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Abstract: Power scarcity and pollution can be overcome with the use of green energy forms like
ethanol, biogas, electricity, hydrogen, etc., especially energy produced from renewable and industrial
feedstocks. In hilly areas, pine needles are the most abundant biomass that has a low possibility of
valorization due to high lignin content. On the other hand, anaerobic digestion (AD) of lignin and
animal waste has low biogas yield due to poor conductivity. This study focuses on the simultaneous
production of biogas and electricity through the co-digestion of cow dung and pine needles. The
digester was initially established and stabilized in the lab to ensure a continuous supply of inoculum
throughout the experiment. The optimization process involved the determination of an ideal cow
dung-to-water ratio and selecting the appropriate conductive material that can enhance the energy
generation from the feedstock. Afterward, both batch and continuous anaerobic digestion experi-
ments were conducted. The results revealed that the addition of powdered graphite (5 mM), activated
charcoal (15 mM), and biochar (25 mM) exhibited maximum voltage of 0.71 ± 0.013 V, 0.56 ± 0.013 V,
and 0.49 ± 0.011 V on the 30th, 25th and 20th day of AD, respectively. The batch experiment showed
that 5 mM graphite powder enhanced electron transfer in the AD process and generated a voltage
of 0.77 ± 0.014 V on the 30th day, indicating an increase of ~1.5-fold as compared to the control
(0.56 ± 0.019 V). The results from the continuous AD process showed that the digester with cow
dung, pine needle, and a conductive material in combination exhibited the maximum voltage of
0.76 ± 0.012 V on the 21st day of AD, while the digester with cow dung only exhibited a maximum
voltage of 0.62 ± 0.015 V on the 22nd day of AD, representing a 1.3-fold increase over the control.
Furthermore, the current work used discarded plastic items and electrodes from spent batteries to
emphasize waste management and aid in attaining sustainable energy and development goals.

Keywords: anaerobic digestion; direct interspecies electron transfer; pine needles; conducting materials

Key Contribution: The manuscript assessed the possible use of pine needles with cow dung for
green energy generation.
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1. Introduction

Power shortage is one of the greatest challenges in the current scenario, which may be
due to several reasons like environmental and climatic disturbances such as droughts and
storms, excessive consumption, and wastage. Power shortages in some of the territories
like Brazil, China, India, the United States, and many European countries are mainly
due to overcrowded populations, energy and fuel wastage, and civil and international
wars. Besides normal living systems, power shortage also has long-term as well as short-
term negative impacts on commercial firms, production houses, revenue generation, and
economic growth due to reliance on electricity. As per the World Bank’s report, electricity
supply has been identified as a major constraint on business activities, resulting in a loss
of around USD 82 billion per annum in developing countries [1]. An alternate source of
energy, or more precisely electricity, may not be sufficient alone, but it would contribute
significantly to overcoming the shortage. Different thermal, chemical, and microbial
conversion approaches have been explored for cost-effective energy generation along with
waste management (Table 1).

Table 1. Comparative analysis of existing biogas and electricity generation technologies.

Technology Advantages Limitations References

Anaerobic digestion

Renewable energy production
Waste management
Carbon neutrality
Substrate flexibility
By-product utilization

High initial investment
Complex operation and maintenance
Digestion efficiency and stability
Digestate management

[2,3]

Combined Heat and
Power (CHP)

CHP systems are highly efficient
Energy savings
CHP systems contribute to
greenhouse Gas emission reduction
Fuel flexibility

High initial investment
Complexities in system sizing, control, and
operation
Maintenance requirements
Heat demand matching

[4]

Gasification

Gasification can utilize a wide range
of feedstocks
High energy conversion efficiencies
Cleaner fuel production
Potential for carbon capture and
utilization

Complexity and cost
Feedstock quality and handling
Gas cleanup and tar management
Scale and integration challenges

[5]

Microbial fuel cells

The generation of renewable
electricity from a wide range of
organic substrates.
MFCs can simultaneously treat
organic waste while generating
electricity.
MFCs have relatively low operating
costs compared to traditional
wastewater treatment technologies.
MFCs can facilitate the recovery of
valuable resources from organic
waste, such as nutrients and metals.

MFCs typically exhibit lower power
densities compared to other renewable
energy technologies.
Slow start-up and response times
MFC systems can be complex to design,
construct, and maintain, requiring careful
attention to electrode materials, microbial
inoculation, and system optimization.
Limited substrate utilization
MFC performance is influenced by
environmental factors such as temperature,
pH, and salinity, which can impact
microbial activity and electrode kinetics

[6]

The microbial potential of electricity or voltage generation is an interesting fact that
was discovered over a century ago [7,8], but in the past few decades, microbial electricity
has received attention around the world [9,10]. Microbial fuel cells (MFCs) are a unique
technology that involves electricity generation by using the potential of microorganisms. It
involves the biological oxidation of organic matter and the subsequent transfer of electrons
to the anode. The utilization of waste materials as substrates in MFCs is a sustainable
approach to energy production [11].
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In recent years, the MFC approach has been used with anaerobic digestion and waste
management [12–14]. The concept has been widely exploited for power generation from
sugar industry effluent by Sreelekshmy et al. [15], food waste by Yoshizu et al. [16], methane
from polylactic acid by Liu et al. [17], ethanol from kitchen waste by Sondhi et al. [18],
and electricity from chicken feather by El Salamony et al. [19]. The anaerobic digestion
in bioreactors generates chemical energy in the form of methane, which can be used as
a fuel directly or for the subsequent production of electricity. It is reported that bacteria
can transfer more than 80% of the electrons present in organic substrates to generate
electricity in a typical MFC [20]. In MFCs, the anodic potential is directly proportional to
the free energy of the substrate. Apart from electricity, MFCs can also produce hydrogen
by utilizing organic compounds such as acetate [21,22]. The microbial diversity in MFCs
is influenced by the type of substrate and environmental conditions. In MFCs, substrate
utilization is considered a crucial biological factor that plays an important role in electricity
generation [23,24]. There is a wide range of substrates used in MFCs with the ultimate
goal of pollutant elimination, the transformation of waste biomass, and the production of
sustainable energy, making this approach a good economic asset for industries [25].

Lignocellulosic materials are among the largest biomass resources across the globe [26].
The amount and availability of these lignocellulosic biomass materials from agricultural,
forest, and industrial sources advocate their utilization as an economic substrate for sus-
tainable energy production [27,28]. However, their complex and inert structure limits the
direct availability of nutrients for microorganisms as substrates, as well as the production
of value-added products like biogas. Chir pine (Pinus roxburghii) is the dominant plant
species in the Himalayan subtropical pine forests of Himachal Pradesh [29,30]. It is esti-
mated that the pine litterfall occupies 2–3 ha−1 year−1 on forest floors [29,31]. Naturally,
the degradation of pine needles is very slow due to the greater concentration of lignin in
its biomass [32]. Pine needles contain around 20–25% lignin, along with cellulose and a
fraction of hemicellulose. The higher concentration of lignin makes biodegradation slower
and difficult, which is mainly responsible for the higher accumulation of leaves on the
forest floor. This leads to the generation of mats on forest floors and thus presents a primary
risk of forest fires annually in India [33–35]. The burning of pine needles in forests leads
to the generation of harmful gases and hazardous volatile compounds [36]. The higher
lignin content of pine needles is also a challenge for their utilization in anaerobic digestion.
In addition, pretreatments of pine needles led to a significant reduction in lignin content,
but the addition of pine litter as a substrate in anaerobic digestion decreased its efficiency
regardless of the inoculum size [37], mainly due to poor conductivity and electron transfer
rate, which are attributed to indirect interspecies electron transfer (IIET). This issue can
be countered by using conducting material that increases the electron transfer via direct
interspecies electron transfer (DIET) [38,39]. Conductive materials play a significant role
in enhancing AD processes. Their inclusion in anaerobic digesters impacts the microbial
activity and efficiency of organic waste breakdown, especially in the context of bioelec-
trochemical systems. Hence, in the last few years, scientists have emphasized the use
of conductive materials to enhance power generation in MFCs. It has been suggested
that DIET mechanisms increase methane production by 16–60% [38]. In an investigation
using an MFC to analyze the effect of magnetic nanoparticles on anaerobic digestion, the
magnetite nanoparticles and magnet digester achieved the highest biogas production of
545.2 mL/gVSfed, which was significantly higher than the 117.7 mL/gVSfed produced by the
control [40].

Similarly, comprehensive research investigated the effect of adding 1–5 g/L granular
activated carbon during the AD of 0.5–4 g/L 5-hydroxymethylfurfural. The addition of
5 g/L GAC resulted in the highest increase, enhancing the sludge’s electron transfer activity
by 27.0–75.0% and the peak methane generation rate by 27.5–68.1% when compared to the
control group [41]. The use of activated carbon for energy production has gained much
popularity due to enhancing the electron transfer between the cathode and microorganisms
in MFCs [42–45].
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Considering all the issues and challenges, the present work is targeted toward the
use of different carbon forms (activated charcoal powder, graphite powder, and biochar
powder) as a conductive material to enhance the electron transfer in the AD of pine needles
along with the generation of electric potential.

2. Materials and Methods
2.1. Materials

Fabricated glass digester, silicon glue, and silicon tubes were purchased from JSGW,
Ambala, Haryana, India. Fallen and dried pine needles (litter) were collected from the
forests of Kandaghat region (30.9702◦ N, 77.1054◦ E), Solan, India, and cleaned properly.
The leaves were dried to reduce the moisture content below 5 ± 0.5% and were ground
using an electric grinder to produce its powder for further use. Graphite powder was
purchased from M.P. Biomedicals (purity > 99%), India. Activated charcoal powder was
bought from Merck India (purity > 99%), whereas biochar was purchased from the local
market and was ground to make powder (used with its native purity). Arduino and
jumping wires were from purchased online platforms.

2.2. Experimental Setup and Stability of an Anaerobic Digester

The lab scale anaerobic digester (0.75 L working capacity) was established using an
anaerobic digest from an ongoing biogas plant (Jaunaji, Solan, H.P., India). The digester
was maintained under mesophilic conditions at 35 ◦C and selected for optimal year-round
performance based on environmental conditions. Its stability was assessed through the
total gas production and methane yield, measured using a methane analyzer (HNL Systems
Private Limited, Mumbai, India). The digester was continuously fed with fresh cow dung
(obtained from a nearby village) at a regular interval of 3 days. The digester was used as a
source of inoculum in the current study.

2.3. Fabrication of MFC Systems

Briefly, 500 mL wash bottles (plastic) were used to prepare digesters with a working
volume of 400 mL. The graphite rods from the waste batteries were used to make the anode,
and stainless-steel jumping wires were used to make the cathode (purchased from the local
market). Silicon tubes (purchased from the local market) were used for the outlet, inlet, and
gas portals in the digesters and were fixed firmly with silicon glue.

2.3.1. MFC Operation

For the operation, pine needle was used in varying concentrations (1–5%) of the feed
volume of the digester. Along with pine needle, cow dung was also added in different cow
dung–water ratios (1:1, 1:2, and 2:3), and the current was measured using a DC Voltage (V)
Rish 14S multimeter for 30 days at regular intervals of 5 days. Experiments were performed
in triplicate. MFCs in Test 1 were fed with cow dung slurry and pine needle powder; in
Test 2 with cow dung slurry, pine needle powder, and a conductive substance; and in the
control with simply cow dung slurry.

2.3.2. Selection of Conductive Materials

Conductive materials like graphite powder (MP Biomedicals India Pvt Ltd., Navi
Mumbai India), activated charcoal powder (Merck, Mumbai India), and biochar powder
(from the local market) were screened based on prior studies in the field. All three had
varied concentrations of 0–30 mM and the DC was measured for 30 days with a regular
interval of 5 days. Experiments were performed in triplicate.

2.4. Batch Experiment of MFC

The batch experiment was performed using optimized feed (cow dung–water) and
substrate (pine needle) concentration. The experiment was conducted at 35 ◦C for a
duration of 40 days at a 400 mL scale. Graphite powder (5 mM optimized) was used as
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conductive material. The experiment was carried out along with its control (Table 2). All
the systems were run in triplicate. Voltage (V) was measured for each system using a Rish
14S multimeter after a regular interval of 5 days, whereas methane was also measured
using a portable methane analyzer. For comparison, all sets were run in parallel and at
least in triplicate, which also ensured replicability.

Table 2. System specifications (batch experiment).

Setup Substrate Composition

Control Cow dung slurry only (CDS) 1:1, 1:2, 2:3
Test 1 Pine needle (PN) + CDS CDS + 1% PN
Test 2 PN + CDS + Conducting material CDS + 1% PN + Conducting material (0–30 mM)

2.5. Scale-Up Studies and Continuous Operation

The scale-up studies involved three steps, i.e., (1) fabricating fermenters for scale-up
studies, (2) designing circuits for continuous monitoring and programming, and (3) moni-
toring the current in continuous mode for 40 days using Arduino.

The indigenous model of fermenters was developed with waste plastic containers
of 5 L capacity. The feeding inlet, outlet, sampling port, anode, and cathode were the
basic required features and were made with the easily available waste resources. The
anode consisted of a graphite rod, while a stainless-steel wire was used as a cathode.
For the continuous monitoring of electrochemical potential, the circuit was designed
with the help of experts from the Electronics Department of the university, followed by
programming using Arduino (purchased from the online store) with MATLAB R2016a.
The Arduino software (Arduino IDE 1.8.5) was installed in the computer from its official
website https://www.arduino.cc (accessed on 30 June 2018) and the whole system was
interconnected to each other.

This continuous operation model was designed for scale-up studies using a previously
optimized conductive material, i.e., graphite powder (5 mM), pine needle as the substrate
(1%), a cow dung–water ratio of 2:3, and a temperature of 35 ◦C for 40 days at 3 L working
capacity. The details of the digesters’ setup are listed in Table 3. Experiments were
performed in triplicate.

Table 3. System specifications for scale-up (3 L working volume).

Setup Conducting Material Substrate

Control No conductive material Cow dung slurry only
Test 1 No conductive material 1% Pine needle + cow dung slurry

Test 2 Conductive material 1% Pine needle + cow dung slurry +
Graphite powder 5 mM

2.6. Statistical Analysis of Batch and Continuous Models

The batch and continuous fermentation trials were conducted in triplicate, and the
mean values were used for analysis. The statistical analysis of both models was conducted
by two-way ANOVA and correlation with MS Excel loaded with a data analysis toolkit.

2.7. Economic Feasibility and Cost Analysis

The process economics was evaluated at the lab scale as well as the bench scale trial
for biogas production. The cost was also estimated for digester fabrication with all the
materials, transport, and storage. The operational cost was calculated separately with the
materials required to run, their processing, and output. The material and energy cost was
calculated by considering a commercial price.

https://www.arduino.cc
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3. Results
3.1. Establishment of Digester and Its Stability

The main objective of the current experiment was to establish a stable lab-scale digester
that can be used as an inoculum source in the current study. A constant digester source
offers benefits like a uniform microbial community and their load. The established digester
was assessed for its stability in terms of the total volume of water displaced by gas and
the generation of methane. A stable volume of gas production was achieved from 15 days
onward (Figure 1).
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Figure 1. Digester stability in terms of water displacement by biogas and methane production.

A digester in the laboratory was assessed for its stability based on the total biogas and
methane production. Figure 1 illustrates that the maximum water displacement (approx-
imately 210 mL) and methane production (1000 ppm) were observed after the 15th day,
peaking until the 30th day. The results from methane gas production also suggested that
the digester achieved its stability after 15 days. It is clearly depicted that in the digester,
methane production was low initially, and it increased gradually day by day. However,
the digester started methane production >1000 ppm after 15 days, which was constant
throughout the experiment. Following the stabilization of the digester, further optimization,
batch, and continuous studies were conducted.

3.2. Optimization of Various Parameters

Considering the effect of substrate concentration and cow dung-to-water ratio on
the AD process, the mixture feed using pine needles and cow dung proved effective
in electricity generation. As shown in Figure 2a, cow dung alone (control) exhibited a
maximum voltage of 0.5 ± 0.01 V on the 20th day of digestion. After the 20th day, there
was a slight decrease in V, but it was constant throughout the digestion process. It is also
clearly indicated that the V decreased as the concentration of pine needles increased from
1% to 5%, and hence 1% pine needles was selected as the optimum concentration, as it
led to minimum hindrance during the digestion process. Figure 2b shows that the 1:1
cow dung-to-water ratio as feed was the optimum ratio, which yielded a maximum V
of 0.52 ± 0.015 V on the 20th day. A further increase in the water content had a negative
effect on the process yield, and a cow dung-to-water ratio of 1:4 resulted in a minimum V
throughout the experiment.

Notably, 1% pine needle was found to be the best concentration for maximum product
output and substrate digestion. At a lower concentration of pine needles in the feed, there
was no effective change in voltage or biogas production, while a further increase in pine
needles resulted in reduced energy yield, which might be due to the inhibitory effect of
lignin, which hinders microbial metabolism.
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optimization of various cow dung-to-water ratios for feeding.

3.3. Selection of Conductive Materials and Their Concentrations for the AD Process

In the present study, three carbon-based conductive materials (activated graphite
powder, activated charcoal powder, and biochar powder) were used to enhance the DIET-
based AD of pine needles and V production. The addition of conducting materials had a
conducive effect on V generation, and 5 mM graphite powder exhibited 0.71 V ± 0.013 V
on the 30th day (Figure 3a), while 15 mM activated charcoal powder generated a maximum
of 0.56 V ± 0.013 on the 25th day of AD (Figure 3b). Moreover, biochar powder exhibited a
maximum of 0.49 V ± 0.011 on the 20th day of AD (Figure 3c) but was significantly low as
compared to the control system (without pine needles). From the comparative analysis of all
three conductive materials, graphite powder (5 mM) was found to be most suitable for the
AD of the lignocellulosic substrate and the subsequent production of maximum current.
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3.4. Batch Experiment

The batch experiment showed that 5 mM graphite powder enhanced the electron
transfer in the AD process and resulted in 0.77 ± 0.014 V on the 30th day, indicating an
increase of ~1.5-fold as compared to the control (0.56 ± 0.019 V) (Figure 4a). The methane
production during the AD process was found to be >1000 ppm after the 10th day in the
system with only cow dung, while the system with cow dung in combination with pine
needles was found to produce methane above 1000 ppm after the 20th day. Moreover, the
system with cow dung and pine needles in combination with a conductive material was
found to exhibit a methane concentration of >1000 ppm from the 10th day onwards. In all
the systems during the initial phase, both the current and methane production were low,
which may be due to the lag period stabilization of digesters. Moreover, the voltage of the
system and methane production slowly started decreasing after 30th days in the digesters
with cow dung with pine needles, whereas this decline in the other two systems was found
after the 35th day, which may be either due to the deficiency of the substrate in the system
or due to the accumulation of ammonia and other substances.
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3.5. Continue Scale-Up Studies

The results from the continuous AD process showed that the digester having cow
dung, pine needle, and the conductive material in combination exhibited a maximum
voltage of 0.76 ± 0.012 V on the 21st day of AD, while the digester with only cow dung
exhibited a maximum voltage of 0.62 ± 0.015 V on the 22nd day of AD (Figure 5a) and
was almost the same in the remaining period of the AD process. The digester with cow
dung in combination with pine needles exhibited a remarkably low current throughout
the digestion, with a maximum of 0.36 ± 0.012 V on the 24th day of AD (Figure 5a), and it
was nearly unchanged in the remaining period of the AD process. Methane production
was observed to be >1000 ppm for the digester with cow dung only and the digester with
cow dung, needle, and conductive materials on the 15th day and the 10th day of AD,
respectively, and it was unchanged in the remaining period of the AD process. The digester
with cow dung exhibited a methane concentration >1000 ppm on the 20th day of AD and
was constant thereafter. It was observed that up to the 6th day, the current–voltage and
methane production was low in the digesters; this may be due to the initial stabilization of
microbial communities in the digesters.

The co-substrate digestion of cow dung and pine needles had a higher biogas yield
in comparison to cow dung slurry only, which was further improved by the addition of
conducting materials like graphite. The main outcome of previous research suggested that
C/N has a prominent role in biogas production and anaerobic digestion. In the current
work, the addition of graphite and pine needles possibly maintained the C/N ratio of
feedstock along with improving the buffer capacity and electron transfer rate of the system.
Some of the reports have also emphasized that carbon provides habitat to microflora
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and improves microbial activity. This work has shown the possible valorization of waste
biomass like cow dung and pine needles for energy generation. The residues generated
after digestion can also be used as biofertilizers.
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Both models were evaluated for model fitness and suitability for consideration. ANOVA
analysis revealed that the ‘p-values’ of the batch model and the continuous model were
0.0004 and 0.00037. For model fitness, the p-value must be below 0.05, and both batch and
continuous models had lower than 0.05, which evidently suggests that the model is fit for
consideration. In addition, correlation analysis also revealed that biogas, as well as voltage
generation, had a high correlation with digestion time, at a significance level of 0.001.

3.6. Economic Feasibility Analysis

The experimental trials were run with cow dung as the main substrate, pine needles as
the co-substrate, and graphite powder as the conducting material. Therefore, a comparative
assessment was conducted with cow dung, pine needle, and graphite powder (set 1); cow
dung and pine needle (set 2); and cow dung (set 3). At the bench scale, the fabrication
cost was INR 21.76 per digester (USD 0.26), while the operational cost was INR 56.59 per
digester (USD 0.68) including a power requirement of 180 units. The digester operation
resulted in a maximum voltage of 0.77 V on the 30th day and a biogas yield of more than
706.3 mg.m3 on the 7th day, while in sets 2 and 3, the time for similar biogas yields was the
25th day and the 12th day. Similarly, the maximum voltage was 0.3 V in set 2 and 0.45 V
in set 3.

Additionally, in the bench scale trial, the fabrication cost per digester was INR 92.17
(USD 1.11), and the operational cost was INR 75.17 (USD 0.90). The variation in voltage
exhibited a similar pattern, as the maximum voltage rates in sets 1, 2, and 3 were 0.76 V
(21st day), 0.36 V (24th day), and 0.62 V (22nd day). Also, in biogas, the maximum yield was
on the 10th day (set 1), the 20th day (set 2), and the 15th day (set 3). The greatest highlight
of this work was the use of plastic containers; forest litter; and electronic waste like jerry
cans, plastic bottles, pine needles, and graphite rods. These waste materials reduced the
fabrication cost of the digester by approximately 40% (lab scale) and 68% (bench scale).

4. Discussion

Agricultural biomass has high potential due to the high concentration of organic
nutrients like carbohydrates, proteins, and minerals. Previous works have revealed that
the microbial digestion of waste materials can be cost-effective in fuel production [46,47].
The current work also explored the potential of cow dung and pine needles as a potential
feed for biogas and electricity generation. Previous researchers have established that the
suitable hydraulic retention time (HRT) ranges from 30 to 40 days for mesophilic anaerobic
digesters [48]. Faria [49] employed reactors with HRT values ranging from 7.5 to 16 days
and organic volumetric loads of 20 to 35 g COD/L.d for methane production. However, the
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average HRT varies depending on the digester and the type of substrate used in digestion,
spanning from 2 to 30 days [50]. The low production of methane in the initial 3–6 days can
be considered a lag period of microbial communities present in the digester [51]. The major
hindrance in anaerobic digestion is the transfer of electrons. The addition of conductive
materials has been previously well recognized to enhance the AD process through the DIET
mechanism from various substrates to produce methane and other products [52,53]. In the
DIET mechanism, electrons are directly transferred between microorganisms that oxidize
volatile fatty acids and methanogens, minimizing electron losses [54,55]. Ruan et al. [56]
enhanced the performance of an anaerobic reactor by adding scrap iron, resulting in
a 1.5-fold improvement in chemical oxygen demand removal efficiency and a 1.4-fold
increase in methane yield. In addition to these, multiple investigations have shown that
the development of DIET mechanisms and the inclusion of conductive materials, such as
granular activated carbon and semi-conductive iron oxide minerals, resulted in enhanced
methane generation [55,57,58]. Graphite rods as conductive material could be utilized
as a component of digesters because of their excellent surface, which is favorable for the
growth of current-generating biofilms in MFCs [52,59,60]. Furthermore, previous reports
have suggested that graphite plays a vital role in the transfer of electrons in the AD
process [61,62] and can substitute PilA or OmcS for electron transfer [63]. In the current
work, it was observed that higher concentrations of pine needles impeded the anaerobic
digestion process due to the presence of inaccessible lignin. To address this challenge,
various conductive materials were tested to enhance anaerobic digestion and facilitate
simultaneous electricity production.

The batch experimentation using MFCs showed that the system with iron–graphite
rods increased biogas production by 22.4% and led to an 11% increase in the VSS removal
under the applied voltage of 0.3 V [64]. MFCs for the dye decolorization of acid red 27
were reported to produce a power density of 940.3 ± 4.2 mW m−2 in the presence of
clinoptilolite fine powder-coated graphite felt bioanode, which was greater than the system
with bare graphite felt bioanode (458.8 ± 5.0 mW m−2) [65]. In another study, conductive
Fe3O4 was suggested to support the DIET between Syntrophomonas and Methanosaeta for
accelerating the anaerobic digestion of waste sludge [66]. The DIET via graphene was
reported to enhance methane yield by 25% and its production rate by 20% in the AD of
ethanol [61]. In an experiment on electrical conductivity, when graphite felt was added to a
semi-continuous reactor, the DIET was enhanced for the degradation of propionate and
butyrate to yield CH4. The results from the study showed that CH4 production and the
production rate increased by 19.1% and 16.7%, respectively. Furthermore, the microbial
community analysis of the digester revealed that the relative abundance of Geobacter,
Methanosaeta, and Methanosarcina species was greatly improved in the presence of graphite
felt, which could participate in the DIET [54]. Conductive carbon cloth was observed to
be very effective in stimulating the syntrophic conversion of ethanol to methane in mixed
cultures. Moreover, it could readily be incorporated as part of the anaerobic digester design
to provide a permanent conductive conduit for syntrophic metabolism [67]. Considering
the available literature, the current work showed comparable results to previous studies.
Obileke et al. [68] reported that the investment cost for a biogas digester was USD 1623.41.
The digester provided a total methane production of 630 mL·g−1. Al-Wahaibi et al. [69]
also used municipal solid wastes as feedstock for biogas production. The process had a
break-even cost of USD 0.2944 m−3 and a positive net present value of USD 3108.

The current work mainly emphasized waste reusability not only for biogas and elec-
tricity production but also in the fabrication of digesters, which not only reduces the
production cost but also has the potential for waste resource reclamation. For hilly areas,
pine needles are one of the most prominent forest litter, accumulated in abundance. In
addition, a higher lignin content makes the degradation of pine needles difficult and hence
pine needles remain in the environment for longer periods. A combination of cow dung
and pine needles in anaerobic digestion provided higher energy output in comparison
to cow dung and pine needles alone. Both batch and continuous digestion revealed a



BioTech 2024, 13, 35 11 of 14

maximum voltage output in the presence of 5 mM powdered graphite followed by 15 mM
activated charcoal and 25 mM biochar. The maximum voltages observed in the presence
of graphite powder were 1.5-fold and 1.3-fold higher than the control (in the absence of
graphite). This work emphasized the utilization of waste for green energy generation along
with the recycling of waste resources like plastic containers, graphite rods, and metal wires
(from exhausted batteries) discarded from household and industrial processes.

5. Conclusions

The current investigation focused on the effect of conductive materials such as graphite
powder, activated charcoal powder, and biochar powder on the AD of lignin-rich pine
needles. The results revealed that a conductive material enhanced the AD of pine needles,
which was investigated in terms of current production and methane production in batch
and continuous AD processes. The time duration for the maximum current production and
methane production was also shortened by the conductive materials for the AD of pine
needles. In addition, the fabrication of the system included waste residues from different
sources like graphite rods, etc., suggesting the recycling and reutilization of waste, which
can improve the process economics and contribute to a circular economy. Large-scale trials
are also needed with such an approach for the commercialization of the process.
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