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A nature-based approach to enhance the
potential application of forest residues iIn

anaerobic digestion

Abstract: Forest residues and other woody wastes are abundant and require management.
Anaerobic digestion (AD) is a potential disposal option for such waste, but the absence of
cost-effective pretreatment technologies hinders their utilization in AD. This paper presents
a nature-based approach for improving AD performance of forest residues, relying on the
lignocellulose degradation processes inherent in the forest ecosystem. Wood samples at five
decay classes (numbered 1-5 with increasing decay) were collected for series of experiments.
Physicochemical analysis showed that higher decay class samples presented a series of
characteristics favourable to AD. Wood samples from decay class 1 had the lowest methane
yield, while decay class 3 had the highest, with a notable 160% increase compared to decay
class 1. The outcomes identify the stage of highest methane production from forest residues,
allowing for strategic collection to improve the economic viability of using forest residues as
feedstock for AD applications.

Keywords: Forest residues; Woody waste; Anaerobic digestion; Methane production;

Pretreatment technology; Forest soil ecosystem
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AD: anaerobic digestion; DC: decay class; VS: volatile solids; SEC: specific energy
consumption; MWD: mean weight diameter; FD: fractal dimension; TS: total solids; TOC:
total organic carbon; WEOC: water extractable organic carbon; Crl: cellulose crystallinity
index; ORP: oxidation reduction potential; TMP: theoretical methane production; BD:
anaerobic biodegradability; EMP: experimental methane production; PMP: predicted

methane production.

1 Introduction

The anaerobic digestion (AD) of renewable biomass, including woody biomass, is
emerging as a sustainable energy source due to its availability, low cost, and minimal
environmental impact (Gao et al., 2025; Manikandan et al., 2023). Recent studies highlight
that pretreatment techniques significantly enhance methane production from woody biomass,
underscoring its potential as a AD feedstock (Gao et al., 2024a). A variety of pretreatment
approaches have been developed to breakdown the recalcitrant structure of woody biomass,
including biological, chemical, and physical processes (Gao et al., 2022; Hashemi et al.,
2022). While physical methods require large energy inputs and high equipment cost for the
specific conditions (Atelge et al., 2020; Gao et al., 2024b), and chemical methods risk
environmental contamination (Dai et al., 2018; Tian et al., 2016), biological methods show
potential despite challenges in isolating effective microorganisms and the lengthy, labor-
intensive process (Alexandropoulou et al., 2017; Ali et al., 2017). In view of this, it is
important to consider and develop alternative technologies for the pretreatment of woody

biomass to boost methane production in a more sustainable way.
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In forest ecosystems, dead trees play a crucial ecological role by decomposing and
releasing stored nutrients (Seibold et al., 2021). The decomposition process, involving fungi,
bacteria, and arthropods, spans several years and creates a complex community (Tarasov et
al., 2018; Yoon et al., 2023). Due to the complexity of the natural wood degradation process
in forest ecosystems, it is difficult to simulate and apply this system as a pretreatment method
for woody biomass under experimental conditions. Notably, large quantities of forest
residues are generated during timber harvesting and from forest maintenance treatments such
as cleaning and thinning (Pergola et al., 2022). It is estimated that there are approximately
230,000 hectares of plantation forests in Queensland, with up to 600,000 tons of forest
residues generated by logging annually (Garvie et al.,, 2021). Kurvits et al. (2020)
investigated the quantity of logging residues at four forest sites in Southeast Estonia from
2013 to 2014 and found that forest residues reached up to a dry weight of 29 tons per hectare.
Unless harvested for application, the fate of these forest residues is to be degraded into humus
as part of the forest soil. During this degradation process, the texture of the wood will
gradually become soft, as the rigid and recalcitrant lignocellulosic structure is slowly
destroyed, with the wood finally being completely decomposed to release all the nutrients
(Petritan et al., 2023; Shorohova et al., 2021).

An interesting aspect of this natural degradation process is that it tends to predispose
wood waste for AD applications due to the increased accessibility and biodegradability of
the lignocellulosic structure. In addition, the softened texture of the material allows them to
be shredded more easily, which can also save the energy required to pre-process the material

prior to AD. We hypothesize that exposing woody wastes to forest ecosystems for a period
3
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of time is sufficient to enhance its digestibility as part of a pretreatment process prior to AD.
In addition, the collection and valorisation of such residues can help to mitigate forest
management costs, reducing fire risk and additional emissions from degradation (Lee and
Han, 2017; Molenda et al., 2021; Nicholls et al., 2018). The objectives of this study were to
determine the differences in physicochemical composition and the methane production
potential between wood samples at different stages of decay from forest environments.
Identifying the decay stage at which the wood waste can have the highest methane production
allows for strategic collection of this material, enhancing the economic viability of using

wood waste as a raw material in AD applications.

2 Materials and methods
2.1 Experimental materials

The wood samples were collected from two sites, with Site 1 being an unmanaged
seminatural forest in Cardiff, UK (51°31'4"N, 3°14'46"W) and Site 2 being a large managed
forest in Cardiff, UK (51°32'25"N, 3°14'58"W). At each site, at least 15 dead fallen logs were
sampled, each of which was allocated to a particular decay class (DC), determined based on
visual and mechanical inspections (Table S1), with DC1 showing minimal signs of decay and
DC5 showing highly advanced levels of decay (Tatti et al., 2018). Considering the external
appearance and the species of the surrounding trees, the wood samples from Site 1 were
probably hardwood silver birch (Betula pendula), expressed here as Birch. The sampling
location at Site 2 consists primarily of European ash (Fraxinus excelsior), expressed in this

paper as Ash, confirmed from site records and by examining the surrounding tree morphology.
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Wood samples were dried and then shredded using a Fritsch 55743 rotary knife mill with a 2

mm screen and finally stored at 4 °C until further analysis.

2.2 Experimental procedure

The AD experimental apparatus, consisting of multiple 1L bioreactors in a temperature-
controlled water bath with gas collection facility, was supplied by Anaero Technology UK,
described in more detail by Muaaz-Us-Salam et al. (2020). Sewage sludge digestate from an
AD reactor was used as an anaerobic inoculum. Prior to AD testing, the sludge was incubated
at 35 °C for 3 days and shaken manually twice a day to ensure homogenization. For every
experiment, fresh sludge was sampled from the same AD reactor. Each bioreactor was filled
with 700 mL of inoculum with a headspace volume of 300 mL. Then a certain mass of wood
samples at different DC was added, the blank group did not have any wood sample added
(only 700 mL inoculum). The weight of wood samples in each reactor was calculated to
ensure the ratio of decaying wood samples to inoculum was 1:4 based on volatile solids (VS)
levels. All bioreactors were incubated at 35 °C for 35 days with continuous stirring at 45 rpm.
Liquid samples (5 mL) were taken during the AD process using sterile pipettes and
transferred to 15 mL sterile containers for the measurement of some parameters during the
AD process. Biogas produced from each reactor was collected during the experiment in 5 L
Tedlar gas bags and analyzed for methane content (see section 2.3.4). The AD experiments
were performed in triplicate for each wood sample and in duplicate for the blank group (only

inoculum).

2.3 Analytical methods
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2.3.1 Specific energy consumption for grinding

The effect of DC on specific energy consumption (SEC) during shredding (comminution)
was determined. A Fritsch 55743 rotary knife mill was used, equipped with a 2 mm screen
and a 2100 W motor. For all samples, a pre-weighed 50 grams wood block (dry matter) was
placed in the rotary knife mill for 60 seconds, and then the wood collected in the tray was
weighed. The SEC was calculated according to Equation (1) as presented in previous

literature (Miao et al., 2011; Moiceanu et al., 2019).

PXxT

SEC = (1)

where SEC is total specific energy consumption for grinding a unit of dry matter (MJ/kg of
dry matter); P is the power of the milling machine while grinding wood samples; T is the
total time of grinding operations; m is dry matter mass (kg) of wood samples collected in the
tray.
2.3.2 Analysis of particle size distribution

Particle size distribution was measured using sieving methods. Specifically, wood
samples were put into a Fritsch 55743 rotary knife mill equipped with a 2 mm screen and
operated for 1 min. The collected sample was passed through a tower of differently sized
sieves. The sieve stack contained stainless steel sieves (diameter 200 mm) with mesh sizes
of 2000, 1000, 500, 250, 125, and 75 um. The sieving steps were performed on a vibratory
shaker (Matest A060-01) for 30 min to ensure adequate separation of the samples. Samples
were finally sieved into seven fractions (<75, 75-125, 125-250, 250-500, 500-1000, 1000—
2000, and >2000 um), and the proportion of samples in each particle size class was calculated

based on the weight.
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The mean weight diameter (MWD) and fractal dimension (FD) can be applied to further
characterize the particle size of the sample (Rabot et al., 2018; Zhang et al., 2021). MWD is
the sum of the weighted mean diameters of all size classes, whilst FD is a comprehensive
indicator of sample composition and textural homogeneity. The MWD of dry-sieved samples

was calculated using Equation (2):

norntrn
MWDzz' 117”1><mi )
i=

where r;i is the aperture of the ith sieve, mj is the proportion of sample weight remaining on

the ith sieve, and n is the number of sieves. The FD was calculated using Equation (3):

M(T' < Ri)_ Ri —_FD
MT' _(Rmax)3 (3)

where M(r <Rj) is the cumulative sample mass with a radius smaller than R;, M, is the total
sample mass with a radius smaller than Rmax, Ri is the radius of each dimensional fraction,
Rmax 1S the maximum radius, and FD is the fractal dimension of the sample.
2.3.3 Physicochemical features of solid samples

Total solids (TS) and VS of the wood samples were measured following the Standard
Methods 2540 protocol (Rice et al., 2017). The ultimate analysis (carbon, hydrogen, nitrogen,
and oxygen content) was measured using an elemental analyzer (Flash Smart, Thermo Fisher
Scientific Co., USA). Cellulose, hemicellulose, and lignin contents were determined by
thermogravimetric analysis (Diez et al., 2020; Rego et al., 2019), and the detailed approach
is shown in the Supporting Information (Text S2). The total organic carbon (TOC) of wood
samples were measured with a TOC-VCPH (Shimadzu, Kyoto, Japan) following the

manufacturer's instructions. The analysis of water extractable organic carbon (WEOC) was
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modified from Mo et al., (2022). Specifically, a total of 5 g of shredded wood was added to
30 mL of Milli-Q water and shaken at 200 rpm for 2 h at room temperature. The supernatant
was subsequently filtered through sterile 0.45 um filters and stored in the dark at 4 °C prior
to further analyses. Finally, the WEOC concentrations were measured by a TOC-VCPH
(Shimadzu, Kyoto, Japan) following the manufacturer's instructions.

The crystallinities of all decaying wood samples were measured using a X'Pert® MRD
XL Materials Research X-ray Diffraction System (Malvern Panalytical, Malvern, UK)
equipped with with CuKa radiation. Scans were obtained from 26 = 10-40° with step size of
0.02 at 0.6 s per step. The cellulose crystallinity index (Crl) of the samples can be calculated
according to Equation (4):

1002

~1
= ———"2x100 (4)

002

Crl

where loo2 is intensity of diffraction from 002 plane at 20 =22° and lam is the intensity of
background measured at 20 = 18° (Kumar et al., 2019; Liu et al., 2015).
2.3.4 Physicochemical features of liquid and gas samples

TS and VS of the inoculum were measured following the standard methods (Rice et al.,
2017). The inoculum was dried and subjected to ultimate analysis with an elemental analyzer
(Flash Smart, Thermo Fisher Scientific Co., USA). The pH and oxidation reduction potential
(ORP) of inoculum and liquids samples collected during AD experiments were measured by
a freshly calibrated pH probe (Mettler-Toledo, Switzerland) and a freshly calibrated ORP
probe with an Ag/AgCI electrode (Mettler-Toledo, Switzerland). All 5 mL liquid samples

obtained during AD experiments were filtered through sterile 0.45 pm filters. Subsequently,
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a 2 mL filtered sample was added to 18 mL Milli-Q water (10 times dilution) and mixed
thoroughly for TOC measurement.

The biogas production in each bioreactor was determined by gas flow meters
incorporated within the AD apparatus combined with data logging equipment, and the
methane content of the biogas was determined using a portable biogas analyzer (RASI 700
BIO, Eurotron Instruments UK Itd, Germany). The instrument was calibrated using a series
of standard gases with concentration gradients (labeled methane concentration) prior to
testing the methane content in the samples.

2.3.5 Calculation and prediction of methane production

The theoretical methane production (TMP) of wood samples was calculated from the

elemental composition (expressed in molar fractions) using the Buswell formulae (Libken et

al., 2010), Equations (5) and (6):

a b 3c
CnHaoch + (Tl — Z — E + Z) HZO
(5)
(n a_b 3C)CH (n a,b, )CO+NH
278 2 g)ttaT\3Tg g T g) 2T NS
n a b 3c
TMP = 22.4 x (5 + 5 1 E) /(12n + a + 16b + 14c) (6)

The anaerobic biodegradability (BD) of wood samples was calculated according to

Equation (7):
BD (%) = Experimental methane production (EMP)/TMP X 100 (7)

The experimental biogas production was fitted using a modified Gompertz kinetic model,
which is one of the most commonly employed models in the literature for fitting biogas

production (Isha et al., 2021). The final biogas production was calculated based on the best-
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fit Gompertz model and then multiplied by the methane content to obtain the predicted

methane production (PMP). The kinetic model is shown in Equation (8):

R, X e
Py

M = P, X exp {—exp [ 1-t)+ 1]} (8)

where M is the biogas production (mL/g of VS) relative to the time t (d); Py is the maximum
biogas potential of the substrate (mL/g of VS); Rm is the maximum biogas production rate
(mL/g of VS.d), 4 is the lag phase time taken for biogas production (1/d), e is Euler’s number
which is taken here as 2.7183.

Furthermore, there was no well-developed model available to predict the methane
production from AD of wood waste. Our previous study generated a machine learning model
with good predictive performance, which was applied in this study to predict methane
production from all decayed wood samples (Gao et al., 2024a). In the previous publication,
1179 groups of datasets were collected for the machine learning analysis, which included
nine input variables, namely wood types, inoculum types, volume (mL), temperature (°C),
particle size (mm), ratio of inoculum to substrate (based on VS), cellulose content (%),
hemicellulose content (%), lignin content (%), and digestion time (d), where wood types and
inoculum types were represented as categorical objects. The random forest machine learning

method was found to have the highest prediction accuracy and was used in this study.

2.4 Statistical analysis

In this paper, statistical analyses were done using Origin 2021. All values are presented
as the mean + s.d., unless otherwise specified. Statistical significance was assessed using the

two-tailed Student’s t-test or One-way ANOVA test with significance at a p value of 0.05.

10



©CO~NOOOTA~AWNPE

204

205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

Moreover, The Pearson correlation coefficients (r) between the variables were also calculated.
The strength of the correlation was described by the absolute value of r (0.00-0.19 very weak;

0.20-0.39 weak; 0.40-0.59 moderate; 0.60-0.79 strong; 0.80-1.0 very strong).

3 Results and discussion
3.1 Energy consumption and particle size analysis

Generally, mechanical pretreatment is considered as the most important and promising
preliminary step for handling and converting biomass into bioenergy before proceeding to
the next process (Kamarludin et al., 2014). Without a sufficiently small particle size or large
relative surface area, the organic matter in the substrate cannot be utilized by microorganisms
to produce biogas during AD. For example, 2 cm wood cubes in digested sewage sludge
produced approximately the same amount of biogas as blanks with only sludge (Gao et al.,
2023; Muaaz-Us-Salam et al., 2020). As shown in Fig. 1, the SEC gradually decreased as DC
increased. Fig. 1a shows that the SEC of Birch decreased from 10.56 to 2.92 MJ/kg of dry
matter for DC1 to DC5, while Ash correspondingly dropped from 9.44 to 2.60 MJ/kg of dry
matter (Fig. 1b). In addition, the decrease rate of SEC for both wood samples gradually
became slower with increased DC, showing no statistical difference between wood samples
from DC3 to DC5. These results imply that the higher the DC, the more energy can be saved
in reducing the particle size of these wood samples for utilization in AD. It is worth noting
that the criteria for these DC include their hardness, with DC5 being extremely soft due to its

woody structure has been essentially destroyed (Tatti et al., 2018). During the sampling, it

11
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was found that DC4 and DC5 can be broken even with slight force by hand. Therefore, wood
samples with high DC may not require physical pre-processing.

Reducing the particle size of substrates is a competitive option for increasing methane
production from AD as it releases more organic matter and cell compounds, and directly
increases the microbially accessible surface area, thus improving biodegradability (Dai et al.,
2019). After grinding the samples, we analyzed their particle size distribution (Table 1). The
samples of DC1 and DC2 had the highest proportion in the 1-2 mm particle size class, and
the proportion decreased as the particle size class increased. The proportion of the fine
particle size class gradually increased from DC1 to DC5, with the proportion of 0.5-1 mm
particle size class being the largest in DC4 and DC5. In addition, the MWD analysis also
showed the particle size of wood samples reduced gradually from DC1 to DC5. Specifically,
the MWD of Birch decreased from 0.93 to 0.57 mm for DC1 to DCS5, while Ash
correspondingly dropped from 1.10 to 0.78 mm (Table 1). Reduced particle size can
significantly facilitate hydrolysis and acidification processes, resulting in increased volatile
fatty acid content and VS degradation (Luo et al., 2021). Liu et al. (2017) reported the effects
of particle size of two forest residues on methane production through AD batch experiments,
and the results showed that methane yield improved when the substrate particle size was
reduced from 4 mm to 1 mm. A similar pattern has been demonstrated in other lignocellulosic
wastes, such as rice straw, where methane production improved with a decrease in substrate
particle size (Dai et al., 2019; Ji et al., 2022).

Fractal theory has been applied to quantitatively assess the basic morphology of the

substrate, which is a potential indicator reflecting the AD efficiency (Wang et al., 2016). In
12



©CO~NOOOTA~AWNPE

246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

this study, the FD of different DC samples were statistically different (p<0.05) after grinding
under the same conditions. As shown in Table 1, the FD average of both wood samples at
DC1 was significantly lower than DC5 (p<0.05), while there were no significant differences
in FD values between DC3, DC4 and DC5 (p>0.05). The increase in FD can enhance the
particle translational velocities in the horizontal direction while decreasing the rotational
velocity, and the amount of particles participated in horizontal dispersion increased due to
the reduction in the intensity of the contact shear particle behavior, which effectively
promoted particle diffusion (Lai et al., 2021). Therefore, the DC5 samples may have
enhanced mobility in the AD system compared to the DC1 samples, which facilitates its full
utilization by microbes. Moreover, the wood samples after DC3 showed no significant
difference, suggesting that this class (DC3) may achieve optimal conditions for sample

crushing.

3.2 Physicochemical features analysis of decaying wood samples

The possibility of using these wood samples as a suitable substrate for AD was primarily
verified through various tests, prior to conducting the biomethane potential experiments. As
shown in Table 2, TS content decreased with DC, while the VS content did not change much.
Samples with a high DC have a looser texture, which allows them to easily retain more water.
Compared to Ash, in general Birch had a smaller TS content and a much larger drop from
DC1 (59.47%) to DC5 (18.39%). For lignocellulosic biomass, the nitrogen content is a key
factor limiting their AD performance (Song et al., 2024). A low level of nitrogen can lead to

nitrogen limitation, which prevents the microorganisms from fully utilizing the carbon source,

13
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thus reducing the production of methane (Piatek et al., 2016). The total carbon in all five DC
were nearly the same, but the nitrogen content was higher in the high DC samples. Therefore,
the carbon to nitrogen ratio of DC5 was much lower than that of DC1. It has been reported
that the optimal carbon to nitrogen ratio for maximal methane production is between 20 and
30 (Kumar et al., 2021). Although the carbon to nitrogen ratio of DC5 samples was also
higher than the optimal value, it is easier to achieve the superior system by mixing them with
sludge (low carbon to nitrogen ratio). During AD, TOC can be biodegraded in hydrolysis,
acidification and methanation steps to produce biogas (Provenzano et al., 2014). Furthermore,
WEOC is a critical contributor in these processes, as microbial metabolism occurs in the
water-soluble phase (Xing et al., 2012). Therefore, the significantly higher TOC (Fig. 2a and
2b) and WEOC (Fig. 2c and 2d) in high DC samples indicate a better potential for methane
production from AD. It is noteworthy that the WEOC did not consistently increase with decay
level, showing a tendency of first increasing and then decreasing. The DC3 samples of Birch
had the highest WEOC (Fig. 2c), and the DC4 samples of Ash had the highest WEOC (Fig.
2d). This might be due to the release of organic matter from the forest residues in the presence
of insects and microorganisms, leading to an increase in WEOC content at the beginning of
decay process. When it reaches the final stages of decomposition, there is no more organic
matter to be released, and the previously released organic matter is utilized by other
organisms or enters the soil, leading to a decrease in the WEOC content.

The lignocellulose composition is an important factor that affects the AD performance
of forest residues. Fig. S1 and S2 show the thermogravimetric experimental data and

derivative thermogravimetric curves fitting results using the Gaussian model, and the

14
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calculated lignocellulose composition of all wood samples are provided in Table 2. In both
types of wood samples, the cellulose content decreased with DC, in contrast with a gradually
increased lignin content. The hemicellulose content did not vary much among the five DC
samples, and two types of wood samples showed different tendencies. With an increase in
DC, Birch presented an overall decrease, while Ash first decreased and then increased. The
significantly increased lignin content of higher DC may be due to the reduction of other
components such as cellulose, indicating that the forest soil system was not effective in
removing lignin of forest residues, and it became proportionally more significant as a
component as decay occurred. However, the decay has permitted biological access to, and
degradation of, cellulose and hemicellulose, suggesting that a certain amount of decay and
breakdown may be advantageous as a pretreatment method for AD. Similar effects have been
observed in other studies, such as the application of chemicals (Mohsenzadeh et al., 2012;
Salehian et al., 2013), hydrothermal (Karami et al., 2022) and steam explosion (Eom et al.,
2019; Mulat et al., 2018) leading to a reduction in the cellulose content and an increase in the
lignin content of wood waste.

Due to the presence of crystalline cellulose in biomass samples, the 20 value of X-ray
diffraction shows a sharp peak between 18° and 22° (Awoyale and Lokhat, 2021). Cellulose
crystallinity reflects the proportion of cellulose crystalline regions, and the Crl of the
substrate determines its biodegradability during AD. The Crl of Birch DC1 samples was
35.43%, close to the value of raw pine wood; and the Crl of Ash DC1 samples (41.61%) was
close to that of untreated acacias (Darmawan et al., 2016). It indicated that the degradation

of DC1 samples was quite small, and its CR nearly approached that of fresh wood. The Crl
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of DC5 samples was much lower than that of DC1 samples, with a value of 16.47% in Birch
and 26.43% in Ash (Fig. 3). As mentioned above, this may be due to the different composition
in different DC samples. The content of soluble matter and amorphous cellulose in
lignocellulosic biomass is higher than that of crystalline cellulose, which can result in a lower
Crl (D’ Silva et al., 2022). The hydrolysis of amorphous cellulose by cellulase was found to
be about 30 times faster than that of crystalline cellulose (Zhu et al., 2011). The low Crl value
in DC5 samples meant that their cellulose crystalline region was destroyed, leaving more
cellulose (amorphous cellulose) available for microbial hydrolysis. Moreover, it was found
that corn straw pretreatment with hydrogen-nanobubble water (He et al., 2022) or a pure
bacteria system (Xu et al., 2018) also reduced the Crl of substrate and enhanced the methane
production from AD of corn straw. Therefore, the forest soil system could degrade the

cellulose crystallinity, allowing the forest residues to decompose more easily by AD.

3.3 Effect of five decay classes on anaerobic digestion performance

The patterns of daily biogas yield were shown in Fig. 4a and 4b. As higher DC samples
had lower MWD (Table 1), resulting in a larger surface area, they would be more susceptible
to hydrolysis and acidification compared to DC1 samples, producing more feedstock for
methanogen utilization. To further explore the effects of particle size on biogas production,
the Birch DC1 and DC3 samples with same particle size were selected for a separate AD
experiment. Although the biogas yield of Birch DC3 samples was still considerably higher
than that of DC1 samples, the gap between these samples at the same particle size was smaller

than the previous (Fig. S3). It was also noted that all DC samples showed high daily biogas
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yield in the initial few days. During the early stages of AD, the feedstock is mainly
hydrolyzed and acidified, and the primary contributors to the biogas are WEOC from the
wood samples and the residual organic matter in the sludge.

As shown in Fig. 4c and 4d, the net cumulative biogas yield varied significantly among
different DC samples. These curves showed a rapid increase in biogas within the first 10 days,
reaching about 50% of the total output. The final biogas yield increased from DC1 to DC3
(Birch) and DC3/4 (Ash) before decreasing at higher DC. For Birch, the biogas yield of DC3
samples was 3.52 times higher than that of DC1 samples, but this value narrowed down to
2.14 at the same particle size (Fig. S3). This result suggested that decayed wood, besides
increasing biogas production by being more prone to small particle sizes, had
physicochemical properties that were more favorable for microbial utilization in AD system.
Fig. S4 illustrates the effect of DC on pH, ORP and TOC during AD. The initial phase of AD,
which mainly involves the process of substrate hydrolysis and acidification, leads to a
continuous accumulation of volatile fatty acids (He et al., 2022). The results showed that the
pH decreased continuously after the AD started and reached the lowest value on the 5th day.
The redox potential of the AD system can affect the microbial growth activities, and low
redox potential means more strict anaerobic conditions and stronger reduction (Xu et al.,
2014). Methane production requires the consumption of reducible substances. The
breakdown of organic matter caused an initial increase in TOC content of the liquid phase,
which then declined as methanogens utilized these materials to produce methane. The
Pearson correlation analyses also revealed that these parameters were correlated with biogas

yields (Fig. S5).
17
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Although the biogas production differed considerably between different DC, the
methane content of these biogas did not vary greatly, with an overall value of around 60%
(Fig. 5). According to the final measurements, the highest values of net methane yield were
found in the DC3 or DC4 samples after 35 d, with 134.76 and 142.51 mL/g VS for the Birch
DC3 and Ash DC4 samples, respectively. The theoretical methane production, calculated by
the elemental composition using the Buswell formula, did not differ significantly between
different DC (Table S3). Therefore, the biodegradability index corresponded to the total
biogas yield results, with DC3 samples being the highest and DC1 samples the lowest. The
degradation of wood in the forest did not significantly change its elemental (carbon, hydrogen,
oxygen, and nitrogen) composition (Table 2). However, due to the extremely low content of
nitrogen in fresh wood, a slight increase in nitrogen can significantly shift the carbon to

nitrogen ratio, making the samples more applicable to AD.

3.4 The fitting and prediction of methane yield

To investigate the methanogenic kinetics, a modified Gompertz model was employed to
fit the cumulative biogas yield curves, and the kinetic parameters of fitting results are shown
in Table S4. The lag period is a parameter that reflects the adaptation of microbes to the AD
system during the initial stage (Mao et al., 2017). As shown in Table S4, the DC3 digesters
had the shortest lag period, which is attributed to these samples having the highest WEOC
content, being rapidly hydrolyzed and converted to methane. It can be seen that the maximum
biogas potential corresponds quite well to the experimental values. In addition, the maximum

specific biogas production rate of digester DC3 and DC4 samples were noticeably higher
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than that of other digesters, which was in good agreement with the experimental results.
Overall, all cumulative biogas yield curves can be well fitted by the modified Gompertz
model, and the correlation coefficient of fitting results was between 0.95 and 0.99.

Prior to performing AD, it is desirable to determine the optimal parameters for maximum
methane yield from woody waste. To the best of our knowledge, an approach that can predict
methane yield from woody waste while addressing the issues involved in identifying the
optimal digestion conditions and feedstock properties to maximize methane yield has not yet
been developed. As shown in Table S3, the random forest model predicted biogas production
well with an error rate of around 25%. The machine learning model (random forest)
prediction accuracies of some samples were close to the results of the Gompertz fitting,
indicating that the machine learning model is instructive in practical AD with woody waste.
It is worth noting that the predictions for the Birch DC1 samples were less accurate. This
may be because the previously established database for creating machine learning models
was not comprehensive and lacked data on this part of relatively low methane production
(Gao et al., 2024a). Therefore, more experiments on AD of woody biomass are needed in the

future in order to expand the database for improving the model.

3.5 Applications and Future considerations

The present study introduces a novel nature-based approach to enhance suitability of
wood waste, particularly forest residues, for AD, providing a sustainable solution to two key
issues that have hampered the practical application of wood waste AD. Firstly, the low

methane production from wood has been overcome with an average increase of 160% in
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methane yield after this nature-based approach (DC3 compared to DC1). This is comparable
to other, more intensive, pretreatment technologies such as combined
hydrothermal/enzymatic treatment (168% improvement) (Matsakas et al., 2015), aqueous
ammonia soaking (151% improvement) (Antonopoulou et al., 2015), or combined ethanol
organosolve/hydrothermal treatment (194% improvement) (Charnnok et al., 2020). Secondly,
the lack of economical pretreatment technologies further hindered the practical utilization of
wood waste AD. The proposed method leverages natural systems without requiring
significant additional economic inputs, with the potential to be highly cost-effective as a
result. By harnessing the inherent capabilities of natural forest processes, this nature-based
approach offers a practical and scalable solution for enhancing the efficiency of AD
operations for wood waste.

The economic viability of AD with wood waste has been thoroughly described in the
literature. Teghammar et al. (2014) conducted an economic assessment of biogas production
from forest residues with pretreatment enhancement, showing that an AD plant processing
50000 tons dry weight of forest residues per year is economically viable. The techno-
economic assessment showed that methanol pretreatment was more financially acceptable
than acetic acid and ethanol, and the capital investment for operating an AD plant treating
20,000 tons of forest residues per year could be recouped within eight years (Kabir et al.,
2015). Moreover, AD was shown to be an environmentally friendly method of recovering
energy from wood waste compared to other management processes through life cycle
assessment analysis (da Costa et al., 2020; Liang et al., 2017; Nogueira et al., 2021). To

further explore the differences between all DC samples and find the best DC for application
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in AD, a net profit analysis was conducted. Considering that the AD process was the same
for all DC samples, the net energy output could be calculated from the electricity input of
grinding the samples and the methane production. According to Wu et al. (2016), the calorific
value of methane is 11.06 kWh/m3. As shown in Fig. 6, DC3 had a high net energy output,
which implies that this stage has the potential to be used in AD plants. For fire protection
reasons and energy considerations, the forest residues should not be retained in the forest.
Unfortunately, the direct recycling of these forest residues also may result in the removal of
minerals that would otherwise fertilize the soil and promote the future growth of trees
(Grodsky et al., 2018). These results may provide guidance on specific collection times for
forest residues in practice. This study proposes to collect DC3 samples, which satisfies the
requirement of releasing minerals from the wood waste to maintain the forest ecology while
keeping the highest methane yield.

To better utilize this nature-based approach, more detailed experiments and analyses are
still needed to bridge the following issues. Firstly, more wood samples of various species are
needed to verify the generalizability of this approach, as well as to investigate the duration
for forest residues to reach DC3 in different forest environments to facilitate the collection
of samples. Secondly, there is a loss of mass in the degradation process of forest residues
(Oberle et al., 2020; Seibold et al., 2021), so it is important to explore how mass loss varies
with DC. Thirdly, anaerobic co-digestion of wood waste with other organic wastes can
balance the carbon to nitrogen ratio of the substrate and enhance methane production (Li et
al., 2019; Oh et al., 2018). Additionally, the combination of other pretreatment technologies

can improve substrate availability to microorganisms in AD (Wang et al., 2024; Zhang et al.,
21
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2017).

Therefore, anaerobic co-digestion of different DC wood waste and other organic

wastes and the possibility of combining this nature-based approach with other pretreatments

need to be explored for maximizing energy recovery from wood wastes.

4 Conclusion

This study investigated a novel nature-based approach to promote AD application of

forest residues. Specifically, this approach exploited the lignocellulose degradation processes

inherent in forest ecosystems, combined with a strategic collection to maximize the AD

potential of forest residues. Based on the experimental results, the following conclusions can

be drawn:

1)

2)

3)

The texture of the forest residues was softened by processing with this nature-based
approach, making them easier to be shredded. The SEC results showed that the energy
required to grind the same dry weight of wood sample decreased with increasing DC.
A subsequent particle size analysis showed that wood samples with higher DC had
smaller average particle sizes after grinding.

High DC wood samples had higher WEOC, lower cellulose crystallinity, and a more
suitable carbon to nitrogen ratio for AD. Although the lignin content was relatively
higher in high DC wood samples, the recalcitrance of their lignocellulosic structure
was disrupted. These changes are expected to lead to enhanced methane production
because of a breakdown of the lignocellulosic structure, increasing access to
microorganisms involved in AD.

A preliminary test of this nature-based approach by AD experiments showed that

wood samples from DC 1 had the lowest methane yield, while DC 3 samples had the
22
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highest, with a notable 160% increase compared to DC 1. In addition, the net profit
analysis indicated that wood samples from DC 3 to DC 5 had a net energy output
when applied in AD, with the net energy output being relatively high in DC 3 and DC
4. Therefore, these results imply that DC3 might be the optimal level of decay for
forest residues collection.
This study is the first to introduce the concept of a nature-based approach to enhance the
AD performance of forest residues, and to explore it in detail experimentally. This approach,
when combined with a strategic collection method, can significantly improve the overall
profitability and sustainability of bioenergy production from forest residues. Furthermore,
the feasibility of more forest ecosystems in boosting the AD application of forest residues
should be further explored, as this can broaden the applications of this novel nature-based
approach.
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17 5 Abstract: Forest residues and other woody wastes are abundant and require management.
20 6  Anaerobic digestion (AD) is a potential disposal option for such waste, but the absence of
23 7 cost-effective pretreatment technologies hinders their utilization in AD. This paper presents
26 8  a nature-based approach for improving AD performance of forest residues, relying on the
9 lignocellulose degradation processes inherent in the forest ecosystem. Wood samples at five
10 decay classes (hnumbered 1-5 with increasing decay) were collected for series of experiments.
34 11 Physicochemical analysis showed that higher decay class samples presented a series of
37 12 characteristics favourable to AD. Wood samples from decay class 1 had the lowest methane
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43 14 class 1. The outcomes identify the stage of highest methane production from forest residues,
46 15 allowing for strategic collection to improve the economic viability of using forest residues as
a9 16 feedstock for AD applications.

5o 17 Keywords: Forest residues; Woody waste; Anaerobic digestion; Methane production;
18 Pretreatment technology; Forest soil ecosystem

19

60 | 20 Nomenclature



https://www2.cloud.editorialmanager.com/jema/viewRCResults.aspx?pdf=1&docID=222345&rev=1&fileID=4777565&msid=108f67df-9be6-43b1-a776-f32c10d3d2fc
https://www2.cloud.editorialmanager.com/jema/viewRCResults.aspx?pdf=1&docID=222345&rev=1&fileID=4777565&msid=108f67df-9be6-43b1-a776-f32c10d3d2fc

©CO~NOOOTA~AWNPE

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

AD: anaerobic digestion; DC: decay class; VS: volatile solids; SEC: specific energy

consumption; MWD: mean weight diameter; FD: fractal dimension; TS: total solids; TOC:

total organic carbon; WEQOC: water extractable organic carbon; Crl: cellulose crystallinity

index; ORP: oxidation reduction potential; TMP: theoretical methane production; BD:

anaerobic biodegradability; EMP: experimental methane production; PMP: predicted

methane production.

1 Introduction

The anaerobic digestion (AD) of renewable biomass, including woody biomass, is
emerging as a sustainable energy source due to its availability, low cost, and minimal
environmental impact (Gao et al., 2025; Manikandan et al., 2023). Recent studies highlight
that pretreatment techniques significantly enhance methane production from woody biomass,
underscoring its potential as a AD feedstock (Gao et al., 2024a). A variety of pretreatment
approaches have been developed to breakdown the recalcitrant structure of woody biomass,
including biological, chemical, and physical processes (Gao et al., 2022; Hashemi et al.,
2022). While physical methods require large energy inputs and high equipment cost for the
specific conditions (Atelge et al., 2020; Gao et al., 2024b), and chemical methods risk
environmental contamination (Dai et al., 2018; Tian et al., 2016), biological methods show
potential despite challenges in isolating effective microorganisms and the lengthy, labor-
intensive process (Alexandropoulou et al., 2017; Ali et al., 2017). In view of this, it is
important to consider and develop alternative technologies for the pretreatment of woody

biomass to boost methane production in a more sustainable way.
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In forest ecosystems, dead trees play a crucial ecological role by decomposing and
releasing stored nutrients (Seibold et al., 2021). The decomposition process, involving fungi,
bacteria, and arthropods, spans several years and creates a complex community (Tarasov et
al., 2018; Yoon et al., 2023). Due to the complexity of the natural wood degradation process
in forest ecosystems, it is difficult to simulate and apply this system as a pretreatment method
for woody biomass under experimental conditions. Notably, large quantities of forest
residues are generated during timber harvesting and from forest maintenance treatments such
as cleaning and thinning (Pergola et al., 2022). It is estimated that there are approximately
230,000 hectares of plantation forests in Queensland, with up to 600,000 tons of forest
residues generated by logging annually (Garvie et al.,, 2021). Kurvits et al. (2020)
investigated the quantity of logging residues at four forest sites in Southeast Estonia from
2013 to 2014 and found that forest residues reached up to a dry weight of 29 tons per hectare.
Unless harvested for application, the fate of these forest residues is to be degraded into humus
as part of the forest soil. During this degradation process, the texture of the wood will
gradually become soft, as the rigid and recalcitrant lignocellulosic structure is slowly
destroyed, with the wood finally being completely decomposed to release all the nutrients
(Petritan et al., 2023; Shorohova et al., 2021).

An interesting aspect of this natural degradation process is that it tends to predispose
wood waste for AD applications due to the increased accessibility and biodegradability of
the lignocellulosic structure. In addition, the softened texture of the material allows them to
be shredded more easily, which can also save the energy required to pre-process the material

prior to AD. We hypothesize that exposing woody wastes to forest ecosystems for a period
3
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of time is sufficient to enhance its digestibility as part of a pretreatment process prior to AD.
In addition, the collection and valorisation of such residues can help to mitigate forest
management costs, reducing fire risk and additional emissions from degradation (Lee and
Han, 2017; Molenda et al., 2021; Nicholls et al., 2018). The objectives of this study were to
determine the differences in physicochemical composition and the methane production
potential between wood samples at different stages of decay from forest environments.
Identifying the decay stage at which the wood waste can have the highest methane production
allows for strategic collection of this material, enhancing the economic viability of using

wood waste as a raw material in AD applications.

2 Materials and methods
2.1 Experimental materials

The wood samples were collected from two sites, with Site 1 being an unmanaged
seminatural forest in Cardiff, UK (51°31'4"N, 3°14'46"W) and Site 2 being a large managed
forest in Cardiff, UK (51°32'25"N, 3°14'58"W). At each site, at least 15 dead fallen logs were
sampled, each of which was allocated to a particular decay class (DC), determined based on
visual and mechanical inspections (Table S1), with DC1 showing minimal signs of decay and
DC5 showing highly advanced levels of decay (Tatti et al., 2018). Considering the external
appearance and the species of the surrounding trees, the wood samples from Site 1 were
probably hardwood silver birch (Betula pendula), expressed here as Birch. The sampling
location at Site 2 consists primarily of European ash (Fraxinus excelsior), expressed in this

paper as Ash, confirmed from site records and by examining the surrounding tree morphology.
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Wood samples were dried and then shredded using a Fritsch 55743 rotary knife mill with a 2

mm screen and finally stored at 4 °C until further analysis.

2.2 Experimental procedure

The AD experimental apparatus, consisting of multiple 1L bioreactors in a temperature-
controlled water bath with gas collection facility, was supplied by Anaero Technology UK,
described in more detail by Muaaz-Us-Salam et al. (2020). Sewage sludge digestate from an
AD reactor was used as an anaerobic inoculum. Prior to AD testing, the sludge was incubated
at 35 °C for 3 days and shaken manually twice a day to ensure homogenization. For every
experiment, fresh sludge was sampled from the same AD reactor. Each bioreactor was filled
with 700 mL of inoculum with a headspace volume of 300 mL. Then a certain mass of wood
samples at different DC was added, the blank group did not have any wood sample added
(only 700 mL inoculum). The weight of wood samples in each reactor was calculated to
ensure the ratio of decaying wood samples to inoculum was 1:4 based on volatile solids (VS)
levels. All bioreactors were incubated at 35 °C for 35 days with continuous stirring at 45 rpm.
Liquid samples (5 mL) were taken during the AD process using sterile pipettes and
transferred to 15 mL sterile containers for the measurement of some parameters during the
AD process. Biogas produced from each reactor was collected during the experiment in 5 L
Tedlar gas bags and analyzed for methane content (see section 2.3.4). The AD experiments
were performed in triplicate for each wood sample and in duplicate for the blank group (only

inoculum).

2.3 Analytical methods
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2.3.1 Specific energy consumption for grinding

The effect of DC on specific energy consumption (SEC) during shredding (comminution)
was determined. A Fritsch 55743 rotary knife mill was used, equipped with a 2 mm screen
and a 2100 W motor. For all samples, a pre-weighed 50 grams wood block (dry matter) was
placed in the rotary knife mill for 60 seconds, and then the wood collected in the tray was
weighed. The SEC was calculated according to Equation (1) as presented in previous

literature (Miao et al., 2011; Moiceanu et al., 2019).

PXxT

SEC = (1)

where SEC is total specific energy consumption for grinding a unit of dry matter (MJ/kg of
dry matter); P is the power of the milling machine while grinding wood samples; T is the
total time of grinding operations; m is dry matter mass (kg) of wood samples collected in the
tray.
2.3.2 Analysis of particle size distribution

Particle size distribution was measured using sieving methods. Specifically, wood
samples were put into a Fritsch 55743 rotary knife mill equipped with a 2 mm screen and
operated for 1 min. The collected sample was passed through a tower of differently sized
sieves. The sieve stack contained stainless steel sieves (diameter 200 mm) with mesh sizes
of 2000, 1000, 500, 250, 125, and 75 um. The sieving steps were performed on a vibratory
shaker (Matest A060-01) for 30 min to ensure adequate separation of the samples. Samples
were finally sieved into seven fractions (<75, 75-125, 125-250, 250-500, 500-1000, 1000—
2000, and >2000 um), and the proportion of samples in each particle size class was calculated

based on the weight.
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The mean weight diameter (MWD) and fractal dimension (FD) can be applied to further
characterize the particle size of the sample (Rabot et al., 2018; Zhang et al., 2021). MWD is
the sum of the weighted mean diameters of all size classes, whilst FD is a comprehensive
indicator of sample composition and textural homogeneity. The MWD of dry-sieved samples

was calculated using Equation (2):

norntrn
MWDzz' 117”1><mi )
i=

where r;i is the aperture of the ith sieve, mj is the proportion of sample weight remaining on

the ith sieve, and n is the number of sieves. The FD was calculated using Equation (3):

M(T' < Ri)_ Ri —_FD
MT' _(Rmax)3 (3)

where M(r <Rj) is the cumulative sample mass with a radius smaller than R;, M, is the total
sample mass with a radius smaller than Rmax, Ri is the radius of each dimensional fraction,
Rmax 1S the maximum radius, and FD is the fractal dimension of the sample.
2.3.3 Physicochemical features of solid samples

Total solids (TS) and VS of the wood samples were measured following the Standard
Methods 2540 protocol (Rice et al., 2017). The ultimate analysis (carbon, hydrogen, nitrogen,
and oxygen content) was measured using an elemental analyzer (Flash Smart, Thermo Fisher
Scientific Co., USA). Cellulose, hemicellulose, and lignin contents were determined by
thermogravimetric analysis (Diez et al., 2020; Rego et al., 2019), and the detailed approach
is shown in the Supporting Information (Text S2). The total organic carbon (TOC) of wood
samples were measured with a TOC-VCPH (Shimadzu, Kyoto, Japan) following the

manufacturer's instructions. The analysis of water extractable organic carbon (WEOC) was
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modified from Mo et al., (2022). Specifically, a total of 5 g of shredded wood was added to
30 mL of Milli-Q water and shaken at 200 rpm for 2 h at room temperature. The supernatant
was subsequently filtered through sterile 0.45 um filters and stored in the dark at 4 °C prior
to further analyses. Finally, the WEOC concentrations were measured by a TOC-VCPH
(Shimadzu, Kyoto, Japan) following the manufacturer's instructions.

The crystallinities of all decaying wood samples were measured using a X'Pert® MRD
XL Materials Research X-ray Diffraction System (Malvern Panalytical, Malvern, UK)
equipped with with CuKa radiation. Scans were obtained from 26 = 10-40° with step size of
0.02 at 0.6 s per step. The cellulose crystallinity index (Crl) of the samples can be calculated
according to Equation (4):

1002

~1
= ———"2x100 (4)

002

Crl

where loo2 is intensity of diffraction from 002 plane at 20 =22° and lam is the intensity of
background measured at 20 = 18° (Kumar et al., 2019; Liu et al., 2015).
2.3.4 Physicochemical features of liquid and gas samples

TS and VS of the inoculum were measured following the standard methods (Rice et al.,
2017). The inoculum was dried and subjected to ultimate analysis with an elemental analyzer
(Flash Smart, Thermo Fisher Scientific Co., USA). The pH and oxidation reduction potential
(ORP) of inoculum and liquids samples collected during AD experiments were measured by
a freshly calibrated pH probe (Mettler-Toledo, Switzerland) and a freshly calibrated ORP
probe with an Ag/AgCI electrode (Mettler-Toledo, Switzerland). All 5 mL liquid samples

obtained during AD experiments were filtered through sterile 0.45 pm filters. Subsequently,
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a 2 mL filtered sample was added to 18 mL Milli-Q water (10 times dilution) and mixed
thoroughly for TOC measurement.

The biogas production in each bioreactor was determined by gas flow meters
incorporated within the AD apparatus combined with data logging equipment, and the
methane content of the biogas was determined using a portable biogas analyzer (RASI 700
BIO, Eurotron Instruments UK Itd, Germany). The instrument was calibrated using a series
of standard gases with concentration gradients (labeled methane concentration) prior to
testing the methane content in the samples.

2.3.5 Calculation and prediction of methane production

The theoretical methane production (TMP) of wood samples was calculated from the

elemental composition (expressed in molar fractions) using the Buswell formulae (Libken et

al., 2010), Equations (5) and (6):

a b 3c
CnHaoch + (Tl — Z — E + Z) HZO
(5)
(n a_b 3C)CH (n a,b, )CO+NH
278 2 g)ttaT\3Tg g T g) 2T NS
n a b 3c
TMP = 22.4 x (5 + 5 1 E) /(12n + a + 16b + 14c) (6)

The anaerobic biodegradability (BD) of wood samples was calculated according to

Equation (7):
BD (%) = Experimental methane production (EMP)/TMP X 100 (7)

The experimental biogas production was fitted using a modified Gompertz kinetic model,
which is one of the most commonly employed models in the literature for fitting biogas

production (Isha et al., 2021). The final biogas production was calculated based on the best-
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fit Gompertz model and then multiplied by the methane content to obtain the predicted

methane production (PMP). The kinetic model is shown in Equation (8):

R, X e
Py

M = P, X exp {—exp [ 1-t)+ 1]} (8)

where M is the biogas production (mL/g of VS) relative to the time t (d); Py is the maximum
biogas potential of the substrate (mL/g of VS); Rm is the maximum biogas production rate
(mL/g of VS.d), 4 is the lag phase time taken for biogas production (1/d), e is Euler’s number
which is taken here as 2.7183.

Furthermore, there was no well-developed model available to predict the methane
production from AD of wood waste. Our previous study generated a machine learning model
with good predictive performance, which was applied in this study to predict methane
production from all decayed wood samples (Gao et al., 2024a). In the previous publication,
1179 groups of datasets were collected for the machine learning analysis, which included
nine input variables, namely wood types, inoculum types, volume (mL), temperature (°C),
particle size (mm), ratio of inoculum to substrate (based on VS), cellulose content (%),
hemicellulose content (%), lignin content (%), and digestion time (d), where wood types and
inoculum types were represented as categorical objects. The random forest machine learning

method was found to have the highest prediction accuracy and was used in this study.

2.4 Statistical analysis

In this paper, statistical analyses were done using Origin 2021. All values are presented
as the mean + s.d., unless otherwise specified. Statistical significance was assessed using the

two-tailed Student’s t-test or One-way ANOVA test with significance at a p value of 0.05.
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Moreover, The Pearson correlation coefficients (r) between the variables were also calculated.
The strength of the correlation was described by the absolute value of r (0.00-0.19 very weak;

0.20-0.39 weak; 0.40-0.59 moderate; 0.60-0.79 strong; 0.80-1.0 very strong).

3 Results and discussion
3.1 Energy consumption and particle size analysis

Generally, mechanical pretreatment is considered as the most important and promising
preliminary step for handling and converting biomass into bioenergy before proceeding to
the next process (Kamarludin et al., 2014). Without a sufficiently small particle size or large
relative surface area, the organic matter in the substrate cannot be utilized by microorganisms
to produce biogas during AD. For example, 2 cm wood cubes in digested sewage sludge
produced approximately the same amount of biogas as blanks with only sludge (Gao et al.,
2023; Muaaz-Us-Salam et al., 2020). As shown in Fig. 1, the SEC gradually decreased as DC
increased. Fig. 1a shows that the SEC of Birch decreased from 10.56 to 2.92 MJ/kg of dry
matter for DC1 to DC5, while Ash correspondingly dropped from 9.44 to 2.60 MJ/kg of dry
matter (Fig. 1b). In addition, the decrease rate of SEC for both wood samples gradually
became slower with increased DC, showing no statistical difference between wood samples
from DC3 to DC5. These results imply that the higher the DC, the more energy can be saved
in reducing the particle size of these wood samples for utilization in AD. It is worth noting
that the criteria for these DC include their hardness, with DC5 being extremely soft due to its

woody structure has been essentially destroyed (Tatti et al., 2018). During the sampling, it
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was found that DC4 and DC5 can be broken even with slight force by hand. Therefore, wood
samples with high DC may not require physical pre-processing.

Reducing the particle size of substrates is a competitive option for increasing methane
production from AD as it releases more organic matter and cell compounds, and directly
increases the microbially accessible surface area, thus improving biodegradability (Dai et al.,
2019). After grinding the samples, we analyzed their particle size distribution (Table 1). The
samples of DC1 and DC2 had the highest proportion in the 1-2 mm particle size class, and
the proportion decreased as the particle size class increased. The proportion of the fine
particle size class gradually increased from DC1 to DC5, with the proportion of 0.5-1 mm
particle size class being the largest in DC4 and DC5. In addition, the MWD analysis also
showed the particle size of wood samples reduced gradually from DC1 to DC5. Specifically,
the MWD of Birch decreased from 0.93 to 0.57 mm for DC1 to DCS5, while Ash
correspondingly dropped from 1.10 to 0.78 mm (Table 1). Reduced particle size can
significantly facilitate hydrolysis and acidification processes, resulting in increased volatile
fatty acid content and VS degradation (Luo et al., 2021). Liu et al. (2017) reported the effects
of particle size of two forest residues on methane production through AD batch experiments,
and the results showed that methane yield improved when the substrate particle size was
reduced from 4 mm to 1 mm. A similar pattern has been demonstrated in other lignocellulosic
wastes, such as rice straw, where methane production improved with a decrease in substrate
particle size (Dai et al., 2019; Ji et al., 2022).

Fractal theory has been applied to quantitatively assess the basic morphology of the

substrate, which is a potential indicator reflecting the AD efficiency (Wang et al., 2016). In
12
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this study, the FD of different DC samples were statistically different (p<0.05) after grinding
under the same conditions. As shown in Table 21, the FD average of both wood samples at
DC1 was significantly lower than DC5 (p<0.05), while there were no significant differences
in FD values between DC3, DC4 and DC5 (p>0.05). The increase in FD can enhance the
particle translational velocities in the horizontal direction while decreasing the rotational
velocity, and the amount of particles participated in horizontal dispersion increased due to
the reduction in the intensity of the contact shear particle behavior, which effectively
promoted particle diffusion (Lai et al., 2021). Therefore, the DC5 samples may have
enhanced mobility in the AD system compared to the DC1 samples, which facilitates its full
utilization by microbes. Moreover, the wood samples after DC3 showed no significant
difference, suggesting that this class (DC3) may achieve optimal conditions for sample

crushing.

3.2 Physicochemical features analysis of decaying wood samples

The possibility of using these wood samples as a suitable substrate for AD was primarily
verified through various tests, prior to conducting the biomethane potential experiments. As
shown in Table 2, TS content decreased with DC, while the VS content did not change much.
Samples with a high DC have a looser texture, which allows them to easily retain more water.
Compared to Ash, in general Birch had a smaller TS content and a much larger drop from
DC1 (59.47%) to DC5 (18.39%). For lignocellulosic biomass, the nitrogen content is a key
factor limiting their AD performance (Song et al., 2024). A low level of nitrogen can lead to

nitrogen limitation, which prevents the microorganisms from fully utilizing the carbon source,
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thus reducing the production of methane (Piatek et al., 2016). The total carbon in all five DC
were nearly the same, but the nitrogen content was higher in the high DC samples. Therefore,
the carbon to nitrogen ratio of DC5 was much lower than that of DC1. It has been reported
that the optimal carbon to nitrogen ratio for maximal methane production is between 20 and
30 (Kumar et al., 2021). Although the carbon to nitrogen ratio of DC5 samples was also
higher than the optimal value, it is easier to achieve the superior system by mixing them with
sludge (low carbon to nitrogen ratio). During AD, TOC can be biodegraded in hydrolysis,
acidification and methanation steps to produce biogas (Provenzano et al., 2014). Furthermore,
WEOC is a critical contributor in these processes, as microbial metabolism occurs in the
water-soluble phase (Xing et al., 2012). Therefore, the significantly higher TOC (Fig. 2a and
2b) and WEOC (Fig. 2c and 2d) in high DC samples indicate a better potential for methane
production from AD. It is noteworthy that the WEOC did not consistently increase with decay
level, showing a tendency of first increasing and then decreasing. The DC3 samples of Birch
had the highest WEOC (Fig. 2c), and the DC4 samples of Ash had the highest WEOC (Fig.
2d). This might be due to the release of organic matter from the forest residues in the presence
of insects and microorganisms, leading to an increase in WEOC content at the beginning of
decay process. When it reaches the final stages of decomposition, there is no more organic
matter to be released, and the previously released organic matter is utilized by other
organisms or enters the soil, leading to a decrease in the WEOC content.

The lignocellulose composition is an important factor that affects the AD performance
of forest residues. Fig. S1 and S2 show the thermogravimetric experimental data and

derivative thermogravimetric curves fitting results using the Gaussian model, and the
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calculated lignocellulose composition of all wood samples are provided in Table 2. In both
types of wood samples, the cellulose content decreased with DC, in contrast with a gradually
increased lignin content. The hemicellulose content did not vary much among the five DC
samples, and two types of wood samples showed different tendencies. With an increase in
DC, Birch presented an overall decrease, while Ash first decreased and then increased. The
significantly increased lignin content of higher DC may be due to the reduction of other
components such as cellulose, indicating that the forest soil system was not effective in
removing lignin of forest residues, and it became proportionally more significant as a
component as decay occurred. However, the decay has permitted biological access to, and
degradation of, cellulose and hemicellulose, suggesting that a certain amount of decay and
breakdown may be advantageous as a pretreatment method for AD. Similar effects have been
observed in other studies, such as the application of chemicals (Mohsenzadeh et al., 2012;
Salehian et al., 2013), hydrothermal (Karami et al., 2022) and steam explosion (Eom et al.,
2019; Mulat et al., 2018) leading to a reduction in the cellulose content and an increase in the
lignin content of wood waste.

Due to the presence of crystalline cellulose in biomass samples, the 20 value of X-ray
diffraction shows a sharp peak between 18° and 22° (Awoyale and Lokhat, 2021). Cellulose
crystallinity reflects the proportion of cellulose crystalline regions, and the Crl of the
substrate determines its biodegradability during AD. The Crl of Birch DC1 samples was
35.43%, close to the value of raw pine wood; and the Crl of Ash DC1 samples (41.61%) was
close to that of untreated acacias (Darmawan et al., 2016). It indicated that the degradation

of DC1 samples was quite small, and its CR nearly approached that of fresh wood. The Crl
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of DC5 samples was much lower than that of DC1 samples, with a value of 16.47% in Birch
and 26.43% in Ash (Fig. 3). As mentioned above, this may be due to the different composition
in different DC samples. The content of soluble matter and amorphous cellulose in
lignocellulosic biomass is higher than that of crystalline cellulose, which can result in a lower
Crl (D’ Silva et al., 2022). The hydrolysis of amorphous cellulose by cellulase was found to
be about 30 times faster than that of crystalline cellulose (Zhu et al., 2011). The low Crl value
in DC5 samples meant that their cellulose crystalline region was destroyed, leaving more
cellulose (amorphous cellulose) available for microbial hydrolysis. Moreover, it was found
that corn straw pretreatment with hydrogen-nanobubble water (He et al., 2022) or a pure
bacteria system (Xu et al., 2018) also reduced the Crl of substrate and enhanced the methane
production from AD of corn straw. Therefore, the forest soil system could degrade the

cellulose crystallinity, allowing the forest residues to decompose more easily by AD.

3.3 Effect of five decay classes on anaerobic digestion performance

The patterns of daily biogas yield were shown in Fig. 4a and 4b. As higher DC samples
had lower MWD (Table 1), resulting in a larger surface area, they would be more susceptible
to hydrolysis and acidification compared to DC1 samples, producing more feedstock for
methanogen utilization. To further explore the effects of particle size on biogas production,
the Birch DC1 and DC3 samples with same particle size were selected for a separate AD
experiment. Although the biogas yield of Birch DC3 samples was still considerably higher
than that of DC1 samples, the gap between these samples at the same particle size was smaller

than the previous (Fig. S3). It was also noted that all DC samples showed high daily biogas
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yield in the initial few days. During the early stages of AD, the feedstock is mainly
hydrolyzed and acidified, and the primary contributors to the biogas are WEOC from the
wood samples and the residual organic matter in the sludge.

As shown in Fig. 4c and 4d, the net cumulative biogas yield varied significantly among
different DC samples. These curves showed a rapid increase in biogas within the first 10 days,
reaching about 50% of the total output. The final biogas yield increased from DC1 to DC3
(Birch) and DC3/4 (Ash) before decreasing at higher DC. For Birch, the biogas yield of DC3
samples was 3.52 times higher than that of DC1 samples, but this value narrowed down to
2.14 at the same particle size (Fig. S3). This result suggested that decayed wood, besides
increasing biogas production by being more prone to small particle sizes, had
physicochemical properties that were more favorable for microbial utilization in AD system.
Fig. S4 illustrates the effect of DC on pH, ORP and TOC during AD. The initial phase of AD,
which mainly involves the process of substrate hydrolysis and acidification, leads to a
continuous accumulation of volatile fatty acids (He et al., 2022). The results showed that the
pH decreased continuously after the AD started and reached the lowest value on the 5th day.
The redox potential of the AD system can affect the microbial growth activities, and low
redox potential means more strict anaerobic conditions and stronger reduction (Xu et al.,
2014). Methane production requires the consumption of reducible substances. The
breakdown of organic matter caused an initial increase in TOC content of the liquid phase,
which then declined as methanogens utilized these materials to produce methane. The
Pearson correlation analyses also revealed that these parameters were correlated with biogas

yields (Fig. S5).
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Although the biogas production differed considerably between different DC, the
methane content of these biogas did not vary greatly, with an overall value of around 60%
(Fig. 5). According to the final measurements, the highest values of net methane yield were
found in the DC3 or DC4 samples after 35 d, with 134.76 and 142.51 mL/g VS for the Birch
DC3 and Ash DC4 samples, respectively. The theoretical methane production, calculated by
the elemental composition using the Buswell formula, did not differ significantly between
different DC (Table S3). Therefore, the biodegradability index corresponded to the total
biogas yield results, with DC3 samples being the highest and DC1 samples the lowest. The
degradation of wood in the forest did not significantly change its elemental (carbon, hydrogen,
oxygen, and nitrogen) composition (Table 2). However, due to the extremely low content of
nitrogen in fresh wood, a slight increase in nitrogen can significantly shift the carbon to

nitrogen ratio, making the samples more applicable to AD.

3.4 The fitting and prediction of methane yield

To investigate the methanogenic kinetics, a modified Gompertz model was employed to
fit the cumulative biogas yield curves, and the kinetic parameters of fitting results are shown
in Table S4. The lag period is a parameter that reflects the adaptation of microbes to the AD
system during the initial stage (Mao et al., 2017). As shown in Table S4, the DC3 digesters
had the shortest lag period, which is attributed to these samples having the highest WEOC
content, being rapidly hydrolyzed and converted to methane. It can be seen that the maximum
biogas potential corresponds quite well to the experimental values. In addition, the maximum

specific biogas production rate of digester DC3 and DC4 samples were noticeably higher
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than that of other digesters, which was in good agreement with the experimental results.
Overall, all cumulative biogas yield curves can be well fitted by the modified Gompertz
model, and the correlation coefficient of fitting results was between 0.95 and 0.99.

Prior to performing AD, it is desirable to determine the optimal parameters for maximum
methane yield from woody waste. To the best of our knowledge, an approach that can predict
methane yield from woody waste while addressing the issues involved in identifying the
optimal digestion conditions and feedstock properties to maximize methane yield has not yet
been developed. As shown in Table S3, the random forest model predicted biogas production
well with an error rate of around 25%. The machine learning model (random forest)
prediction accuracies of some samples were close to the results of the Gompertz fitting,
indicating that the machine learning model is instructive in practical AD with woody waste.
It is worth noting that the predictions for the Birch DC1 samples were less accurate. This
may be because the previously established database for creating machine learning models
was not comprehensive and lacked data on this part of relatively low methane production
(Gao et al., 2024a). Therefore, more experiments on AD of woody biomass are needed in the

future in order to expand the database for improving the model.

3.5 Applications and Future considerations

The present study introduces a novel nature-based approach to enhance suitability of
wood waste, particularly forest residues, for AD, providing a sustainable solution to two key
issues that have hampered the practical application of wood waste AD. Firstly, the low

methane production from wood has been overcome with an average increase of 160% in
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methane yield after this nature-based approach (DC3 compared to DC1). This is comparable
to other, more intensive, pretreatment technologies such as combined
hydrothermal/enzymatic treatment (168% improvement) (Matsakas et al., 2015), aqueous
ammonia soaking (151% improvement) (Antonopoulou et al., 2015), or combined ethanol
organosolve/hydrothermal treatment (194% improvement) (Charnnok et al., 2020). Secondly,
the lack of economical pretreatment technologies further hindered the practical utilization of
wood waste AD. The proposed method leverages natural systems without requiring
significant additional economic inputs, with the potential to be highly cost-effective as a
result. By harnessing the inherent capabilities of natural forest processes, this nature-based
approach offers a practical and scalable solution for enhancing the efficiency of AD
operations for wood waste.

The economic viability of AD with wood waste has been thoroughly described in the
literature. Teghammar et al. (2014) conducted an economic assessment of biogas production
from forest residues with pretreatment enhancement, showing that an AD plant processing
50000 tons dry weight of forest residues per year is economically viable. The techno-
economic assessment showed that methanol pretreatment was more financially acceptable
than acetic acid and ethanol, and the capital investment for operating an AD plant treating
20,000 tons of forest residues per year could be recouped within eight years (Kabir et al.,
2015). Moreover, AD was shown to be an environmentally friendly method of recovering
energy from wood waste compared to other management processes through life cycle
assessment analysis (da Costa et al., 2020; Liang et al., 2017; Nogueira et al., 2021). To

further explore the differences between all DC samples and find the best DC for application
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in AD, a net profit analysis was conducted. Considering that the AD process was the same
for all DC samples, the net energy output could be calculated from the electricity input of
grinding the samples and the methane production. According to Wu et al. (2016), the calorific
value of methane is 11.06 kWh/m3. As shown in Fig. 6, DC3 had a high net energy output,
which implies that this stage has the potential to be used in AD plants. H-is-worth-netingthat
does-not-consider-the-effect-of subsidies-or-economies-of-secale—For fire protection reasons
and energy considerations, the forest residues should not be retained in the forest.
Unfortunately, the direct recycling of these forest residues also may result in the removal of
minerals that would otherwise fertilize the soil and promote the future growth of trees
(Grodsky et al., 2018). These results may provide guidance on specific collection times for
forest residues in practice. This study proposes to collect DC3 samples, which satisfies the
requirement of releasing minerals from the wood waste to maintain the forest ecology while
keeping the highest methane yield.

To better utilize this nature-based approach, more detailed experiments and analyses are
still needed to bridge the following issues. Firstly, more wood samples of various species are
needed to verify the generalizability of this approach, as well as to investigate the duration
for forest residues to reach DC3 in different forest environments to facilitate the collection
of samples. Secondly, there is a loss of mass in the degradation process of forest residues
(Oberle et al., 2020; Seibold et al., 2021), so it is important to explore how mass loss varies
with DC. Thirdly, anaerobic co-digestion of wood waste with other organic wastes can
balance the carbon to nitrogen ratio of the substrate and enhance methane production (Li et

al., 2019; Oh et al., 2018). Additionally, the combination of other pretreatment technologies
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can improve substrate availability to microorganisms in AD (Wang et al., 2024; Zhang et al.,
2017). Therefore, anaerobic co-digestion of different DC wood waste and other organic
wastes and the possibility of combining this nature-based approach with other pretreatments
need to be explored for maximizing energy recovery from wood wastes.
4 Conclusion

This study investigated a novel nature-based approach to promote AD application of
forest residues. Specifically, this approach exploited the lignocellulose degradation processes
inherent in forest ecosystems, combined with a strategic collection to maximize the AD
potential of forest residues. Based on the experimental results, the following conclusions can
be drawn:

1) The texture of the forest residues was softened by processing with this nature-based
approach, making them easier to be shredded. The SEC results showed that the energy
required to grind the same dry weight of wood sample decreased with increasing DC.
A subsequent particle size analysis showed that wood samples with higher DC had
smaller average particle sizes after grinding.

2) High DC wood samples had higher WEOC, lower cellulose crystallinity, and a more
suitable carbon to nitrogen ratio for AD. Although the lignin content was relatively
higher in high DC wood samples, the recalcitrance of their lignocellulosic structure
was disrupted. These changes are expected to lead to enhanced methane production
because of a breakdown of the lignocellulosic structure, increasing access to

microorganisms involved in AD.
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3) A preliminary test of this nature-based approach by AD experiments showed that
wood samples from DC 1 had the lowest methane yield, while DC 3 samples had the
highest, with a notable 160% increase compared to DC 1. In addition, the net profit
analysis indicated that wood samples from DC 3 to DC 5 had a net energy output
when applied in AD, with the net energy output being relatively high in DC 3 and DC
4. Therefore, these results imply that DC3 might be the optimal level of decay for
forest residues collection.
This study is the first to introduce the concept of a nature-based approach to enhance the
AD performance of forest residues, and to explore it in detail experimentally. This approach,
when combined with a strategic collection method, can significantly improve the overall
profitability and sustainability of bioenergy production from forest residues. Furthermore,
the feasibility of more forest ecosystems in boosting the AD application of forest residues
should be further explored, as this can broaden the applications of this novel nature-based
approach.
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Fig. 1. Specific energy consumption (SEC) for grinding wood samples from five decay classes,
(a) Birch; (b) Ash. Different lowercase letters above each column indicate significant
differences (columns with different letters are statistically significantly different from one

another).
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Fig. 2. Different categories of organic carbon from five decay classes wood samples. The total
organic carbon (TOC) content of (a) Birch and (b) Ash, and water extractable organic carbon
(WEOC) of (c) Birch and (d) Ash. Different lowercase letters above columns indicate a

difference at a 0.05 level.
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Fig. 3. The Crystallinity Index (Crl) of (a) Birch and (b) Ash. Different lowercase letters above

columns indicate a difference at a 0.05 level.
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Fig. 4. Effect of different decay classes of wood samples on the biogas yield. Daily biogas yield
of (a) Birch and (b) Ash, and net cumulative biogas yield of (c) Birch and (d) Ash.
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Table 1. The particle size distribution, MWD, and FD of wood samples after grinding by the knife mill.

Proportion of wood mass in particle size class (%6)

Wood type Decay class MWD (mm) FD
>2 mm 1-2 mm 0.5-1 mm 0.25-0.5mm  0.125-0.25 mm 0.075-0.125 mm <0.075mm
DC1 2.12+0.35 41.95 +5.60 30.31+£0.36 14.71+2.91 6.82+1.31 2.27 £0.59 1.83+0.78 0.93+0.07 1.85+0.13
DC2 0.31+0.01 29.70 £ 0.89 26.80 +3.09 23.32+381 9.50+1.54 5.86 + 0.66 4.42 +0.57 0.76 £ 0.00 2.15+0.01
Birch DC3 0 21.27+1.73 23.94 £3.02 19.32+0.18 22.69 £1.92 7.92£3.12 4.85+3.73 0.62 £0.05 2.22+0.19
DC4 0 23.52+0.64 27.72+£0.53 18.20 +£2.83 15.89 £ 2.70 9.49+1.27 5.18 £0.02 0.67 £0.02 2.26 £0.02
DC5 0 16.75+£1.03 24.89 £4.54 23.66 £6.02 17.78 £ 1.57 9.92 +0.04 7.01 £1.08 0.57 £0.03 2.34 £0.03
DC1 151+0.14 56.41 +2.55 28.49 +1.82 8.03 £0.53 3.48 £0.26 1.32+0.10 0.76 £0.11 1.10+0.03 1.57 £0.03
DC2 0.75+£0.12 52.80 £ 0.45 29.39+0.01 9.78 £0.28 412 £0.22 1.72 +0.02 1.45+0.10 1.06 +0.01 1.74 +0.02
Ash DC3 0.14 £0.04 36.21 £0.97 29.62 £ 2.07 19.81+1.02 9.78 £0.33 2.64 +0.02 1.80+0.18 0.86 £ 0.00 1.90 +0.02
DC4 0 32.78 £6.26 37.83+0.58 17.31+3.93 7.16+£1.21 3.09+0.24 1.84+0.78 0.86 +£0.10 1.88+0.14
DC5 0 29.68 £2.63 31.63+1.96 19.88 +0.38 10.69 + 2.56 527+0.21 2.86 +0.48 0.78 £0.04 2.06 £ 0.02

MWD: mean weight diameter (mm), FD: fractal dimension.
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Table 2. Properties of decaying wood samples and inoculum in this study.

Birch Ash
Properties Inoculum
DC1 DC2 DC3 DC4 DC5 DC1 DC2 DC3 DC4 DC5
pH value ND ND ND ND ND ND ND ND ND ND 8.41 +£0.36
Total solid (%) 590.47+1512 3490+381 26.30+6.44 22.36+10.16 18.39+6.80 90.73+1.79 87.81+0.03 81.39+5.70 80.84+9.06 77.19+6.35 8.14+0.05
Volatile solid (%) 99.31+0.60 99.08+0.61 96.95+0.40 97.28+152 96.61+0.73  98.05+0.80 98.77£0.11 98.31+0.79 9574+2.96 97.25+0.08 69.09+0.11
Ultimate analysis
Carbon (%) 4716 +0.29 4846087 4756+1.00 47.62+145 50.55=x0.77 47.60 £0.40 4719+0.12 47.96+0.04 48.41+0.38 47.59 +0.40 31.80+0.83
Nitrogen (%) 0.33+0.04 0.84+018 0.77+0.19 118+024 1.19%0.10 0.13+0.00 0.20+0.10 140+0.28 1.90+0.08 1.77+0.35 5.40+0.08
Hydrogen (%) 5.76 £0.15 552+0.16 553+020 5.54+0.22 5.45+0.16 547 +0.14 5.62 £ 0.07 5.67+0.06 5.77+0.05 573+0.01 5.07+0.25
Oxygen (%) 4476 +0.71 43.49+1.06 44.04+0.77 4396+127 41.26+0.18 46.82 £ 0.52 46.98 +0.14 4497 +0.19 4392 +0.41 4492 +0.63 36.20 +0.08
C/N ratio 146.73£17.62 60.43 +12.92 65.82 +16.24 4247 £10.46 42.92+3.93 465.76 £104.05 302.11 +146.92 35.80 £7.32 2549 +0.86 27.84 £+4.91 5.89+0.07
Biochemical analysis
Extraction (%) 7.18 £0.59 506 £0.59 424+075 3.94%0.13 3.67+1.31 8.47 £0.97 8.14 £ 0.45 6.77£0.12 6.78+0.65 3.90+0.19 ND
Hemicelluloses (%) 2337061 19.07+1.04 2241+228 2237+0.60 17.94+042 22.46+2.19 22.01+048 20.44+0.05 2245+1.19 27.25+0.72 ND
Cellulose (%) 3429+238 2851+1.09 27.09+102 2483+150 16.24+1.33 38.64 £1.17 3415+0.75 31.03+1.38 28.35+0.77 19.26 +0.72 ND
Lignin (%) 23.67+2.07 3485+230 3578+270 35.63+048 49.17+1.90 26.88 £ 0.47 31.19+1.04 38.33+1.19 38.86+0.35 44.61+1.26 ND

ND: not determined. The % content of total solid was calculated based on wet mass; others were based on dry mas



Supplementary Material

Click here to access/download
Supplementary Material
Supporting Information.pdf


https://www2.cloud.editorialmanager.com/jema/download.aspx?id=4777643&guid=928e08cb-f712-4b7b-8fed-e46505a4b32c&scheme=1

