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Abstract: Banana waste, a lignocellulosic waste material, is generated in large quantities around the
world. High Solids Anaerobic Digestion (HS-AD) of lignocellulosic waste can recover energy and
reduce its environmental impacts. However, high carbon/nitrogen ratios and low water content
in HS-AD can potentially cause system acidification and/or failure. This study investigated the
addition of biochar to enhance the performance of HS-AD of mixed banana waste (peel, stem, and
leaf). Biochemical methane potential assays with varying biochar dosages (2.5–30%) showed that
10% biochar addition increased methane yields by 7% compared with unamended controls. Semi-
continuous HS-AD studies, without and with 10% biochar addition, were conducted at varying solids
retention times (42, 35, and 28 days) for long-term performance evaluation. Biochar addition reduced
volatile fatty acid accumulation, improved system stability, and increased methane production by
20–47%. The nutrient content of digestate from HS-AD of banana waste indicated its potential use
as a bio-fertilizer. Life cycle assessment results showed that biochar addition to HS-AD resulted in
greater environmental benefits in most categories compared with the unamended control, including
eutrophication, ecotoxicity, and fossil fuel depletion when biochar was available within a radius of
8830 km.

Keywords: biochar; high solids anaerobic digestion; lignocellulosic banana waste; methane; life
cycle assessment

1. Introduction

Lignocellulosic waste materials are promising feedstocks for renewable energy pro-
duction. Banana waste, including peels, leaves, pseudo-stems, and stalks, is a typical
lignocellulosic waste. Banana leaf contains 16.5% lignin, 22.4% hemicellulose, 39.2% cel-
lulose, and 5.2% ash [1], while the main organic components of banana stem are 30.08%
cellulose, 27.79% hemicellulose, and 6.08% lignin [2], and banana peel contains 83.0%
carbohydrate and 16.9% lignin [3]. It is estimated that 288 million tons of banana waste are
produced worldwide annually [4]. However, in many regions, banana waste is discarded
directly into nearby rivers, ponds, or low-lying areas. Degradation of banana waste emits
greenhouse gases, produces odors, and spreads mosquitoes and pathogens [5]. In addition,
leachate percolating through banana waste dump sites has high organic matter and nutrient
concentrations, leading to serious contamination of water bodies.

Anaerobic Digestion (AD) is a cost-effective energy-recovery technology, which can
reduce environmental pollution and generate economic benefits. Previous studies showed
that methane yields were 227–294 L/kg Volatile Solids (VS) for banana peel and 188–334 L/kg
VS for banana stem [5,6]. Based on Total Solid (TS) content, AD can be classified as low solids
(LS-AD, <15% TS) and high solids (HS-AD, >15% TS) [7]. HS-AD is an attractive alternative for
bioenergy recovery from lignocellulosic waste materials, because it has lower reactor volume
and water requirements, reduced leachate generation, and enhanced pathogen removal than
LS-AD [8]. However, the relatively low moisture content in HS-AD systems results in a
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greater risk of Volatile Fatty Acid (VFA) accumulation due to its low dilution, insufficient
mixing, and poor mass transfer conditions, which inhibits methanogenic activity. A prior
study found that increasing TS content from 2% to 16% decreased methane yields [6]. In
addition, banana waste has a relatively high C/N ratio: 26–39 for peel [9,10], 29–40 for
leaf [11,12], and 27–78 for stem [13,14]. This is higher than the optimal C/N value of 25 for
AD [15]. A high C/N can result in VFA accumulation and system acidification, especially
in HS-AD systems.

Adding low-cost adsorbent materials, such as biochar, to HS-AD of lignocellulosic
banana waste has the potential to prevent microbial inhibition and enhance system stability.
Biochar is a byproduct of pyrolysis of organic feedstocks, such as agricultural residuals,
at high temperature under oxygen limited conditions. Biochar has a high surface area,
porous structure, and active surface functional groups. Previous studies showed that
applying biochar to LS-AD systems improved pH buffering capacity by adsorbing VFAs
and providing attachment surfaces for microbes, which enhanced methane yields [16].
Direct Interspecies Electron Transfer (DIET) is another pathway that may be enhanced by
biochar addition. During DIET, microorganisms attached to the biochar surface capture
electrons to form the final products of methane and carbon dioxide (CO2), without interme-
diate product formation and consumption, resulting in a faster and energetically favorable
methanogenesis process [17]. Previous studies showed that biochar addition to LS-AD of
food waste and sewage sludge increased methane yield by 33% through DIET [18].

Life Cycle Assessment (LCA) is a well-established methodology for evaluating the
environmental impacts of a process. LCA has been previously applied to assess the
environmental impacts of lignocellulosic biomass utilization, AD processes, and integration
of AD and biochar pyrolysis [19,20]. For example, Li and Feng [21] pyrolyzed AD digestate
to produce biochar for land use and bio-oil/syngas for heating AD reactors. They found
that integrating AD and pyrolysis had a higher environmental burden than AD alone, but
lower than pyrolysis only. However, few LCA studies have been conducted to investigate
the environmental trade-offs of AD with or without biochar, particularly for HS-AD of
lignocellulosic waste.

Although AD of banana waste for methane production has been previously investigated,
prior studies were mainly short-term experiments of approximately 1 to 3 months [6,22],
and the reported results were for separated banana waste. Studies of long-term methane
production potential from mixed banana waste with different organic compound compositions
are still limited. In addition, although biochar addition to LS-AD reactors has been evaluated
to improve system performance, few studies investigated the effects of biochar addition on
HS-AD system performance, especially for mixed lignocellulosic waste. To fully understand
the potential influences of biochar addition on long-term (~1 year) system performance and
environmental impacts of HS-AD of mixed lignocellulosic banana waste, both experimental
studies and LCA were conducted, with the aim of providing a reliable reference for design
and operation of full-scale biochar-amended HS-AD of lignocellulosic waste. Specific
objectives were to investigate: (1) biochar dosages on methane yields; (2) long-term HS-
AD system performance with and without biochar addition, in terms of methane yield,
digestate quality, and system stability; (3) biochar addition on environmental impacts of
HS-AD through LCA.

2. Materials and Methods
2.1. Substrate, Inoculum, and Biochar Preparation

Banana waste, including peel, stem, and leaf, was obtained from a residential home
in Tampa, FL, USA. Banana waste was cut manually to a particle size of ~6 × 6 mm,
air-dried at 37 ◦C in a constant temperature room to achieve TS of ~20%, and stored at
4 ◦C before use. The inoculum used in this study was dewatered effluent sludge from
a mesophilic LS-AD system at the Northeast Water Reclamation Facility in Clearwater,
FL, USA. Biochar used in this study was a commercially available product obtained from
Biochar Supreme Inc. (Everson, WA, USA). It was produced from soft wood waste (chipped
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Douglas Fir) using updraft gasification at 480–540 ◦C and a residence time less than 20 s.
Biochar was washed with Deionized Water (DI) and dried before use. Characteristics of
banana waste, dewatered sludge, and biochar are shown in Table A1.

2.2. Batch High Solids Anaerobic Digestion Experiments

Three sets of high solids batch Biochemical Methane Potential (BMP) assays modified
from conventional low solids BMP design [23] were carried out to investigate biochar
addition on methane production (Table A2). The first set was a long-term (345 days)
biochar control assay (no chemical analysis) to evaluate the methane production potential
of biochar itself. Most prior studies assumed that the organic substrates in biochar were
persistent and unavailable [24,25]. This study aimed to confirm the non-bioavailability of
organic carbon in biochar. In this first assay, two BMP reactors (inoculum only, inoculum +
10% biochar) were set up. The second set of BMP assays was used to investigate biochar
dosage on methane production from banana waste. Biochar dosages of 10% and 30% were
chosen based on our preliminary VFA adsorption test (Figure A1). Banana peel, stem, and
leaf were mixed at a ratio of 1:1:1 [by dry mass] as the substrate. Inoculum was added to the
mixed banana waste at a Substrate/Inoculum (S/I) ratio of 1:1 by VS. Three BMP reactors
(without biochar addition as control, 10% biochar addition, 30% biochar addition [by dry
mass]) were set up for methane production. Blank reactors containing only inoculum
were used to correct for methane produced from the inoculum. Based on the results from
second set of BMP assays (Section 3.1.1), the optimal biochar addition dosage was 10%. To
evaluate the effects of lower biochar dosage on methane production, a third set of BMP
assays with lower biochar dosages of 2.5–10% was conducted to further identify the best
biochar dosage.

Each BMP reactor consisted of six replicates, with duplicate bottles sacrificed on Day
7, Day 21, and the final day. All BMP reactors were set up in 250 mL glass serum bottles.
A mixture of oyster shell and sodium bicarbonate at the ratio of 3:2 with alkalinity of 3 g
CaCO3 was added to each reactor as an alkalinity supplement [26]. DI water was added as
needed to adjust the mixture TS content to 20%. All reactors were purged with nitrogen
gas and sealed with silicon septa and aluminum crimp caps to create anaerobic conditions.
All reactors were incubated in a constant temperature room at 35 ◦C.

2.3. Semi-Continuous High Solids Anaerobic Digestion Experiments

Two identical 3.5 L HS-AD reactors were constructed from plastic buckets with screw-
on lids to evaluate long-term system performance (Figure A2). Each reactor was connected
to a 1 L SKC gas bag (Eighty Four, PA, USA) for methane content measurement and a
wet-tip gas meter (Nashville, TN, USA) for recording biogas flow rate. The reactors were
initially seeded with dewatered AD effluent sludge from the Northeast Water Reclamation
Facility and fed with banana waste (peel: stem: leaf = 1:1:1 by dry mass). The reactors
contained a total mixture mass of approximately 1800 g at a TS content of 20%. Biochar
(10%, by dry mass) was added to one reactor to investigate biochar addition on methane
production and digestate quality. As poor methane yields were observed in the preliminary
semi-continuous experiments (Figures A3 and A4), NH4Cl was added to both reactors as a
nitrogen source to maintain a beneficial ammonia concentration of around 200 mg/L [27].
A micro-nutrient solution was added at a ratio of 1 mL/kg total wet weight to enhance
methane production [28]. The stock micro-nutrient solution contained FeCl2·6H2O (10 g/L),
CoCl2·6H2O (4 g/L), Na2MO4·2H2O (0.5 g/L), Ni (NO3)2·6H2O (5 g/L), Na2SeO3·5H2O
(0.7 g/L), ZnSO4·7H2O (0.9 g/L), CuCl2·2H2O (0.3 g/L), MnCl2·4H2O (2 g/L), and H3BO3
(0.05 g/L). Both reactors were operated at varying Solids Retention Times (SRTs) (42 d, 35 d,
and 28 d) at 35 ◦C for 12 months with organic loading rates of 3.5, 4.1, and 5.1 kg VS/m3/d,
respectively. A specific amount of digestate was wasted weekly to maintain the target SRT
and the wasted digestate was used for chemical analysis bi-weekly.
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2.4. Analytical Methods

For BMP assays, biogas volume was measured periodically until its production was
negligible. Biogas volume in batch BMP assays was measured using a frictionless syringe
(Cadence, Inc., Staunton, VA, USA). The methane content of the biogas in BMP assays was
determined by injecting 4 mL of biogas sample into an alkaline solution (3M NaOH) and
measuring the resulting liquid displacement. Biogas volume in semi-continuous experi-
ments was recorded daily using wet-tip gas meters (Nashville, TN, USA), and methane
content was measured every two days using a Gow Mac series 550 gas chromatograph
(Bethlehem, PA, USA) with a thermal conductivity detector and 10-foot, Q 80/100, 1/8-inch
stainless steel packed column. The injection, detection, and column temperatures were set
up at 100 ◦C, 100 ◦C, and 60 ◦C, respectively. High purity helium gas (Airgas, Inc., Radnor,
PA, USA) was used as the carrier gas at a flow rate of 40 mL/min. All gas volumes were
converted to standard conditions (0 ◦C and 1 atm).

Digestate from semi-continuous reactors was centrifuged and filtered through 0.45 µm
glass fiber filter paper for bi-weekly chemical analysis. The pH was measured using an
Orion 5 Star Multifunction Meter (Thermo Scientific, Waltham, MA, USA). Total Ammonia
Nitrogen (TAN) was measured using a Timberline TL-2800 Ammonia Analyzer (Timberline
Instrument, Boulder, CO, USA). Soluble COD (sCOD) was measured using Lovibond MR
test kits (0–1500 mg/L) (Tintometer Inc, Sarasota, FL, USA). VFA was measured using
Hach TNT plus 872 test kits (5–2500 mg/L). Standard Methods [29] were used to measure
alkalinity (2320B), TS and VS (2540).

For digestate quality analysis, digestates from both reactors were collected at the
end of each SRT condition and oven dried (100 ◦C). A 1% (mass/volume) suspension of
dried digestate was prepared by adding DI and shaking at 100 rpm for 2 h to measure pH.
Total nitrogen, phosphorus, and potassium content in the digestate was analyzed at the
University of Florida (UF), Institute of Food and Agricultural Sciences (IFAS) Analytical
Services Laboratories. Cation Exchange Capacity (CEC) of dried digestate was measured
using the Ammonium Acetate Method [30]. Water Holding Capacity (WHC) was measured
based on Werner, et al. [31].

Statistical significance was determined using GraphPad Prism software. Analysis
of Variance (ANOVA) was used for three group comparison (BMP studies): One-Way
nonparametric paired test (Friedman test) was carried out for comparing methane yields
and Two-Way ANOVA of Dunnett multiple comparison test with assumption of equal vari-
ability of differences was used for comparing chemical parameters. T-Test was used for two
group comparison (semi-continuous study): Nonparametric paired test (Wilcoxon matched-
pairs signed rank test) was used for comparing weekly methane yields and parametric test
assuming gaussian distribution and equal variance was used for chemical parameters.

2.5. Life Cycle Assessment
2.5.1. Goal and System Boundary

The goal of the LCA study was to compare the environmental impacts of HS-AD of
banana waste without and with biochar. Decentralized HS-AD reactors were proposed
to be constructed near banana farms for onsite treatment and resource recovery from
banana waste. The system boundary included banana waste grinding and transportation
to HS-AD reactors, HS-AD process, digestate utilization, and biochar production and
transportation (Figure 1). Construction and demolition of the AD system were not included.
The functional unit was 1 ton of dried banana waste with a TS content of approximately
20%. Detailed process flow diagrams are shown in Figure A5. For the analysis, SimaPro
PhD software (version 9.0), the Ecoinvent 3.2 database, and Tool for the Reduction and
Assessment of Chemicals and other environmental Impacts (TRACI 2.1 v1.07) impact
method by US EPA were used. For impact assessment indicators, global warming and fossil
fuel depletion potentials are strongly influenced by biochar production due to biochar’s
excellent carbon sequestration ability and renewable energy generation. Eutrophication and
ecotoxicity potentials are related to the performance of HS-AD coupled with a combined
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heat and power (CHP) unit for electricity and fertilizer production. Hence, global warming
potential, eutrophication, ecotoxicity, and fossil fuel depletion were considered as the major
impact categories.
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2.5.2. LCA Inventory

Experimental data from the semi-continuous reactors operated at an SRT of 35d were
adopted, including methane yield and digestate nutrient content. Data from other literature
sources were also used, as summarized in Table A3. Banana waste was assumed to be sun-
dried to a TS content of around 20%. Electricity consumption for banana waste grinding was
calculated from the average motor power capacity of agricultural grinders. The electricity
required for transporting banana waste to onsite HS-AD reactors was calculated based
on the average area of banana farms and the typical speed and horsepower of a medium
size bulldozer. The produced biogas was used to generate electricity and heat in a CHP
unit. The electricity and heat generation efficiencies were assumed as 39% and 46% of the
methane lower heating value (37 MJ/m3), respectively, which are the typical efficiencies
reported in previous studies [32]. The heat from the CHP unit was used to maintain the
HS-AD reactors at a constant temperature (35 ◦C) and the excess heat was directly released
without further use. The emission factors from the CHP unit were adopted from a prior
study [33]. The digestate was used as bio-fertilizer and directly spread on the soils for
enhancing banana growth. An average energy consumption of 22.7 MJ diesel/ton digestate
was used for spreading the digestate [34]. For biochar production, wood waste collection
and transportation were not included. Air emissions from construction of pyrolysis plant
was assumed as 0.22 ton CO2/ton of dry feedstock [35]. A pyrolysis temperature of
500 ◦C and heating residence time of 1 h were used for biochar production [36]. The
pyrolysis yields of biochar, syngas, and bio-oil were assumed to be 35%, 30%, and 35%,
respectively, which is the typical yield distribution of slow pyrolysis (temperature of 350–
700 ◦C, heating rate of 1–100 ◦C/s, and residence time from minutes to hours) [36,37]. The
energy consumption and pyrolysis emissions were based on previous studies [35,36,38,39].
For biochar transportation, a diesel truck with a loading capacity of 50,000 lb (22.68 ton)
and fuel efficiency of 5.5 mpg (2.3 km/L) [40] was considered. The biochar transportation
distances were varied to determine the threshold of beneficial effects of biochar addition
on environmental impact.
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3. Results and Discussion
3.1. Batch High Solids Anaerobic Digestion Experiments
3.1.1. Methane Production from Biochar

As shown in Figure 2a, biochar addition to the inoculum did not significantly increase
the cumulative methane production compared with inoculum only (p > 0.05), indicating
that biochar is not bioavailable for methane production. Previous research reported that
the carbon in biochar can persist for thousands of years due to its high carbonization [24].
Hence, in subsequent experiments, biochar was considered only as an adsorbent or biofilm
carrier instead of a carbon source for methanogenesis.
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3.1.2. Methane Production with Varying Biochar Dosages

As shown in Figure 2b, the cumulative methane yields were 340 ± 7, 364 ± 1, and
333 ± 10 mL CH4/g VS for B0, B10, and B30, respectively. Addition of 10% (~21 g/L)
biochar increased methane yield by 7% (p < 0.5), which was higher than the methane
yields reported in previous studies. For example, Gunaseelan [22] found that banana peel
produced a methane yield of 243–322 mL/g VS during LS-AD. Previous studies showed
that LS-AD of banana leaf and stem achieved methane yields of 46–56 mL/g VS [41,42] and
146 to 347 mL/g VS [2,43], respectively. Jokhio, et al. [44] found that batch LS-AD of mixed
banana waste (stem and leaf) achieved a methane yield of 48 mL/g VS. Zhang, et al. [45]
reported that the methane yield of HS-AD of banana stem was 232 mL/g VS. However, 30%
biochar addition (~62 g/L) had a negative impact on methane yield (p < 0.5) likely due to
VFA over-sequestration, which limited its availability for methanogenesis. Zhang, et al. [46]
also reported that increasing the dosage of corn-straw derived biochar from 6.2 to 26.1 g/L
increased methane production. However, further increase in biochar dosage to 34.2 g/L
decreased methane production.
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Chemical parameter changes during AD are shown in Table 1. pH and VFA/alkalinity
ratios (VFA/ALK) are essential indicators of AD stability. The optimal pH for AD is 6.5–
8.0 [47]. A VFA/ALK above 0.8 indicates system instability caused by acidification [48]. As
shown in Table 1, pH of all reactors decreased on Day 7, with an increase in VFA/ALK,
especially for B0 (>0.8), which was due to the rapid hydrolysis of banana waste during
the start-up period. Biochar addition (B10 and B30) significantly decreased VFA/ALK
compared with B0, especially on Day 7 (p < 0.05). The VFA concentration in B0 was
13,608 ± 679 mg/L on Day 7, which is higher than the inhibitory level of 10,000 mg/L [49].
Both 10% or 30% of biochar addition reduced VFA concentration to 8106 ± 344 mg/L and
7119 ± 176 mg/L, respectively, which reduced VFA inhibition to methanogens. However,
it is possible that biochar over-addition in B30 reduced VFA concentrations and limited
substrate availability to methanogens over the entire AD process (Figure 2b).

Table 1. Chemical parameter changes during batch HS-AD with biochar addition from 0 to 30%.

Day 0 Day 7 Day 30 Day 112

B0

pH 8.76 ± 0.007 8.59 ± 0.050 8.69 ± 0.007 8.94 ± 0.099
VFA (mg/L) 2421 ± 33 13,608 ± 679 1204 ± 22 1269 ± 11
ALK (mg/L) 16,470 ± 219 14,506 ± 361 17,396 ± 64 19,149 ± 511
VFA/ALK 0.15 ± 0.000 0.94 ± 0.023 0.07 ± 0.001 0.07 ± 0.001
sCOD (mg/L) 20,170 ± 495 22,760 ± 1213 8032 ± 375 7583 ± 195
TAN (mg/L) 1407 ± 93 1375 ± 9 1514 ± 82 578 ± 0.04
VSR (%) 19.1 ± 0.67

B10

pH 8.83 ± 0.028 8.53 ± 0.007 8.68 ± 0.021 8.84 ± 0.014
VFA (mg/L) 2858 ± 300 8106 ± 344 ** 1292 ± 5 1083 ± 21 **
ALK (mg/L) 17,606 ± 1829 14,757 ± 343 ** 19,556 ± 62 *** 19,425 ± 106
VFA/ALK 0.16 ± 0.000 0.55 ± 0.011 *** 0.07 ± 0.000 0.06 ± 0.001
sCOD (mg/L) 23,610 ± 2117 12,105 ± 78 ** 8925 ± 10 6030 ± 127 ***
TAN (mg/L) 1558 ± 5 690 ± 8 *** 1492 ± 15 606 ± 2
VSR (%) 26.5 ± 0.33 ***

B30

pH 8.88 ± 0.001 ** 8.60 ± 0.007 8.77 ± 0.014 ** 8.91 ± 0.035
VFA (mg/L) 1914 ± 140 * 7119 ± 176 ** 1016 ± 13 ** 804 ± 68 **
ALK (mg/L) 17,325 ± 1167 13,684 ± 188 * 18,638 ± 250* 18,750 ± 20
VFA/ALK 0.11 ± 0.001 *** 0.52 ± 0.079 ** 0.05 ± 0.000 0.04 ± 0.004 *
sCOD (mg/L) 14,905 ± 1633 * 10,728 ± 225 ** 7408 ± 499 * 4335 ± 64 ***
TAN (mg/L) 1522 ± 11 629 ± 6 *** 1362 ± 32 613 ± 2
VSR (%) 20.9 ± 0.64

Note: Statistical significance was analyzed for comparing the experimental group (B10 or B30) with the control
(B0). (* p < 0.05, ** p < 0.01, *** p < 0.001).

Ammonia is used as a nitrogen source for cell synthesis and provides part of alkalinity
for pH buffering. However, TAN concentrations above 1500–1700 mg/L can cause inhibi-
tion to methanogens [49]. As shown in Table 1, TAN concentrations in all BMP reactors
were in the range from 500 to 1700 mg/L during the entire AD process, which did not likely
cause ammonia inhibition.

Biochar addition, especially B30, significantly reduced initial sCOD concentration on
Day 0 (p < 0.05) due to adsorption. Biochar addition increased the final sCOD removals
to 74.5% (B10) and 70.9% (B30), compared with B0 (62.4%), which was likely due to the
combined effects of biodegradation and adsorption. VS Reduction (VSR) was correlated
with methane yields. B10 achieved the highest VSR of 26.5%. Kalia, Sonakya and Raizada [6]
found that AD (TS of 16%) of banana stem achieved 55% VSR at 37–40 ◦C. The lower
VSR in this study might be due to the different substrates (mixed banana waste) and
inoculum sources.

The cumulatively methane yields with biochar addition (0–10%) is shown in Figure 2c.
The addition of 5% (B5), 7.5% (B7.5), and 10% (B10) biochar significantly enhanced methane
yields (289–303 mL/g VS) compared with the control (B0) (259 mL/g VS) (p < 0.05). Although
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the final cumulative methane yields were similar between B5, B7.5, and B10, B10 had the
fastest methane production rate (p < 0.05). Therefore, 10% biochar addition was selected for
subsequent semi-continuous HS-AD studies.

3.2. Semi-Continuous HS-AD Experiments
3.2.1. Methane Yield and Chemical Analysis

Biochar addition significantly improved methane yields and system stability by 20–
47% (p < 0.05) (Figure 3a). Methane yields of B0 and B10 were 90 ± 26 and 132 ± 20 mL/g
VS at a SRT of 42 d, 129 ± 15 and 184 ± 10 mL/g VS at a SRT of 35 d, and 132 ± 10 and
158 ± 11 mL/g VS at a SRT of 28 d. Similar results were found in previous studies showing
that 3.75 g/L biochar addition to batch AD of mixed fruits (banana, mango, tomato, and
papaya) increased methane yields by 33% compared with the control with a methane yield
of ~150 mL/g VS [50]. For B10, when the SRT was decreased from 42 to 35 d, the increased
methane yield was likely due to the increased substrate availability, while the decreased
yield when SRT was further decreased to 28 d could have been due to the short biomass
retention time. A previous study by Kinyua, et al. [51] found that a methane yield of
LS-AD (TS of 40.7 g/L) of swine waste increased as the SRT decreased from 42 to 21 d
but then decreased when SRT was further decreased to 14 d. The high solids content and
lower biodegradability of the lignocellulosic wastes in the AD reactors in this study likely
extended the optimal SRT. For B0, methane yields gradually increased with a decreasing
SRT, which finally achieved a similar methane yield as that of B10 at a SRT of 42 d. This
was likely due to the long-term acclimation of the microbes.

VFA concentrations were 811–1862 mg/L for B0 and 519–1486 mg/L for B10 (Figure 3b).
A lower VFA concentration in B10 could have been due to VFA adsorption by biochar [52],
which significantly reduced acid stress to methanogens, especially when serious VFA accumu-
lation occurred in the preliminary experiment (Figures A3 and A4). Besides adsorption, as a
conductive material, biochar added to B10 potentially promoted DIET to stimulate VFA degra-
dation and enhance methane production [52]. Prior research showed that the Methanosaetaceae
family was able to facilitate DIET while attached on biochar surface [53].
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The pH of B0 and B10 was 8.3–8.8 (Figure 3c). Previous research showed that alkaline
functional groups on the biochar surface, such as ash-inorganic alkalis or organic alkalis,
can neutralize protons and partially diminish pH decline and acidification for enhanced
methane production [54]. However, no significant differences in pH by biochar addition
were observed in this study (p > 0.05). This is in agreement with the results reported by prior
studies [50,55]. As shown in Figure 3d, methane contents of B0 biogas were 50–58% and
biochar addition significantly increased methane content by 2–24%. A prior study showed
that biochar can adsorb CO2 from biogas resulting in increased methane content [56].
The higher CO2 content in B0 biogas may also decrease system pH and contribute to
acidification. Yang [52] found that biochar potentially provided a biofilm attachment
surface for a greater abundance of acetrotrophic methanogens in B10 for increased methane
content and yield. Methanogens (Methanosarcina and Methanosaeta) were found to be more
abundant in a biochar-amended reactor than the control in previous studies [16].

3.2.2. Digestate Quality

AD digestate is usually used as soil amendment. The quality of the two digestates
from the semi-continuous reactors is shown in Table 2. An alkaline pH of 10.7–10.9 was
observed for both digestates (p > 0.05), likely due to the formation of ammonium carbonate
and the existence of basic cations (such as Ca2+). Hence, the two digestates in this study
can potentially be used to neutralize the pH of acidic soils (pH < 6.5) or to grow alkaline
soil plants, such as asparagus.

WHC is an important physical index of soil, which refers to the amount of water
retained in soils. WHC is controlled mainly by the soil’s pore number/distribution and
surface area [57]. Biochar has been shown to effectively retain water in its pores due to its
high porosity and irregular shape [58]. Decreasing biochar particle size from the macro- to
micro-range can result in more available sites for water adsorption and higher WHC [58].
Previous studies showed that biochar can adsorb 10 times its weight in water and increase
soil WHC up to 30% [58]. In this study, B10 digestate showed a slightly higher WHC,
especially at a SRT of 42d (4.4 g/g for B10 and 3.8 g/g for B0, p < 0.05), which is likely due
to the addition of biochar with high WHC of ~27 g/g [59]. Both digestates had a higher
WHC than typical values for soil (0.3–0.5 g/g) [57].

CEC is an indicator of soil nutrient holding capacity. A slightly lower CEC was
observed in B10 digestate than B0 digestate, especially at a SRT of 28 d (p < 0.05), which is
caused by the addition of biochar with low CEC of 3 cmol/kg. Decreasing the SRT decreased
the CEC capacity from 38 to 29 cmol/kg for B0 digestate and 37 to 26 cmol/kg for B10



Sustainability 2023, 15, 6832 10 of 20

digestate, which is likely due to insufficient organic matter degradation and high cation
concentrations remaining in digestates at the shorter SRT. The CECs of the two digestates
in this study were comparable with a bioorganic fertilizer (31.5–36.0 cmol/kg) [60].

Nitrogen, phosphorus, and potassium are primary nutrients in fertilizer. B0 and B10
digestates had similar TN (1.7–2.4%), TP (0.3–0.4%), and TK contents (3.2–4.7%) (p > 0.05).
Raw banana waste has been shown to have a TN of ~1.33% (1.05% for peel, 1.65% for leaf,
and 1.28% for stem) [2,9,61]. Nitrogen source addition for enhancing methane yield most
likely contributed to the additional TN of ~0.74% in the digestate. Overall, decreasing the SRT
increased the digestate nutrient contents, which was likely due to lower nutrient utilization
at shorter SRT. The ratio of TN:TP:TK of the two digestates was 6:1:12–13. Prior studies
showed that a suitable TN:TP:TK ratio for growing bananas is 3–8:1:10 [62,63], indicating
that digestates in this study are a promising fertilizer for banana growth. Compared with
the bioorganic fertilizer [64], both digestates had a higher TN and TK values and a lower TP
value, which is likely due to the low phosphorus content in raw banana waste [61]. However,
a comparison of the total nutrient content (5.5–7.3%) of the two digestates to the bioorganic
fertilizer (6%) demonstrates their potential to enhance crop growth.

Table 2. Digestate quality.

SRT
(d)

Digestate pH WHC
(g/g)

CEC
(cmol/kg)

Nutrient Content (%)

TN TP TK

42
B0 digestate 10.7 ± 0.01 3.8 ± 0.22 38 ± 0.8 1.71 0.44 3.73
B10 digestate 10.7 ± 0.00 4.4 ± 0.10 * 37 ± 2.2 1.81 0.42 3.23

35
B0 digestate 10.8 ± 0.00 4.0 ± 0.06 30 ± 0.1 1.99 0.29 4.69
B10 digestate 10.7 ± 0.00 4.3 ± 0.18 29 ± 0.6 2.01 0.28 4.32

28
B0 digestate 10.9 ± 0.00 3.9 ± 0.17 29 ± 1.1 2.38 0.31 4.61
B10 digestate 10.8 ± 0.00 4.0 ± 0.26 26 ± 0.3 * 2.11 0.31 4.69

Bio-fertilizer [64] NA NA NA 1.60 2.55 1.90

Note: NA = not applicable, SRT = solids retention time, WHC = water holding capacity, CEC = cation exchange
capacity, TN = total nitrogen, TP = total phosphorus, TK = total potassium. Statistical significance was analyzed
for comparing B10 with the control (B0). (* p < 0.05).

3.3. Life Cycle Environmental Impacts

Results from the LCA for the two HS-AD scenarios (B0 and B10) are shown in Figure 4.
Two biochar transportation cases were considered for B10: (1) no transportation (T = 0 km)
case assuming biochar production using potential feedstocks at hand (such as banana waste)
or high proximity of biochar manufactures and banana farms; (2) threshold transportation
(T = 8830 km) case when environmental impacts overshadowed the benefit associated with
biochar amendment. As shown in Figure 4, B0 showed net environmental benefits in all
categories while B10 showed net environmental burdens in global warming potential but
higher net environmental benefits in eutrophication, ecotoxicity, and fossil fuel depletion
categories. Electricity required for banana waste grinding and transportation was the major
contributor to the environmental burden for all categories. The environmental benefits
were mainly due to electricity and fertilizer produced. Biochar transportation distance
mainly affected fossil fuel depletion due to diesel consumption.
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For fossil fuel depletion (Figure 4a), the electricity generated by the CHP unit offset
the electricity consumed for banana waste grinding and transportation. The recovered
fertilizers avoided fossil fuel depletion of ~10.3 MJ surplus/FU. Without considering
biochar transportation, biochar addition to B10 brought additional environmental benefits
due to the production of syngas and bio-oil during pyrolysis. Syngas and bio-oil are
renewable and ecofriendly energy products, which are promising alternatives for replacing
fossil fuels. However, B10 did not show net environmental benefits compared with B0
when the biochar transportation distance was longer than 8830 km.

For global warming potential (Figure 4b), electricity consumption resulted in 34.4 kg
CO2 eq/FU, likely due to the combustion of fossil fuels for electricity generation. The energy
mix for electricity used in this study was 40% natural gas, 19% coal, 20% nuclear and 20%
renewables (EIA, 2021). The combustion of coal and natural gas can emit approximately 1.15
tons of CO2 per MWh electricity generated and 0.75 tons of CO2 per MWh, respectively [65].
Air emissions from the CHP units were another source for the global warming potential
due to greenhouse gas emission. For environmental benefits, the generated electricity
avoided 29.1 kg CO2 eq/FU for B0 and 43.0 kg CO2 eq/FU for B10. Recovered fertilizers
from both scenarios offset 10.3–10.9 kg CO2 eq/FU, because the greenhouse gas emission
during chemical fertilizer manufacture was avoided, such as nitrous oxide emissions.
Compared with B0, biochar addition significantly improved electricity generation by
enhancing methane production. However, biochar manufacture, especially the energy
consumption during pyrolysis, caused large quantities of greenhouse gas emission, which
caused a slight net environmental burden for B10. To reduce global warming associated
with biochar production, prior studies showed that increasing the recalcitrant carbon yield
of biochar rather than the bioenergy during pyrolysis, especially in regions with poor soils,
can enhance the mitigation of climate change [66]. Biochar addition to soil can enhance
soil carbon sequestration [67]. For example, biochar addition improved soil structure, such
as increasing the surface area and water/nutrient holding capacities, which enhanced
microbial growth and activity for a higher microbial biomass with fixed carbon [68]. The
enhanced crop growth also reduced fertilizer demand and utilization as well as increasing
the photosynthesis effect for carbon capture [67]. Hence, optimizing pyrolysis conditions
for increased recalcitrant biochar yield and considering crop (banana) growth in LCA is
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recommended for future research. Increasing biochar transportation could further increase
global warming (20.2 to 21.0 kg CO2 eq/FU).

Eutrophication and ecotoxicity potentials showed similar trends (Figure 4c,d). Electric-
ity consumption contributed a 0.038 kg N eq/FU for eutrophication and 103.8 CTUe/FU for
ecotoxicity. The combustion and mining of fossil fuels for electricity production can emit ni-
trogen oxides and release a significant amount of phosphate to water bodies, contributing to
eutrophication [69]. In addition, fossil fuel mining can release heavy metals, such as nickel
and mercury. Coal ash after combustion contains various types of metals, such as mercury
and cadmium. Without proper management, these toxic contaminants can highly pollute
environment and affect human health [69]. The recovered fertilizer offset ecotoxicity by
avoiding the release of heavy metals during raw material mining and fertilizer processing.
Although biochar application had a slight eutrophication potential of 0.015 kg N eq/FU
and ecotoxicity of 37.4 CTUe/FU, it significantly enhanced energy recovery, resulting in
higher net environmental benefits compared with B0. Biochar transportation distance did
not have a significant effect on these two impact categories.

4. Conclusions

The addition of 10% biochar was the optimal dosage for methanogenesis enhancement.
Biochar addition to HS-AD of lignocellulosic banana waste improved system stability
and enhanced methane production by 20–47% with weekly methane yields increasing
from 90–132 mL/g VS to 132–184 mL/g VS. The improved performance was likely due to
several factors: (1) Biochar addition significantly reduced VFA stress to methanogens at all
SRT conditions; (2) Biochar potentially promoted DIET to stimulate VFA degradation and
enhance methane production; (3) Biochar also potentially provided a biofilm attachment
surface for methanogens for increased methane content and yield. Digestate from both
biochar unamended and amended HS-AD reactors of banana waste can potentially be
used as bioorganic fertilizer for neutralizing acidic soil or growing alkaline soil plants.
The high nutrient (TN and TK) contents, WHC, and CEC of the digestate indicated its
potential for improving soil quality and crop growth. Biochar addition to HS-AD had
higher environmental benefits in eutrophication and ecotoxicity categories due to enhanced
electricity generation. Biochar addition also decreased fossil fuel depletion when the
transportation distance is shorter than 8830 km. However, biochar addition increased
global warming potential compared with the control due to the energy consumption during
biochar manufacture.
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Figure A1. Preliminary VFA adsorption by biochar test.

Based on this test, the VFA adsorption capacity of biochar was 63 mg/g. To reduce
VFA concentrations from 14,000 mg/L (observed in preliminary BMP test) to 10,000 mg/L
(inhibitory level), ~6 g (30% by dry mass) of biochar needs to be added to the BMP reactors
containing 20 g TS.
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After this study, a nitrogen source and trace element solution were added to the
semi-continuous HS-AD reactors to improve methane yields.
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Table A1. Characteristics of substrate, dewatered sludge, and biochar.

Banana Peel Banana Stem Banana Leaf Dewatered Sludge

TS (%) 12 ± 0.3 9 ± 0.3 27 ± 3.7 19 ± 0.2
VS (%) 10 ± 0.4 8 ± 0.3 24 ± 3.3 13 ± 0.1
VS/TS 0.82 0.89 0.89 0.72

Biochar

Particle size Bulk density Electrical
conductivity pH

Cation
exchange
capacity

Surface area Pore volume

0.15–3 mm 0.09 g/cm3 50.7 µS/cm 9.4 3 cmol/kg 467 m2/g 0.029 cc/g
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Table A2. Experimental conditions for batch high solids anerobic digestion experiments.

Biochar
Dosage
(By Dry
Mass)

Temperature
(◦C)

S/I
(VS Basis)

TS
(%)

Banana
Waste
(g VS)

1 10% 35 NA 20 0

2
0

35 1:1 20 710%
30%

3

0

35 1:1 20 7
2.5%
5%

7.5%
10%

Note: NA = Not Applicable.

Table A3. LCA inventory without/with biochar addition.

Process

Biochar production

Input
Wood waste (dry) (ton) 2.86
Pretreatment/grinding Electricity (kWh) a 124.7

Pyrolysis Electricity (kWh) b 1080
Liquid nitrogen (g) c 81

Output
Biochar (ton) d 1.00
Syngas (ton) d 0.89
Bio-oil (ton) d 1.00

Air emissions e

CO2 (kg) 111
CH4 (kg) 12.2
H2 (kg) 0.1
N2O (kg) 0.025
NOx (kg) 0.0102
SO2 (kg) 0.120
SOx (kg) 0.099
NMVOC (kg) 0.124
CO2 (kg) f 629

HS-AD

Control Biochar-amended
Input
Banana waste (dry with TS 20%) 1 1
Pretreatment and
transportation Electricity (kWh) g 43.6 43.6

Biochar (kg) 0 16.8
Output
CH4 (m3) 25 37
Digestate, modeled as avoided N fertilizer as N (kg) 2.23 2.41
Digestate, modeled as avoided P fertilizer as P2O5 (kg) 0.73 0.76
Digestate, modeled as avoided K fertilizer as K2O (kg) 6.33 6.23
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Table A3. Cont.

Process

CHP

Control Biochar-amended
Input
CH4 (m3) 25 37
Output
Electricity (kWh) 100.2 148.3
NOx (g) 186.9 276.5
UHC (g) 308.0 455.9
NMVOC (g) 9.3 13.7
CH4 (g) 401.5 594.1
CO (g) 286.8 424.4
N2O (g) 1.5 2.2
SO2 (g) 17.6 26.0

Emissions h

Formaldehyde (g) 8.0 11.9
Acetaldehyde (g) 0.1 0.2
Acrolein (g) 9.3 × 10−4 1.4× 10−3

Propanal (g) 2.1 × 10−2 3.1 × 10−2

Acetone (g) 2.1 × 10−2 3.1 × 10−2

Butanal (g) 9.3 × 10−4 1.4 × 10−3

Pentanal (g) 9.3 × 10−4 1.4 × 10−3

Hexanal (g) 9.3 × 10−4 1.4 × 10−3

Benzaldehyde (g) 1.2 × 10−2 1.8 × 10−2

PAH (g) 3.9 × 10−6 5.7 × 10−6

Naphthalene (g) 4.2 × 10−3 6.3 × 10−3

HCB (g) 1.8 × 10−7 2.6 × 10−7

PCB (g) 1.8 × 10−10 2.6 × 10−10

Fertilizer spread
Control Biochar-amended

Input
diesel (MJ) i 2.44 2.48

a Electricity consumed for pyrolysis feedstock grinding was based on [38]. b Electricity consumed for pyrolysis
was based on Muñoz et al. (2017) [36]. c Nitrogen gas flow rate for pyrosis was assumed as 100 L/h and pyrolysis
residence time was 1 h. d Pyrolysis product distribution was based on [35]. e Air emissions from pyrolysis was
mainly based on [35,39]. f Emissions from the construction of pyrolysis plant were assumed as 0.22 ton CO2/ton
of dry feedstock [35]. g Agricultural grinders with the electric motor were assumed to have an average power of 9
kW and griding capacity of 500 kg/h. The average area of a banana farm is ~250 ha [70] and a medium bulldozer
has a 160-kW horsepower, 10 km/h of transport speed, and 2 ton of operating weight capacity. h Emission factor
was according to [33]. UHC: unspecified hydrocarbons; NMVOC: non-methane volatile organic compounds;
PCDD: Polychlorinated dibenzo-p-dioxins; PAH: Polycyclic Aromatic Hydrocarbon; HCB: Hexachlorobenzene;
PCB: Polychlorinated biphenyls [34]. i Diesel consumption for fertilizer spread is calculated based on [34].
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