding contributory targets for each of the individual states. However, Ireland failed
to meet its 2020 Renewable Energy Directive Target of 16%, falling short particularly in
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areas of renewable heat and transport. As a result, Ireland now faces a tougher task of
meeting its updated Renewable Energy Directive II (RED II) target of 32% by 2030 [3].
Furthermore, Ireland’s Climate Action Bill requires a 51% reduction in GHG by 2030, rising
to carbon neutrality by 2050. On the other hand, the agri-food sector is a vibrant industry in
Ireland whose contribution to GDP has increased from 17.8% to 19.9% between 2019–2020
and 2020–2021 [4]. However, 30% of greenhouses emissions in Ireland are contributed
by agricultural activities [5]. A recent report published by the Environmental Protection
Agency in Ireland reported that methane levels in Ireland had increased by over 170% from
the pre-industrial era, largely due to the livestock industry [6]. This calls for immediate
and effective measures to reduce the environmental footprint of the Irish agriculture sector.

Biogas production has been identified as a potential step for the reduction in carbon
emissions from primary production (e.g., livestock emissions and slurry related emissions)
in recent years [7]. Biogas or biomethane is a renewable source of energy that can also
directly reduce fossil-based emissions in sectors such as transport, heat and electricity,
thus contributing to climate mitigation and renewable energy targets [8]. According to
a survey conducted by the Central Statistics Office, Ireland, 3.7 million out of a total of
5 million hectares of agricultural land in Ireland, were grassland with 450,300 hectares
attributed to rough grazing [9]. Grass silage has been explored as a potential source for
anaerobic digestion [10–12]. However, operating an anaerobic digestion (AD) process
following the mono-digestion of grass silage has been found to be unsustainable in the
long term [13]. Interestingly, the co-digestion of silage with animal manures and slurries
have been found to be a better alternative by comparison. According to a recent study
published by Attard et al. (2020), more than 30 million tonnes of (wet weight) biomass
were generated in Ireland in 2020, including 27 million tonnes of slurries and manures,
while 1.7 million tonnes of dry matter (DM) of grassland is available annually beyond
that are required to meet our food targets [14,15]. This 1.7 million could be increased
to 12 million tonnes through the adoption of specific land management practices [15].
Several studies have investigated the co-digestion of grass and slurry. For example, Xie
(2012) reported that maintaining pig manure and grass silage at a ratio of 3:1 yielded
304.2 mL CH4/g ml when the two biomass sources were co-digested [16]. In another study,
Himanshu et al. (2019) reported that maximum synergistic effects for biogas production
can be achieved by maintaining a feed ratio of 0.75:0.25 for perennial ryegrass silages
with cattle slurry [17]. Both studies observed that increasing the proportion of silage in
the feedstock mixture progressively decreased the cost of methane production, increased
the methane yield and increased overall plant profitability. A recent study conducted
by Beausang et al. (2021) employed a consequential life cycle assessment to assess the
environmental impacts of digesting different proportions of silage and cattle slurry for
biogas production [18]. The study observed higher environmental burdens on the mixes
with a greater ratio of grass silage to slurry with an optimum environmental performance
observed at a VS ratio of 0.4:0.6 for silage and slurry, where there is a net reduction for all
impact categories considered.

Ireland stands to gain from the large areas of grasslands and volumes of manure and
slurries produced if these feedstocks can be effectively exploited for the production of
biogas and biomethane via anaerobic digestion. The findings of Gas Networks Ireland
claim that Ireland has the highest potential for biogas/biomethane production per capita in
Europe, with a potential to achieve 13 TWh of energy via renewable gas by 2030. The agency
has therefore put in motion a strategic plan to achieve 20% of renewable gas integrated
within its network by 2030 [19]. Another interesting report published by KPMG suggested
that replacing natural gas with biogas obtained using ADcan reduce carbon emissions by
93% [20]. Separately, O’Connor et al. (2021) examined the adoption of anaerobic digestion
for energy production in Irish farms [21]. The study was conducted among cattle farmers
to understand their motivations, perceived barriers and preferred business models. The
study found that 41% of the farmers surveyed were supportive of installing an AD system
on their farms. Lack of information regarding the technology and investment costs were
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identified as the bottlenecks for AD installation on farms. Furthermore, approx. 60% of
farmers were interested in adopting a co-operative business scheme to install and operate
anaerobic digestors in their farms.

As we shift from a fossil-based to a bio-based economy, there is an increasing demand
on our biological resources to meet our global food, feed and traditional material products,
as well as energy requirements, while also providing an array of new products such as
novel protein, bioplastics, chemicals and biofuels. A biorefinery can support more effi-
cient use of biological resources, through co-processing into a range of bio-based products
and energy. A green biorefinery is a sustainable process for exploiting green protein-rich
biomass to produce a spectrum of commercially valuable products and energy. The feed-
stock for a green biorefinery can include any naturally occurring green biomass, such as
grass, clover, sugar beet leaves, vegetable leaves etc. These plants and residues are rich in a
wide variety of biomolecules, such as carbohydrates, lignin, proteins, lipids, polyphenols,
andvitamins. The green biorefinery concept is at a relatively advanced stage in Western
Europe, especially in countries such as Germany, Netherlands, Switzerland, Denmark and
Austria [22]. Commercial green biorefinery enterprises have been developed by industry
players, such as Biowert, Gramitherm and Newfoss, to produce plant-based products, such
as technical fibers for composites, insulation materials, plastics and paper. At the same
time, residual streams from the biorefinery process can be used to produce energy for
the process, helping to improve the sustainability of the biorefinery. The Biowert Green
Biorefinery cycle involves processing of grass silage to produce grass fibers, which are
further converted into synthetic granules and biocomposite materials. The liquid that is
a by-product of the biorefining process is used to produce biogas. The energy obtained
from the AD process is sufficient enough to operate the biorefining process, while the
digestate obtained after anaerobic digestion is further concentrated and converted into
fertilizer, which is marketed to farmers completing the nutrient cycle [23]. Meanwhile,
biorefineries that process grass feedstocks into plant protein feed and food products, as well
as bioenergy, have also been developed by Aarhus University in Denmark and GRASSA
B.V. in the Netherlands [24]. These approaches demonstrate the potential to use grass
components to produce biogas through anaerobic digestion but follow a cascading biore-
finery approach, which ensures the co-production of additional value-added co-products
such as feed proteins and prebiotic ingredients. In addition to helping to meet Irelands
renewable energy and climate obligations, such cascading approaches may also support the
broader sustainability commitments of the United Nations’ Sustainable Development Goals,
helping to meet SDG7 (affordable and clean energy) by delivering a more economically
viable co-processing approach, which balances the production of renewable energy, with
higher value materials and proteins that are essential for animal and human consumption.
Fonseca et al. (2020), highlights that SDG7 has significant relationships with other SDGs,
including SDG1 (no poverty), SDG2 (zero hunger), SDG3 (good health and well-being),
SDG8 (decent work and economic growth) and SDG13 (climate action) [25]. There, the
wider impact of clean energy approaches, taking into account other pillars of sustainable
living, is a key consideration.

A previous study on green biorefineries has been conducted in Denmark, where
researchers evaluated a biorefinery process that utilised red clover, clover grass, alfalfa and
oilseed radish as feedstocks for the extraction of protein for monogastric feed applications
and subsequent conversion of press cake and grass juice into biogas and fertilizer [26].
The press cake and the brown juice were subjected to mono-digestion and co-digestion
strategies. The study revealed that the co-digestion strategy was the preferred method
for biogas production, considering ease in process control. Other work from Feng et al.
(2021) explored the pilot-scale anaerobic digestion of by-product liquid (brown juice)
from grass protein extraction using an un-heated anaerobic filter [27]. Using a different
greenbiorefinery approach, Patterson et al. (2020) investigated the extraction of volatile
fatty acids from grass and subsequent production of polyhydroxyalkanoates. In this case
part of the unrefined grass was used for anaerobic digestion to produce biomethane [28].
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Fernandez de Souza et al. (2020) explored the use of extrusion to pre-treat fresh grass and
grass silage prior to anaerobic digesting and indicate enhanced biomethane yields of biogas
of 18% and 11% respectively on a fresh matter basis [29]. The main objective of the current
study was to assess the biogas and biomethane production potential of three biorefinery
output streams that were generated as a result of a novel grass biorefining process. The
current study presents and analyzes research of the Irish Biorefinery Glas green biorefinery
project [30]. Perennial rye grass was used as a feedstock for the green biorefinery which
enabled the extraction of grass protein concentrate and dietary fiber in the form of fructo-
oligosaccharides (FOS). The residual streams of grass whey and de-FOS whey, in addition
to a press cake co-product (otherwise used for feeding cows), were studied to understand
their biogas potential. Finally, the digestate obtained from the different biogas production
trials was also investigated as to understand the potential fertilizer value. While previous
work has been undertaken in Ireland to assess the biomethane potential of unrefined
perennial ryegrass [31–33], and some international studies have been conducted which
analyze or estimate the biomethane potential of green biorefinery co-products [26,34], the
authors could not find any Irish studies which have assessed the biogas or biomethane
potential of green biorefinery co-products. In addition, the authors did not find any similar
study in which the focus of research was a similar biorefinery sidestream (press cake, whey
and de-FOS whey) resulting from the biorefinery of the feedstock perennial rye grass.
Finally, the production of FOS is a novel aspect of the green biorefinery process used, so
the application of de-FOS whey as a substrate for biogas production is assessed for the
first time.

2. Materials and Methods
2.1. Green Biorefinery Residual Co-Products (Grass Press Cake, Grass Whey and De-FOS
Whey) Preparation

Perennial rye grass (Lolium perenne) obtained from a farm located in West Cork, Repub-
lic of Ireland was utilized for input into a novel green biorefinery developed by GRASSA
B.V. A schematic of the process is presented in Figure 1. The fresh grass was washed and
then subjected to an extrusion process to obtain a high dry matter press cake fraction and a
high protein juice fraction. The grass juice was then filtered and subjected to heat treatment
at 80 ◦C, followed by centrifugation to remove the precipitated protein. The residual liquid
fraction (whey) following the protein extraction was further processed to extract FOS,
leaving a residual stream (de-FOS whey). The production of FOS is a unique feature of
the biorefinery process, not included within similar fresh green biorefinery approaches
described in the literature [34,35]. The press cake fraction, whey and de-FOS whey were
analyzed for total solids, volatile solids, elemental analysis and fiber composition. All
potential feedstocks were stored at 4 ◦C until further analysis. All analyses were completed
within two weeks of the extraction process.

2.2. Biomethane Potential (BMP) Assays

All three assessed green biorefinery co-products (grass press cake, grass whey and de-
FOS whey), in addition to unrefined ryegrass silage, were investigated for their biomethane
potential (BMP). Unrefined ryegrass silage was included within the analysis for comparative
purposes. The BMPs of the green biorefinery residual co-products were determined by
employing an Anaero BMP system and followed protocols outlined in the German standard
method VDI 4630. The BMP system consists of 15 plastic bottle digesters, each with a
volume of one liter. BMP tests were performed with active inoculum maintained in the
lab by feeding mixed waste streams (food waste, grass silage and whey permeate). The
inoculum was sieved and degassed to avoid interference of organic matter present in the
inoculum with the test sample. The volume to headspace ratio of the digester is 7:3, and the
inoculum to substrate ratio is 4:1 for the BMP analysis. The pH of each digester was within
the optimum anaerobic digestion range; hence, a pH adjustment with special reagents
or buffers was not done in these BMP tests. All digesters were mixed at the same speed
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using stainless steel paddle systems that guaranteed even mixing for all substrate-inoculum
mixtures. The temperature of each digester was maintained at 37 ◦C with a water bath that
incorporates a tight-fitting cover, which minimizes bathwater evaporation loss, even at
thermophilic temperatures. All experiments were conducted in triplicates and lasted for
21 days of digestion.
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2.3. Compositional Analysis of Press Cake

Composition of the biorefinery press cake was analyzed by following the Laboratory
Analytical Procedure (LAP), published by the National Renewable Energy Laboratory
(NREL) [36]. In brief, the press cake was dried in the oven at 70 ◦C and milled to 0.2 um
size using a Retsch Ultra Centrifugal Mill ZM 200. The milled sample was subjected to
water extraction, followed by ethanol extraction (95% ethanol) at 100 ◦C and 1500 PSI
using a Dionex accelerated solvent extraction system (ASE). The extractives obtained are
classified as water, ethanol and full extractives (water followed by ethanol). The extracted
solid residue is dried at 40 ◦C and hydrolyzed by two-step acid hydrolysis method. The
hydrolysate is filtered through a medium-size filtering crucible, and the solid residue
retained on the filter was kept for moisture and ash analysis to determine the acid insoluble
residue and Klason lignin, respectively. Acid-soluble lignin in the filtrate is measured
by recording the absorbance of liquid at 240 nm and applying the equation provided in
the NREL LAP method. The sugars released by acid hydrolysis were analyzed by Ion
chromatography with a PA1 column and melibiose as the internal standard.
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2.4. Analytical and Chemical Methods
2.4.1. Chemical Characterization of Biorefinery Co-Product Substrates and Digestate

The analytical and chemical methods used for the characterization of the various
biorefinery residual co-products followed protocols outlined in the European standards
reference methods indicated in Table 1. All these analytical methods were also applied to
corresponding digestates after biomethane potential tests. Proximate analysis (total solids,
volatile solids, moisture and ash contents) of the substrates and corresponding digestates
were measured according to the European standards outlined in the reference methods
EN 14774-1:2009 and EN 14775:2009. The carbon, hydrogen, nitrogen and oxygen were
analyzed with a vario MARCO cube elemental analyzer that used a thermal conductivity
detector (TCD) and an optional infrared detector to determine the sulfur content of the
substrates. The chemical oxygen demand (COD) estimates the amount of oxygen needed
by organic matter present in the sample to be oxidized by a strong chemical oxidant. The
COD was analyzed by first using a Hanna Instruments heating reactor (HI 839800 Reactor)
at 150 ◦C for 2 h to digest the COD reagent kit (HI93754C-0) containing a 200 mg sample,
and, afterward, a Hanna Instruments multiparameter photometer (HI 83399) was used
to determine the COD the digested COD tubes. The Hanna Instruments multiparameter
photometer utilized for the COD analysis was also used to determine the ammonia content
of the various substrates. However, this protocol used an ammonia high range reagent kit
(H193733-01) and does not involve a 2-h digestion step as outlined in the COD method.
The biological oxygen demand (BOD) determines the amount of oxidizable organic matter
by microorganisms in a unit value of the substrate. Approximately 1 g of the sample,
together with a Hach BOD nutrient buffer (APHA formulation), were placed in an air-
tight BOD serum bottle for five days at 20 ◦C. Readings were measured on the first and
last day of the test with the Hanna Instruments conductivity meter (H1764080) and used
to determine the BOD of the substrates. An Agilent ICP-OES 5110 with an axial view
configuration spectrometer and Seaspray flow nebulizer was used to analyze for major
and minor elements in digested substrates. Sample digestion was achieved in a “MARS
6 Microwave Reaction System” at 190 ◦C for 65 min and followed protocols outlined in
reference method US EPA 3050. Furthermore, certified reference sample 1570 A in the form
of spinach was also digested along with the biorefinery co-product samples to validate the
quality of a subsequent ICP analysis.

Table 1. Feedstock analysis for biorefinery products.

Analysis Reference Method Units Grass Press Cake Grass Whey # De-FOS Whey

Moisture EN 14774-1:2009 (STANDARD, 2010) % 61.00 * 97.97 * 91.33 *
Total Solids Calculated % 39.00 * 2.03 * 8.67 *

Ash EN 14775:2009 (Standard, 2009) % 4.67 20.99 19.94
Volatile Solids Calculated % 95.33 79.01 80.06

NPK 14:1:7.5 2.9:1:11.8 4.3:1:7.3
Carbon EN 15104:2011 (EN, 2011 b) (ISO/TC 238, 2015 a) % 47.81 37.73 40.70

Hydrogen EN 15104:2011 % 5.73 5.09 4.76
Nitrogen EN 15104:2011 % 2.74 2.18 4.34
Sulphur EN 15289:2011(ISO/TC 238, 2015 a) % 0.22 0.37 0.35
Oxygen By Difference % 38.84 33.64 29.90

Aluminium EN ISO 16967:2015 (EN, 2011 a) ppm 224 (87) * 313 (27) *
Calcium EN ISO 16967:2015 ppm 4254 (1659) * 7977 (692) *

Iron EN ISO 16967:2015 ppm 413 (161) * 387 (34) *
Magnesium EN ISO 16967:2015 ppm 1100 (429) * 4973 (431) *

Sodium EN ISO 16967:2015 ppm 2379 (928) * 2750 (238) *
Phosphorus EN ISO 16967:2015 ppm 1960 (764) * 7434 10063 (872) *
Potassium EN ISO 16967:2015 ppm 15159 (5912) * 87057 72877 (6318) *

Silicon EN ISO 16967:2015 ppm 2434 (949) * 1821 (158) *
Titanium EN ISO 16967:2015 ppm 12 (5) * 11 (1) *

COD Modified EPA 410.4 (O’Dell, 1993) g/kg 1143 968 984
BOD In-House g/kg 924 798 837

Ammonia In-House g/kg 1.54 * 1.62 *

# Proximate analysis was reported for 2-fold dilution of grass whey with washing water. Note: * values reported
on as-received basis. All other values are reported on dry mass basis.
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2.4.2. Biogas Production Potential

The biogas production from each digester was measured continuously by the flow
meter provided with the Anaero system, and the gas was collected in 2 L Tedlar bags.
The flow meter was composed of 15 chambers (each with a buoyancy bucket design)
filled with a salt solution that did not allow the dissolution of carbon dioxide, hydrogen
sulphide or ammonia content of the produced biogas. The gas volume is corrected for
temperature and pressure to obtain normalized biogas volumes. The biogas collected in
the Tedlar bags was analyzed for composition using a Biogas 5000 gas analyzer equipped
with methane, carbon dioxide, hydrogen sulphide, ammonia and oxygen sensors. The gas
composition analysis was done on the 3rd, 7th, 14th and 21st days of the BMP analysis. The
biogas and biomethane yields for biorefinery feedstock were determined using equations
provided below:

Cumulative biogas produced =∑Day21
Day0 (biogas produced per day (mL)) (1)

Ref. [37]

Biogas yield =
Cumulative biogas produced (mL)

FM or TS or VS fed (g)
(2)

Ref. [38]

Average CH4 percentage = Determined from Biogas analyzer 5000 (3)

Ref. [39]

Cumulative CH4 produced =
Day21

∑
Day0

(%Average CH4×biogas produced per day (mL)) (4)

Ref. [40]

Methane yield =
Cumulative methane produced (L)

FM or TS or VS fed (kg)
(5)

Ref. [41]

Biodegradability (Bd) % =
Experimental methane yield (EMY)

Theoretical methane yield (TMY)
× 100 (6)

Where TMY =
22.4×1000×

(
a
2 + b

8 − c
4 − 3d

8

)
12a + b + 16c + 14d

And a, b, c & d are subscripts for the empirical formula of substrate, i.e. Ca HbOcNd [42].

3. Results
3.1. Biomass Composition of the Green Biorefinery Press Cake, Grass Whey and De-FOS Whey

Feedstock analysis was performed for all the potential substrates (press cake, grass
whey and de-FOS whey) derived from the greenbiorefinery for anaerobic digestion. The
feedstock analysis involved proximate analysis (moisture and ash content), ultimate analy-
sis (CHNOS, major and minor elements) and fiber content (Table 1). The moisture content
in the press cake was found to be 61%. Alternatively, grass whey and de-FOS whey being
liquids had a high moisture content of 98% and 91%, respectively. Meanwhile, the total
solids accounted for 39% (w/w) of the press cake, 2.0% (w/w) for grass whey and 8.6%
(w/w) for de-FOS whey, respectively. The volatile solids and ash content analyses for both
the wet and dry samples of the press cake revealed that 37% of the total composition
of wet samples were contributed by volatile solids, while this number was 95% for dry
samples. Conversely, the volatile solids and ash content in the grass whey was 79% and
21%, respectively. Additionally, volatile solids and ash amounted to 6.9% and 80.1% of the
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total weight of de-FOS whey, respectively. The ratio of volatile solids to total solids is an
important parameter in the efficiency of anaerobic digestion and methane production [43].

Elemental analysis was performed to determine the carbon, nitrogen, hydrogen and
sulfur content in the press cake, grass whey and de-FOS whey. The C:N ratios for grass
press cake and grass whey were found to be 17.4:1 and 19:1, while the C:N ratio for de-FOS
whey was determined to be 9.3:1. The C/S ratios in the grass press cake, grass whey and
de-FOS whey were found to be 207.2:1, 76:1 and 116:1, respectively. Meanwhile, the BOD
and COD analysis of grass whey were conducted to determine the biodegradability of the
feedstock. The BOD amounted to 798 g/kg dry matter (DM), which amounted to 79% of
the COD (968 g/kg DM). This was similar for de-FOS whey, which had a BOD of 837 g/kg
DM and amounted to 85% of the measured COD of 984 g/kg DM.

Potassium and sodium contents in the feedstocks were also measured as part of the
elemental analysis. Detailed figures of the elemental analysis of the feedstocks have been
provided in Tables 1 and 2. The concentration of potassium and sodium were found to
be 5912 ppm and 928 ppm, as well as 6318 ppm and 238 ppm (fresh basis) for press cake
and de-FOS whey, respectively. The phosphorus concentration of all biorefinery feedstocks,
meanwhile, ranged between 150 ppm and 900 ppm. At the same time, a trace elements
analysis indicated that metals, such as iron, cobalt and molybdenum, were lower than
required and would therefore need to be supplemented (Table 2).

Table 2. Concentration of trace elements in biorefinery feedstock.

Analysis Units Grass Press Cake De-FOS Whey

Arsenic ppm <1 -
Cadmium ppm <1 <1

Cobalt ppm 2 <1
Chromium ppm 41 <1

Copper ppm 10 10
Mercury ppm 18 <1

Manganese ppm 35 169
Molybdenum ppm 2 2

Nickel ppm 54 8
Lead ppm <1 3

Antimony ppm <1 <1
Vanadium ppm <1 <1

Zinc ppm 47 88
All other values are reported on dry mass basis and followed reference method EN ISO 16968:2015 [30].

3.2. Biogas and Biomethane Potential of Biorefinery Residual Co-Products (Grass Press Cake,
De-FOS and Grass Whey)

Assessment of the yield markers of the substrate samples, are presented in Table 3 and
revealed that the biogas potential of grass whey and de-FOS whey, in particular, were quite
promising. The biogas potential and biomethane potential of grass whey were found to
be 895.8 L/kg VS (707.7 L/kg VS) and 544 L/Kg VS, respectively, although the substrate
stream was diluted two-fold with wash water. Meanwhile, the biogas and biomethane
potential of the de-FOS whey were found to be 597 L/Kg VS (478 L/Kg DM) and 520 L/Kg
VS, respectively. The BMP analysis was performed on grass silage to compare the feedstocks
with respect to their biogas and biomethane potential. Accordingly, grass silage yielded
479 L/Kg VS of biogas and a biomethane potential of 300–700 L/Kg VS. The daily and
cumulative biomethane yield for grass press cake, grass whey and de-FOS whey, as well as
silage, from the BMP tests have been presented in Figure 2.
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Table 3. Biogas and biomethane summary data for grass press cake, whey and de-FOS whey.

Grass Press Cake Grass Whey De-FOS Whey Grass Silage Dairy Whey

C:N ratio 19:1 17:1 9:1 17:1 -
Biogas and
biomethane

production (L/kg)

VS 510.7 (300.3) * 895.8 (544.6) * 597.4 (520.3) * 808.1 (479.0) * (510–600) *
DM 486.9 (286.2) * 707.7 (430.3) * 478.2 (416.5) * 737.2 (436.9) * (280–330) *
FM 189.9 (111.6) * 14.3 (8.7) * 41.5 (36.1) * 132.9 (78.8) * -

Final weighted
biogas composition

CH4 (%) 58.8 60.8 87.1 59.3 -
CO2 (%) 43 39.1 14.8 41.1 -
O2 (%) 0.1 0.2 0 0 -

H2S (ppm) 17.6 6.7 87.7 4.2 -
NH3 (ppm) 0 3.7 113.9 0 -

Biodegradability % 55 70 63 - -

* Biomethane yield markers for both feedstocks. Biomethane yield for dairy whey was referenced from [33].
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3.3. Digestate Analysis to Determine the Fertilizer Potential of Biorefinery Residual Co-Products
after Anaerobic Digestion

The digestate samples from anaerobic digestion of the various biorefinery products
were analyzed and characterized for their potential to serve as biofertilizers for improving
grassland soil (Table 4). A comparison of Tables 1 and 4 indicated a high volatile solids
(VS) destruction of 70% for grass whey, with a low of 43% and 45% VS destruction for
de-FOS whey and grass press cake, respectively. This was bolstered by a digestate ultimate
analysis, which showed that the carbon content reduction in grass whey was significantly
higher than that of grass press cake and de-FOS whey. The carbon to nitrogen (C:N) ratio
for all digestate samples was either 8:1 or 9:1. The CODs and BODs of the various digestate
samples were lower than the pre-digestion substrates. Another key factor that influences
the suitability of a digestate as a biofertilizer is the nitrogen to phosphorous to potassium
(NPK) ratio. The NPK ratios for grass press cake, whey and de-FOS whey digestates were
2:1.6:1,1:1.8:3 and 1.4:1:2, changing significantly from their pre-digestion values.

Table 4. Digestate analysis for biorefinery products.

Analysis Units Grass Press Cake Grass Whey De-FOS Whey

Moisture % 97.60 * 98.99 * 96.47 *
Total Solids % 2.40 * 1.01 * 3.53 *

Ash % 49.31 76.36 54.02
Volatile Solids % 50.69 23.64 45.98

C:N ratio 8:1 8:1 9:1
NPK ratio 2:1.6:1 1.4:1:2 1:1.8:3

Carbon % 33.06 12.35 26.10
Hydrogen % 3.88 1.66 4.31
Nitrogen % 3.86 1.61 3.20
Sulphur % 1.61 0.60 1.45
Oxygen % 8.28 7.42 10.93

Aluminium ppm 21,529 22,851
Calcium ppm 47,502 56,109

Iron ppm 30,548 31,798
Magnesium ppm 6065 6277

Sodium ppm 29,136 84,654
Phosphorus ppm 31,838 11,788 59,756
Potassium ppm 19,458 23,339 101,207

Silicon ppm 9106 16,729
Titanium ppm 383 620

COD g/kg 833 906
BOD g/kg 726 729

Ammonia g/kg 0.52 * 1.57 *
Note: * values reported on as-received basis. All other values are reported on dry mass basis.

4. Discussion
4.1. Biomass Composition of the Green Biorefinery Press Cake, Grass Whey and De-FOS Whey

As discussed in Section 3.1., whey and de-FOS whey had much higher moisture
contents compared to press cake. The moisture content is important in the removal of
volatile solids in an anaerobic digestion process because the removal of VS decreases
significantly with a lower moisture content. The ratio of volatile solids to total solids is an
important parameter in the efficiency of anaerobic digestion and methane production [44].
The analysis found that the total solids accounted for 39% (w/w) of the press cake, 2.0%
(w/w) for grass whey and 8.6% (w/w) for de-FOS whey, while volatile solids made up 95%
of dry matter for press cake, 79% for grass whey and 80% for de-FOS whey.

The C:N is critical for determining whether the feedstock is suitable for mono-digestion
or co-digestion. A high C:N ratio would result in the rapid consumption of nitrogen by
acidogenic bacteria. Although this would positively affect the production of methane, the
decrease in pH due to the accumulation of NH4+ ions would lead to low biogas production.
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The optimal C:N ratio in feedstocks for methanogenesis in anaerobic digestors falls in the
range of 10 to 30 [45]. As outlined in Section 3.1, the C:N ratio of the press cake and grass
whey indicate that they can form an excellent feedstock for mono-digestion in the presence
of necessary trace elements. The C:N ratio for de-FOS whey was determined to be 9.3:1,
indicating that although this feedstock is suitable for monodigestion, the adoption of a
co-digestion strategy with another carbon rich feedstock to maintain the C:N ratio within
optimum range would be advantageous. Potentially suitable co-digestion feedstocks may
include food waste and silage.

The presence of sulfur in biogas feedstocks has an adverse effect on the anaerobic
digestion process due to the formation of H2S which forms a constituent in the biogas
produced. The recommended levels of H2S in biogas must be lower than 100–500 mg/Nm3.
According to a study conducted by Peu et al. (2015), the carbon to sulfur ratio should be
a minimum of 40:1 for the H2S levels to be maintained below 2% (v/v) in the biogas [46].
The C/S ratio in the grass press cake, grass whey and de-FOS, outlined in Section 3.1, were
found to be within these recommend levels, suggesting that the risk of H2S is considerably
low. Meanwhile, the BOD and COD analysis of grass whey and de-FOS whey indicated
that all the volatile solids present in both samples were biodegradable, further signifying
the suitability of this feedstock for anaerobic digestion.

The concentration of potassium in a potential feedstock for anaerobic digestion should
ideally be greater than that of sodium to neutralize the cell membrane potential. Further-
more, high concentrations of these ions could potentially disrupt the biogas production
process. In a study involving desugared molasses for anaerobic digestion, Fang et al. (2011)
reported a 50% inhibition of the biogas production process at sodium and potassium con-
centrations of 11,012.56 and 28,032 ppm, respectively [47]. In the elemental analysis of the
current study, the concentration of potassium and sodium in the press cake were found to
be well below the inhibition concentrations. However, while the potassium levels were well
below the inhibitory level when considering the dilution effect, the sodium concentration
was found to be less than ideal. Furthermore, potassium levels were six times higher than
that of sodium. A similar trend was observed for de-FOS whey, which had potassium and
sodium levels of 6318 ppm and 238 ppm, respectively, with potassium levels of 26 times
that of sodium. Interestingly, the levels of potassium were below the range of the inhibitory
level when considering the dilution effect in the anaerobic digestion process.

Phosphorus is a key nutrient in the anaerobic digestion process; however, higher levels
of phosphorus can lead to eutrophication, which is undesirable. At high concentrations
(>500 ppm), it may inhibit the anaerobic digestion process thus detrimentally affecting
efficiency [48]. The phosphorus concentration of all biorefinery feedstocks ranged between
150 ppm and 750 ppm. Therefore, considering the dilution effect in anaerobic digestion,
the possibility of eutrophication and inhibitory effects of phosphorus can be eliminated in
the digester.

4.2. Biogas and Biomethane Potential of Biorefinery Residual Co-Products (Grass Press Cake,
De-FOS and Grass Whey)

Preliminary observations indicate that grass whey, de-FOS whey and grass press
cake would not require pretreatment and should offer minimal process complications for
biogas production. Although two and three separate products have been extracted from
the whey and de-FOS whey, respectively, the biomethane potential of both residues were
comparable to grass silage. In particular, grass whey showed quite good promise for biogas
production, which may be enhanced with suitable co-digestion sources, as methane is a
significant proportion of the overall gas volume, indicating that the biomethane potential
of the feedstock is also significant. The biomethane potential of grass is also dependent on
the cut of grass and harvesting stage [41].

Interestingly, the biomethane potential of de-FOS and grass whey were about 73% and
46% higher than that of grass press cake (300 L/Kg VS, 286 L/Kg DM) on a volatile solids
and dry matter basis, respectively (Table 3). The higher biomethane potential of the liquid



Clean Technol. 2022, 4 46

feedstocks regardless of the lower volatile solid content (about 80% of DM as compared to
press cake (95% of DM) may be attributed to the easily digestible solubilized components
in both whey samples [49,50]. These solubilized components most likely account for a
greater proportion of the 984 g/Kg COD measured for the whey. This is probably not
the case with grass press cake, with the majority of its volatile solids content and the
COD (1143 g/Kg) composed of complex components such as cellulose, hemicellulose,
lignin and crude fiber. Interestingly, the biomethane potential of de-FOS and grass whey
was similar to the dairy whey feedstock, which is reported to be 500 to 600 L/Kg VS on
average (Table 3) [44]. This is encouraging, especially for de-FOS whey, since this feedstock
was devoid of polysaccharides and proteins, as compared to dairy whey, which has high
concentrations of disaccharide, lactose and protein [51]. A further observation of Figure 2
indicated that a short retention time below 5 days was able to produce 80% of the total
biogas potential from both de-FOS and grass whey. The biogas productivities of grass whey
and de-FOS whey were significantly better than grass silage which generally takes at least
12–20 days to yield such biogas productivity.

Methane on average accounted for 87% of total biogas produced from the de-FOS
whey. De-FOS whey had excellent yield markers considering the BMP analysis of press
grass cake and grass whey, yielding a weighted average methane content of 59%. However,
the biomethane potential of de-FOS whey (36 L/Kg FM), as well as grass whey (8.7 L/Kg
FM), on fresh matter basis was 68–93% lesser than that of grass press cake (112 L/Kg
FM). This may be due to the high moisture contents of both whey substrates as compared
to that of grass press cake (Table 1). Meanwhile, the high COD content of de-FOS and
grass whey along with their shorter retention times for maximum biomethane production
are desirable, as they are directly related to a reduction in capital cost and the increase
in process efficiency. While an initial analysis indicates that most of the biogas could be
produced within a number of days, this could feasibly decrease to a number of hours
depending on the AD system, especially if high-rate digesters such as up flow anaerobic
sludge blanket (UASB) and the induced blanket reactor (IBR) digesters are used for the
digestion process [52].

Elemental analysis performed on grass press cake indicated a substrate with a good
C:N ratio suitable for mono-digestion (Table 1). The biodegradability of grass press cake
was lower (55%) than grass whey (63%). Regardless, grass press cake showed significant
potential by achieving 80% of the total biogas after 7–10 days of digestion (Figure 2).
Additionally, biomethane production from grass press cake achieved an efficiency of 71%
based on predicted total methane from the COD analysis. Although this was lower than
the efficiency of whey, the biodegradability index in terms of BOD5 to the COD ratio of
0.8 for grass press cake indicated that the majority of the sample was still biodegradable.
Furthermore, on wet basis, the biomethane and biogas potential of grass press cake of
112 L/Kg and 190 L/Kg, respectively, were 3.1 and 4.5 times that of de-FOS whey (Table 3).
With a biogas potential of 517 L/Kg VS and a biomethane potential of 304 L/Kg VS,
the performance of grass press cake is about 37% less than that of grass silage (Table 3).
Interestingly, fresh-basis biomethane yield from grass press cake was 30% higher than grass
silage, making it a very interesting feedstock for biogas or biomethane production.

4.3. Digestate Analysis to Determine the Fertilizer Potential of Biorefinery Residual Co-Products
after Anaerobic Digestion

The carbon to nitrogen (C:N) ratio for all digestate samples from digested biorefinery
by-products was either 8:1 or 9:1 and was similar to that of soil organic matter (8:1 to
12:1) [53–55]. A higher C:N causes the depletion of nitrogen in the soil, as microorganisms
strip the nitrogen from the soil to break down and assimilate carbon (microbial immobi-
lization) [56]. However, the low C:N ratios observed for the various digestate samples
indicated their suitability as fertilizer in terms of C:N ratio, as there is rapid mineralization
and release of nitrogen in the soil for plant uptake [56]. In addition to the C:N ratio, the
digestate BOD and biodegradability are two other factors considered to be key in affecting
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the aerobic decomposition of organic matter in soil [57]. The CODs and BODs of the
various digestate samples were lower than the pre-digestion substrates. The corresponding
biodegradability index ranged within 0.80 and 0.87, indicating that the digestate samples
were easily biodegradable under aerobic conditions in the presence of a suitable consortium
bacteria, such as activated sludge [58].

The NPK for grass press cake digestate changed significantly with the anaerobic
digestion (2:1.6:1) and was closer to the recommended NPK fertilizer concentration of
3:1:1 when compared to the other digestate samples resulting from digested grass whey
and de-FOS whey [59]. The NPK for de-FOS whey digestate also changed significantly
following anaerobic digestion (shifting from 4.3:1:7.3 to 1:1.8:3); however, the digestate
NPK fell considerably below the recommended fertilizer NPK concentration of 3:1:1. A
similar NPK ratio of 1.4:1:2 was also evaluated for grass whey digestate. Hence, both the
de-FOS and grass whey digestate samples did not qualify to be used directly as organic
fertilizer. However, due to their high potassium concentration, there is potential for
them to be converted to potassium-rich fertilizer for potassium deficient soils. From the
nitrogen, phosphorus and potassium levels, it was evident that the pre-digestion biorefinery
substrates were not suitable for direct fertilizer use considering that their NPK ratios were
beyond the recommended biofertilizer range of 3:1:1 (Table 1).

5. Conclusions

The paper has investigated and discussed the biogas and biomethane potential of three
processing co-products and sidestreams resulting from a green biorefinery process based on
perennial ryegrass as feedstock, namely press cake, whey and de-FOS whey. The analysis,
taking into account key parameters such as the C:N ratio, C/S ratio, biodegradability
of volatile solids, potassium and phosphorous levels, indicates that all three feedstocks
are of suitable composition for use in anerobic digestion, including for mono-digestion.
Grass whey and de-FOS whey yielded the highest biogas productivity with 895.8 L/kg
VS and 597.4 L/kg VS, respectively. This was followed by press cake (510.7 L/kg VS).
Meanwhile, de-FOS whey provided the highest overall yields of biomethane at 87% of
total biogas. From the digestate analysis, it was clear that a large fraction of the volatile
solids in the grass whey was consumed within the digestion process, justifying the high
biogas production yield. Furthermore, the C:N ratio of all the feedstocks fell within the
range of soil organic matter. However, only press cake digestate qualified as a potential
fertilizer due to the NPK ratio falling within the recommended range. As for the grass whey
and de-FOS whey digestates, the potassium content was found to be too high, beyond
the recommended range, rendering them unsuitable as soil fertilizer. Further research is
recommended to enhance nutrient concentration in the digestate by modifying the AD
configuration to render them more suitable for agricultural purposes. Future research may
also explore the further benefits of integrating green biorefinery with biogas production,
including quantifying the environmental benefits of utilising residual heat and electricity
from the AD system to meet the energy requirements of the process.
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