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Abstract 

In rural Ghana, limited access to affordable, clean cooking fuels drives the need for decen-
tralised waste-to-energy solutions. Anaerobic co-digestion (AcoD) offers a viable route for 
transforming organic residues into renewable energy, with the added benefit of improved 
process stability resulting from substrate synergy. This study aims to evaluate the tech-
nical feasibility and stabilisation challenges of AcoD, using locally available fruit waste 
and beet molasses at a secondary school in Bedabour (Ghana). Biological methane poten-
tial (BMP) assays of different co-digestion mixtures were conducted at two inoculum-to-
substrate (I/S) ratios (2 and 4), identifying the highest yield (441.54 ± 45.98 NmL CH4/g 
VS) for a mixture of 75% fruit waste and 25% molasses at an I/S ratio of 4. Later, this 
mixture was tested in a 6 L semi-continuous AcoD reactor. Due to the high biodegrada-
bility of the substrates, volatile fatty acid (VFA) accumulation led to acidification and pro-
cess instability. Three low-cost mitigation strategies were evaluated: (i) carbonate addi-
tion using eggshell-derived sources, (ii) biochar supplementation to enhance buffering 
capacity, and (iii) the integration of a bioelectrochemical system (BES) into the AcoD re-
circulation loop. The BES was intended to support VFA removal and enhance methane 
recovery. Although they temporarily improved the biogas production, none of the strat-
egies ensured long-term pH stability of the AcoD process. The results underscore the syn-
ergistic potential of AcoD to enhance methane yields but also reveal critical stability lim-
itations under high-organic-loading conditions in low-buffering rural contexts. Future im-
plementation studies should integrate substrates with higher alkalinity or adjusted or-
ganic loading rates to ensure sustained performance. These findings provide field-
adapted insights for scaling-up AcoD as a viable renewable energy solution in resource-
constrained settings. 
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1. Introduction 
Fuel supply for cooking and heating represents a significant challenge in Ghana. 

Most of the energy for cooking comes from firewood, charcoal and liquefied petroleum 
gas (LPG), with firewood and LPG being the primary sources. However, this reliance 
leads to deforestation, health issues from indoor air pollution, and high carbon dioxide 
emissions [1,2], while rising fuel prices add financial strain on households, schools, and 
public facilities. There is an urgent need for cleaner, more sustainable, and affordable en-
ergy alternatives [3]. 

Anaerobic digestion (AD) is a promising solution, as it allows the conversion of or-
ganic waste into biogas and digestate. Biogas, primarily composed of methane (CH4) and 
carbon dioxide (CO2) [4], can be used as a fuel for cooking, heating, and electricity gener-
ation, [5] while digestate serves as a biofertiliser rich in macronutrients [6]. The AD pro-
cess occurs in four main stages: first, the hydrolysis phase, where complex organic matter 
is broken down into simpler molecules; second, the acidogenesis phase, where fermenta-
tive bacteria convert sugars, amino acids, and long-chain fatty acids into volatile fatty ac-
ids (VFAs); third, the acetogenesis phase, where acetogenic bacteria transform the VFAs 
into acetic acid, hydrogen (H2), and CO2; and finally, the methanogenesis, in which meth-
anogenic archaea convert the acetic acid and H2 into CH4 [7,8]. Anaerobic digesters are 
technologically simple and affordable, and can be installed using pre-existing infrastruc-
ture such as septic tanks, with minor modifications [9]. 

The stability and efficiency of AD depend strongly on the characteristics of the sub-
strates used. In particular, fruit and sugary residues are prone to acidification, due to their 
high biodegradability and rapid accumulation of VFAs. This acidification can inhibit 
methanogenesis and destabilise the process [10,11]. One widely used approach to mitigate 
this issue is co-digestion, which involves combining two or more substrates to improve 
nutrient balance, buffer capacity, and overall stability of the process. Co-digestion has 
been shown to enhance CH4 yields and process robustness [12]. 

The biological CH4 potential (BMP) test is a standardised method used to determine 
the CH4 production capacity of individual or mixed substrates, under controlled anaero-
bic conditions. The cumulative CH4 production is measured and normalised based on the 
volatile solids (VS) content of solid substrates, or the chemical oxygen demand (COD) of 
liquid substrates [13]. The BMP assay is a useful tool to characterise potential substrates 
for anaerobic co-digestion (AcoD) and optimise its operational parameters. It has been 
extensively used to test residues such as wastewaters [14–17], animal manure [18–20], and 
agro-food residues [8,21,22], among others. 

Although many studies have explored BMP and co-digestion in controlled settings, 
only a few have addressed these approaches under real-world conditions in rural sub-
Saharan Africa. In most cases, the information is theoretical [23,24] or relies on chemicals 
and amendments that would not be possible to implement in the field [25]. The present 
study aims to address this gap by evaluating AcoD strategies using real, locally available 
substrates in a specific case study: a secondary school in Bedabour in the Atwima Mponua 
District of Ghana’s Ashanti Region. The school currently consumes approximately two 
truckloads of firewood and 200 L of LPG per week for cooking. During the implementa-
tion of the European project SESA (Smart Energy Solutions for Africa), consultations with 
school staff and the surrounding community identified two organic waste streams that 
are regularly and freely available to the school: (i) fruit and vegetable residues from the 
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nearby Nkawie market and (ii) molasses, a sugar-rich byproduct from a local sugar refin-
ery that the school receives through an informal supply agreement. Although large vol-
umes of organic waste are generated across sub-Saharan Africa, their valorisation through 
AcoD remains limited due to financial, technical, and infrastructural constraints. In this 
case, the school plans to retrofit an existing septic tank to function as a digester. This so-
lution prioritises economic viability and ease of implementation, using existing infrastruc-
ture to overcome major barriers to AcoD deployment in rural regions. 

This study aims to address the critical need for context-specific AcoD strategies in 
low-resource rural settings by focusing on the real-life case study of a secondary school. 
To assess the feasibility of biogas production, the BMP of each substrate and their co-di-
gestion mixture (25% molasses and 75% fruits v/v) was evaluated. Additionally, to address 
the issue of acidification during the AcoD of these substrates, a second phase of the study 
involved operating a 6 L anaerobic digester to test three low-cost, locally implementable 
strategies. The proposed strategies were (i) enhancing initial alkalinity through the addi-
tion of carbonate, which could be achieved using eggshells; (ii) the incorporation of bio-
char, provided by another partner in the SESA project operating in the region; and (iii) 
removing the excess VFAs through the integration of a bioelectrochemical system (BES) 
into the AD recirculation loop. BES systems are characterised by the electrical stimulation 
of electro-active microorganisms, are capable of exchanging electrons with solid elements 
such as electrodes, and have been extensively applied for waste treatment and the opti-
misation of conventional AD processes [26,27]. 

The main gap this study seeks to address is the lack of applied, field-adapted co-
digestion strategies that are feasible in resource-limited settings and grounded in real sub-
strate availability. While numerous laboratory-scale studies exist, few have tested stabili-
sation techniques under the socio-economic and infrastructural constraints typical of rural 
African communities. This work contributes with practical, scalable, and evidence-based 
solutions that can support the sustainable deployment of AcoD technology in similar con-
texts, advancing both waste valorisation and access to renewable energy in developing 
regions. 

2. Materials and Methods 
2.1. Substrate and Inoculum 

Two different substrates were selected based on the availability of residues in Ghana: 
molasses from sugar beet and a fruit mixture. The molasses was sourced from the Toro 
sugar factory in Zamora, Spain, and, due to its high density, was diluted 1:1 with distilled 
water. Given that beet molasses is a relatively homogeneous byproduct regardless of their 
production site, the selection of a local supplier in Spain was based on logistical conven-
ience, ensuring consistent quality while minimising transportation constraints [28]. The 
fruit mixture was selected to reflect the typical types of fruit residues generated by the 
Nkawie fruit market. To ensure consistency and replicability across experiments, a de-
fined mixture was prepared using equal volumetric parts of plum (1/3), melon (1/3), and 
watermelon (1/3), chopped and blended until smooth, then used in both the BMP assays 
and the CSTR reactor. The inoculum used in the BMP assays was anaerobic sludge ob-
tained from the anaerobic digester of the wastewater treatment plant in Terrassa, Spain. 
All materials were stored in a cold chamber at 4 °C. In the case of the inoculum, only 
sludge stored for less than two weeks was used to ensure a viable and active microbial 
community. 

  



Sustainability 2025, 17, 7590 4 of 28 
 

2.2. BMP Assays 

An Automatic Methane Potential Test System (AMPTS II, BPC Instruments, Lund , 
Sweden) was used for BMP tests, consisting of 15 sealed reactors, each equipped with a 
CO2 absorption unit with NaOH solution and a gas volume measurement unit for stand-
ardised CH4 flow recording [29] (Supplementary Material, Figure S1). 

All experiments were carried out in triplicate with 350 mL of working volume, filled 
with the mixture of inoculum and substrate, and flushed with N2 for 10 min to ensure 
anaerobic conditions. They were incubated at 37 °C, and the experiments ended once gas 
flow was lower than 5 mL per bottle per day. The assays lasted between 15 and 20 days. 
Three negative controls (just inoculum) and three positive controls (inoculum and cellu-
lose microcrystalline) were performed to assess the endogenous CH4 production and the 
inoculum activity, respectively. 

Two different I/S ratios were tested for both substrates, calculated based on VS con-
centration. The first tested ratio was 2, which is commonly recommended for initial sub-
strate evaluations [30]. Given the high concentration of VFAs and the biodegradability of 
the substrates, a second test was conducted with a ratio of 4, which is more suitable for 
acidic substrates or those with high sugar and carbohydrate content [7,30–32]. Finally, 
based on the individual BMP results, a co-digestion experiment was conducted using a 
substrate mixture of 25% molasses and 75% fruit (v/v), diluted 1:1 with water, at an I/S 
ratio of 4. Due to the risk of acidification, the test at an I/S ratio of 2 was not performed in 
this case. Samples were taken before and after the BMP assays and analysed for pH, con-
ductivity, VFA/Alkalinity, alkalinity, VFAs, COD, ammonium, TN, VS, and TS. The re-
moval of VS and COD were calculated as the difference between the initial and final con-
centration, divided by the initial concentration, and expressed as a percentage. The exper-
imental scheme of the different combinations is shown in Table 1. 

Table 1. BMP assays performed for the three substrates, with two different I/S ratios. Experiments 
were performed in triplicate. The inoculum was the same for I/S 2 and 4, so the control (+) was not 
repeated for the I/S 4 trials. 

 I/S 2 I/S 4 
Control (−) C(−) C(−) 
Control (+) C(+) - 
Molasses M2 M4 
Fruits F2 F4 
Molasses/Fruits (25:75) - MF4 

The data from the gas recorder were collected at the end of the experiment and used 
to calculate the BMP (L CH4/g VS) according to Equation (1), where VS (L) is the accumu-
lated volume of CH4 in the reactor, VB (L) is the average volume of CH4 produced by the 
control (−), mIS (g or mg) is the total amount of inoculum in the sample, mIB (g or mg) is the 
total amount of inoculum in the control (−), and mvs,ss (g) is the amount of VS from the 
substrate contained in the reactor [33]. 

𝐵𝑀𝑃 =  𝑉ௌ − 𝑉஻ 𝑚୍ୗ𝑚୍୆𝑚୴ୱ,ୱୱ   (1)

Moreover, the experimental results were compared with the Gompertz model, a 
widely used model to assess AD [34]. In Equation (2), G(t) is the cumulative CH4 produc-
tion at digestion time t (mLCH4/g VS), G0 is the BMP of the substrate (mLCH4/g VS), Rmax 
is the maximum CH4 production rate (mLCH4/g VS/d), λ is the lag phase (days), t is the 
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digestion time (days), and e is the Euler’s number of approximately 2.71828. Excel’s Solver 
Tool was used for the determination of the kinetic constants, and all graphs were plotted 
in Excel. The model accuracy was assessed by the coefficient of determination R2 and the 
mean squared error (MSE) [35]. 𝐺ሺ௧ሻ = 𝐺଴ ∗ expሺ− expሺ𝑅୫ୟ୶ ∗ 𝑒𝐺଴ ሺ𝜆 − 𝑡ሻ ൅ 1ሻሻ (2)

2.3. AD Process Optimisation at Lab Scale 

After testing and analysing the substrates for biogas production, the optimal co-di-
gestion strategy was applied to operate a scaled-up continuously stirred tank reactor 
(CSTR). The AD reactor was a jacketed glass unit, with a total volume of 8 L and a working 
volume of 6 L (Scharlab S.L., Barcelona, Spain) with constant mixing provided through 
digestate recirculation (150 mL/min). The reactor lid included connections for slurry re-
circulation (inlet and outlet), a temperature probe (AMR, model FNA30L0250T, Safer In-
strumentación S.L., Bilbao, Spain), and a gas outflow line connected with a flow meter 
(BlueVCount flow meter, BlueSens, Herten, Germany). The flow meter measured the daily 
biogas production, which was then stored into an external gas bag for weekly composi-
tional analyses (O2, N2, CH4, CO2, H2S, H2). The AD reactor jacket was connected with a 
thermostatic bath, maintaining a constant internal temperature of 35 °C. Additionally, a 
pH probe (pH AMR, model FY96PHER, Safer Instrumentación S.L., Bilbao, Spain) was 
installed in the digestate recirculation line for monitoring and manual adjusting purposes 
(Figure 1). 

The reactor operated for 18 weeks with a hydraulic retention time (HRT) of 30 days. 
No pH control was applied during the operation. It was inoculated with 4.8 L of anaerobic 
sludge and collected at the local wastewater treatment plant, and 1.2 L of the optimal sub-
strate mixture was identified during the BMP tests. The mixture (S0) consisted of 75% fruit 
waste (equal volumetric parts of plum, melon, and watermelon, chopped and blended all 
together) and 25% molasses, diluted 1:1 with water. The mixture was sieved through a 2 
× 2 mm mesh to prevent clogging of the hydraulic circuit. 

 

Figure 1. Left, the scheme of the CSTR set-up. Right, a photo of the CSTR in the laboratory. 

During the initial 4 weeks, the reactor was fed with the S0 mixture, and periodic ad-
justments with 1 M NaOH were performed to stabilise pH and support methanogen 
growth (6.5–8). However, the reactor failed to stabilise and to produce biogas due to acid 
regression. Three low-cost strategies were tested to address this challenge, suitable for 
implementation at rural demonstration sites: (S1) increasing initial alkalinity using 
Na2CO3; (S2) adding biochar produced by a project partner; and (S3) incorporating a BES 
into the AD recirculation loop to consume the excess of VFAs and neutralise the pH. The 
total experiment was therefore divided into four operational periods: S0 (weeks 1–4), S1 
(5–10), S2 (11–14), and S3 (15–18). The operational schedule is shown in Table 2. 
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Table 2. The operational schedule of the scaled-up AD reactor. 

 S0 S1 S2 S3 
Week 1–4 5–10 11–14 15–18 

During the period S1, the feed mixture was amended with 10 g/L of Na2CO3, substi-
tuting the CaCO3 found in eggshells, a resource potentially available at the demonstration 
site in Ghana. The addition of eggshell-derived CaCO3 was shown in previous studies to 
stabilise pH and mitigate VFA accumulation during AD, improving CH4 yield and system 
resilience under acidic stress [36,37]. During the period S2, biochar was incorporated into 
the feed mixture, which was already amended with 10 g/L of Na2CO3. The biochar, pro-
duced from wood at 750 °C with particle sizes between 0 and 15 mm (Carbon Cycle, 
Rieden, Germany; characterisation available in Table S1), was also added at a concentra-
tion of 10 g/L [38]. Biochar enhances AD by supporting microbial growth, biofilm for-
mation, and trophic interactions. Additionally, it acts as an adsorbent for inhibitory com-
pounds such as ammonium, hydrogen sulphide, and VFAs, helping to reduce their toxic 
effects. Its porous structure and conductive properties were also reported to improve elec-
tron transfer mechanisms, thereby promoting syntrophic relationships and overall system 
stability [39]. Between the S1 and S2 trials, a three-week period without feeding allowed 
the reactor to stabilise and support methanogen population growth. 

As a strategy to prevent acid regression, a BES reactor was connected to the recircu-
lation loop (S3). Two rectangular single-chamber BES cells, each with a 0.5 L volume, were 
constructed from methacrylate and configured with anodes and cathodes submerged in 
the same electrolyte. Each cell contained four carbon fibre brush anodes and four cath-
odes, providing a projected surface area of 44.47 cm2 (Tecnocepillo Befur S.L., Premia del 
Mar, Spain). The electrodes were connected with stainless steel current collectors, and an 
Ag/AgCl reference electrode (+0.195 V vs. SHE, Xi’an Yima Opto-electrical Technology, 
Xi’an, China) was positioned between the rows of anodes and cathodes. The cells were 
operated in parallel using a power supply (TENMA 72–2715, Farnell, Barcelona, Spain) to 
control the applied voltage. A multichannel data acquisition system (PicoLog 1216, Far-
nell, Barcelona, Spain) allowed for monitoring of the cells’ performance. Current produc-
tion was calculated via Ohm’s law by measuring the voltage drop across a 1 Ω resistor. 

Prior to integration into the recirculation loop, the BES cells were inoculated sepa-
rately over one week. The inoculation medium consisted of 50% acetate solution and 50% 
effluent from another BES available in the laboratory as source of electroactive bacteria. 
The cells were operated at a constant voltage of 0.3 V with an HRT of 15 days. During 
inoculation, an acetate-based medium [40] was used for the first four days, followed by 
the S0 mix for the next three days. To protect the electroactive biofilm from the acidic 
conditions of the main reactor, the reactor pH was adjusted to 7.2 using NaOH prior to 
BES integration. During BES operation, three different applied voltages (0.3 V, 0.4 V, and 
1 V) were tested. The initial voltage of 0.3 V was selected because low voltages are known 
to favour the development of electroactive biofilms [41]. The subsequent increases to 0.4 
V and 1 V were intended to accelerate the consumption of accumulated VFAs. 

Digestate (outlet) samples were collected twice per week, and total and volatile solids 
were measured weekly. On the other hand, inlet samples were collected weekly and sub-
jected to the same analyses. Additionally, the biogas composition was analysed weekly 
from the gas accumulation bag, while daily biogas production was recorded using the 
flowmeter at the gas outlet. 
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2.4. Biogas Yield Estimation from Fruit and Molasses Co-Digestion and Cost Analysis 

The theoretical estimation of biogas potential for Nkawie SHS was derived from the 
experimental BMP obtained in the laboratory co-digestion assays. The CH4 yield from the 
optimal mixture (75% fruits, 25% molasses) was recorded as 441.54 ± 45.98 mL CH4/g VS. 
This value was used in a mass balance framework to estimate the total biogas production 
using Equation (3). 𝐵𝑖𝑜𝑔𝑎𝑠 𝑌𝑖𝑒𝑙𝑑 ሺ𝑁𝑚ଷ 𝑤𝑒𝑒𝑘⁄ ሻ = 𝑉𝑆ሺ𝑘𝑔 𝑤𝑒𝑒𝑘⁄ ሻ × 𝐵𝑀𝑃ሺ𝑚𝐿 𝐶𝐻ସ 𝑔⁄  𝑉𝑆ሻ1000  (3)

The total volatile solid content in the weekly waste stream (2000 kg fruit and 500 kg 
molasses) was computed using the laboratory-measured values VS concentrations (fruit 
≈ 92.9 g/kg and molasses ≈ 283.96 g/kg). The calculated CH4 output was then converted 
into energy using the lower heating value (LHV) of CH4, assumed to be 35.8 MJ/Nm3 un-
der standard conditions, assuming 100% conversion efficiency and no energy losses. This 
approach, grounded in experimental data, ensures an evidence-based projection of the 
biogas potential and energy yield for the school setting. Additional details and calcula-
tions are provided in the Supplementary Material. 

The theoretical estimation method aligns with the AMPTS-II standard BMP calcula-
tion protocol, and the kinetic validation via the Gompertz model ensures its reliability. 
Similar yield extrapolation methods were used in substrate feasibility studies [42,43]. 

The economic viability of implementing biogas technology at Nkawie SHS was eval-
uated using a simplified life-cycle cost analysis (LCCA). The analysis comprised the fol-
lowing: 

• Capital Expenditure (CAPEX): Based on regional estimates for constructing fixed-
dome digesters in Ghana, ranging between USD 10000 and USD 50000. 

• Operational Expenditure (OPEX): Annual maintenance costs were estimated at USD 
500/year. 

• Fuel Savings: The current weekly consumption of two truckloads of wood and 200 L 
of LPG was costed using prevailing market prices in Ghana to determine annual sav-
ings. 

• Refuse Disposal Costs: The school currently spends approximately USD 1500 annu-
ally on waste disposal, which could be reduced with on-site digestion. 

• Payback Period: Estimated by dividing the total investment by the annual cost sav-
ings derived from reduced fuel and waste disposal expenses. 

The cost analysis followed the simplified LCCA guidelines as applied in institutional 
contexts by the Africa Biogas Partnership Program [5] and further detailed in ref. [44], 
which evaluates both direct savings and environmental co-benefits. 

2.5. Analysis and Characterisation 

The same set of analyses was performed for the substrates, inocula, and digestate 
samples of the BMP assays as well as throughout the monitoring of the AD reactor. The 
analyses included the determination of the chemical oxygen demand (COD) (Kit LCK 014, 
method LCK 514, Hach, Düsseldorf, Germany), pH and conductivity (Hach Lange 
HQ44OD, Hach, Düsseldorf, Germany), alkalinity and VFA/Alkalinity (TitraLab AT1000, 
Hach, Düsseldorf, Germany), total nitrogen (TN) (Kit LCK method 338, Hach, Düsseldorf, 
Germany), and ammonia nitrogen (Kit LCK 303, method 503, Hach, Düsseldorf, Ger-
many). The C/N ratio was calculated as COD/TN. The VFA concentration was calculated 
as the product between the alkalinity and the VFA/Alkalinity ratio. The total solids (TS) 
and volatile solids (VS) were determined by heating each sample in the muffle up to 105 
°C for 8 h and then up to 550 °C for 4 h, respectively (Stove MEMMERT UF55, Memmert 
GmbH + Co. KG, Schwabach, Germany). Finally, an estimation of the calorific value of the 
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biogas produced was calculated using the standard value of 35.8 MJ/m3 for pure CH4 by 
multiplying this factor by the average CH4 concentration (%) obtained in each experi-
mental condition. 

3. Results and Discussion 
3.1. Substrate Characterisation 

The composition and the key parameters for the BMP of the two substrates and the 
inoculum were analysed. The results of the characterisation are shown in Table 3, along 
with the optimal values per parameter. The measurements were performed in triplicates. 

Table 3. Characterisation results and optimal range of parameters for BMP experiments. 

 Molasses Fruit Mix Inoculum Optimal Range [30] 
pH 7.19 ± 0.06 4.23 ± 0.57 7.2 ± 0.01 6.5–8 
Conductivity (mS/cm) 20.41 ± 0.01 4.52 ± 0.22 6.7 ± 0.2 - 
NH4-N (mg/L) 24.60 ± 1.69 62.5 ± 7.7 1165 ± 0.02 <2500 
COD (g/L) 341.65 ± 12.69 123.9 ± 2.9 49.7 ± 0.42 - 
Total nitrogen (g/L) 0.69 ± 0.02 1.2 ± 0.77 3.54 ± 0.08 - 
C/N 495 ± 38 131 ± 87 14 ± 0.21 10–90 
VFA/Alkalinity 4.50 ± 0.04 2.42 ± 0.01 0.5 ± 0.02 0.3–0.4 
Alkalinity (g CaCO3/L) 16.20 ± 0.17 2.91 ± 0.05 2.7 ± 0.05 >3 [45] 
VFA (g/L) 73.5 ± 1.45 7.71 ± 0.95 1.4 ± 0.08 <1 
Total solids TS (g/L) 340.26 ± 2.48 99.83 ± 1.19 46.6 ± 0.57 - 
Volatile solids VS (g/L) 283.96 ± 4.91 92.90 ± 11.9 32.4 ± 0.18 20–60 

The selected substrates presented various challenges for BMP. The VFA/Alkalinity 
was notably high (4.50 ± 0.04 for molasses and 2.40 ± 0.01 for fruit mix), whereas its ideal 
value should be between 0.3 and 0.4 [13]. Both substrates exhibited high concentrations of 
VFAs and relatively low alkalinities. Molasses, a byproduct of sugar processing, primarily 
consists of simple sugars, making it highly degradable [46]. During the acidogenesis stage, 
molasses degradation can cause a significant drop in pH, leading to process inhibition due 
to organic overload [47]. Similarly, the fruit mix, also rich in VFAs and possessing an 
acidic pH, could lead to rapid pH-related inhibition [48]. The optimal pH for AD is be-
tween 6.5 and 8 [49], so the low pH of the fruit mix posed potential challenges to the AD 
process. 

The C/N ratio of both substrates was higher than optimal, as they contained substan-
tial organic matter but were low in protein. However, since the used inoculum had a rel-
atively low C/N ratio and a higher proportion of inoculum was employed, the final C/N 
ratio of the co-digestion fell within the optimal range. Ammonium concentration, which 
can inhibit methanogenesis at levels above 2500 mg/L [50], was low in the experiments. 
Conductivity, an indirect indicator of salt content, is critical, as high salt concentrations 
can be toxic to microorganisms. Prior studies indicate moderate inhibition at salt levels 
between 3.5 and 55 g/L [51]. Molasses initially had the highest conductivity, but dilution 
with inoculum reduced it from 20.41 mS/cm to 8.17 (I/S = 2) and 12.9 mS/cm (I/S = 4). These 
values were consistent with those reported in other BMP studies involving molasses and 
fruits. 
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3.2. BMP Results 

3.2.1. Individual BMP 

I/S Ratio of 2 

The average BMP recorded for molasses (test M2) was 292 ± 9.04 NmL CH4/g VS, in 
agreement with the literature. In previous studies, BMP values for sugar beet molasses 
typically ranged from 250 to 500 NmL CH4/g VS, with the lower values often linked to 
acidification or salinity effects and the higher yields achieved under optimised or co-di-
gestion conditions [42,43]. On the other hand, the average BMP for the fruit mix (test F2) 
was 175.5 ± 7.83 NmL CH4/g VS, which was low compared with the literature, usually 
ranging between 260 and 450 NmL CH4/g VS depending on the fruit type, maturity stage, 
and process conditions, with higher yields associated with sugar-rich fruits in well-buff-
ered environments [52,53]. The low result obtained in this study was not due to poor fruit 
biodegradability but rather to the inhibition of methanogenesis caused by reactor acidifi-
cation and an excess of VFAs. Initial hydrolysis and acidogenesis were too fast, and the 
methanogens could not develop properly. Figure 2 illustrates the cumulative CH4 produc-
tion over the 20-day period of the BMP test, comparing both substrates with the control 
reactors. 

 

Figure 2. Accumulated CH4 production for BMPs employing ratio I/S 2. Comparison between con-
trol (−) (only inoculum in black), control (+) (inoculum and cellulose macrocrystalline in red), mo-
lasses (M2 in orange), and fruits (F2 in pink). 

The initial and final characterisation data of the tested mixtures are summarised in 
Table 4. At the beginning of the experiment, several parameters indicated an unfavourable 
starting condition for AD. The pH was notably low (particularly in fruit reactors, 5.63), 
whereas optimal AD performance typically occurs near neutral pH [54,55]. In addition, 
the VFA/Alkalinity ratios were elevated, reaching 0.80 in the molasses and 0.74 in the fruit 
mixture, both approaching the threshold of process instability. Most critically, the VFA 
concentration in the molasses reactors exceeded the recommended safety limit of 1 g/L, 
signalling a high risk of organic overload at the onset of the experiment [56]. 

Table 4. Characterisation before and after the BMP experiment for an I/S ratio of 2. 

 Molasses Initial Molasses Final Fruit Initial Fruit Final 
pH 6.36 ± 0.05 8.17 ± 0.1 5.63 ± 0.16 7.71 ± 0.03 
NH4-N (mg/L) 1167 ± 33 1520 ± 58 1130 ± 29 1155 ± 32 
COD (g/L) 36.43 ± 3.33 18.65 ± 0.9 29.3 ± 0.58 16.03 ± 0.2 
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C/N 16.83 ± 0.24 8.12 ± 0.08 17.06 ± 0.35 9.07 ± 0.24 
TS (g/L) 34.53 ± 0.17 20.55 ± 0.07 24.29 ± 0.31 14.49 ± 0.16 
VS (g/L) 27.05 ± 0.16 12.89 ± 0.04 19.93 ± 0.27 10.01 ± 0.13 
VFA/Alkalinity 0.8 ± 0.03 0.51 ± 0.01 0.74 ± 0.04 0.68 ± 0.03 
VFA (g/L) 5.53 ± 1.56 4.40 ± 0.1 3.95 ± 0.1 3.66 ± 0.18 
Alkalinity (g CaCO3/L) 6.91 ± 1.7 8.68 ± 0.2 5.33 ± 0.22 5.4 ± 0.4 

By the end of the experiment, several changes could be observed. In both cases, pH 
increased significantly (in the M2 test, from 6.36 to 8.17, and in the F2 test, from 5.63 to 
7.71), indicating the successful progression from acidogenesis to methanogenesis, with 
effective VFA consumption [31]. This was further supported by the decrease in the 
VFA/Alkalinity ratio, especially in the M2 test, which dropped from 0.8 to 0.51, a range 
considered favourable for stable methanogenesis. Ammonium levels increased in M2 
(from 1167 to 1520 mg/L), suggesting protein degradation [44] and potential ammonia 
accumulation, which could be inhibitory at higher concentrations. In contrast, ammonium 
remained nearly constant in F2, indicating less degradation activity, coherent with lower 
production. 

In the case of F2, it is likely that only the initial stages of AD (hydrolysis and acido-
genesis) were effectively completed. These phases progressed rapidly, leading to a sharp 
accumulation of VFAs. As a result, methanogenesis was inhibited, and the methanogenic 
activity was inhibited. The imbalance between rapid acidification and delayed methano-
genesis halted production [54]. This suggests that an I/S ratio of 2 was insufficient to avoid 
inhibition. 

Both M2 and F2 showed high COD removal efficiencies (49% and 45%, respectively), 
indicating rapid hydrolysis and acidogenesis. However, this rapid degradation led to VFA 
accumulation and acidification, particularly in F2, which impaired methanogenic activity 
and resulted in low CH4 yields and poor model fits. These results show that although 
initial degradation was effective, instability limited the overall performance. 

When comparing our experimental BMP results with the Gompertz model, the pre-
viously observed conclusions were confirmed. In the case of M2 (Figure 3A), the R2 was 
0.898. These values suggest that the Gompertz model provides a reasonably good fit to the 
BMP curve, supported by physiologically meaningful parameters: Rmax = 0.91 CH4/g VS/d, 
λ = 0, and G(0) = 394 mL CH4/g VS. 

 

Figure 3. A comparison between the experimental BMPs at an I/S ratio of 2 with the Gompertz 
model. (A) Molasses: in dark orange, the experimental BMP; in light orange, the model. (B) Fruit 
mix: in dark pink, the experimental BMP, in light pink, the model. 
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In comparison with the M2 test, the results obtained for F2 show a weaker fit to the 
Gompertz model (Figure 3B). Both substrates yielded a rapid onset of CH4 production (λ 
= 0). However, F2 had higher Rmax (0.5 CH4/g VS/d in M2 and 0.91 CH4/g VS/d in F2) and 
lower G(0) (176 mL CH4/g VS). Also, the fruit mixture displayed a lower R2 of 0.737, in 
contrast to the molasses test. This suggests that despite having similar kinetic potential, 
the CH4 production curve for the fruit mixture is captured worse by the Gompertz model, 
potentially due to more complex or variable digestion dynamics associated with the sub-
strate’s composition. 

Based on the results obtained at an I/S ratio of 2, which showed instability and a ten-
dency towards acidification, it was decided to significantly increase the I/S ratio, con-
sistent with previous studies. Although the BMP results for M2 fell within the expected 
range reported by other studies, they still presented a notable risk of acidification during 
long-term operation, evident in the predictive model outputs, which did not suggest a 
stable digestion process over time. Furthermore, the literature shows that higher BMP 
values have been achieved for molasses substrates under higher I/S ratios [42,43]. In the 
case of F2, symptoms of methanogenesis inhibition were clearly observed, likely due to 
the accumulation of VFAs. Increasing inoculum proportion is necessary to ensure that 
VFAs are adequately processed during the acidogenic phase and supports stable meth-
anogenic activity. The ratio was not increased further, as values above 4 would result in 
substrate concentration in terms of mg of VS too low to be reliable. 

I/S Ratio of 4 

The average BMP recorded for molasses (test M4) was 262.9 ± 1.49 NmL CH4/g VS, 
falling within the range reported in the literature [42,43]. The average BMP for the fruit 
mix (test F4) was 292.8 ±6.43 NmL CH4/g VS, which was consistent with values reported 
in the literature [52,53]. Compared to the I/S ratio of 2, the fruits performed significantly 
better, while the molasses showed a similar performance. Figure 4 presents the accumu-
lated CH4 over the 20-day period of BMP tests compared to the control reactors. 

 

Figure 4. Accumulated CH4 production for BMP tests employing I/S ratio of 4. Comparison between 
control (−) (only inoculum in black), control (+) (inoculum and cellulose microcrystalline in red), 
molasses (M4 in orange), and fruits (F4 in pink). 

The initial and final characterisation data of the tested mixtures are detailed in the 
Table 5. At the start of the experiment, both M4 and F4 tests showed slightly acidic pH 
values of 6.63 and 6.46, respectively. While not extremely low, such pH levels can decrease 
the activity of methanogenic bacteria, which are crucial for CH4 production. Moreover, 
ammonia concentrations in M4 (1457 mg/L) and F4 (1363 mg/L) tests are relatively high, 
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which could become toxic to methanogenic microorganisms at low pH by increasing the 
levels of free ammonia. The VFA/Alkalinity ratio is also concerning, with M4 at 0.77 and 
F4 at 0.85, suggesting potential acidification. The initial alkalinity values (7.53 g/L for M4 
and 5.93 g/L for F4) are relatively low, which may not be adequate to buffer against the 
excess VFAs and prevent acidification, leading to process instability, especially in the case 
of fast initial degradation. [30] 

Table 5. Characterisation before and after the BMP experiment for an I/S ratio of 4. 

 Molasses Initial Molasses Final Fruit Initial Fruit Final 
pH 6.63 ± 0.05 7.93 ± 0.01 6.46 ± 0.05 7.8 ± 0.04 
NH4-N (mg/L) 1457 ± 25 1606 ± 39 1363 ± 45 2027 ± 9 
COD (g/L) 34.86 ± 1.96 26.09 ± 0.29 33.17 ± 4.6 19.16 ± 01.04 
C/N 17.26 ± 0.79 10.45 ± 0.4 16.96 ± 2.05 9.45 ± 0.16 
TS (g/L) 33.97 ± 0.18 26.38 ± 0.27 25.06 ± 0.03 19.01 ± 0.28 
VS (g/L) 25.16 ± 0.16 17.63 ± 0.08 19.14 ± 0.1 13.29 ± 0.19 
VFA/Alkalinity 0.77 ± 0.04 0.51 ± 0.01 0.85 ± 0.29 0.53 ± 0.05 
VFA (g/L) 5.73 ± 0.24 5.04 ± 0.3 4.53 ± 0.02 3.5 ± 0.02 
Alkalinity (g CaCO3/L) 7.53 ± 0.72 9.381 ± 0.4 5.93 ± 1.7 6.65 ± 0.6 

Both M4 and F4 tests showed improved stability compared to the previous ones con-
ducted at a ratio of 2. For both substrates, the final pH values rose to around 7.8–7.9, re-
flecting a near-neutral, slightly alkaline environment favourable for methanogenic activ-
ity. Importantly, the VFA/Alkalinity ratios dropped below the critical threshold of 0.8 (to 
0.51 for M4 and 0.53 for F4), suggesting that higher inoculum proportion mitigated acidi-
fication risk. Additionally, ammonium concentrations increased, especially in F4 (up to 
2027 mg/L), though not to inhibitory levels. These results demonstrate that increasing the 
I/S ratio not only improves process stability but also supports more complete degradation 
of organic matter. Nevertheless, while performance improved, the relatively high residual 
VFA levels (especially in M4) suggest that some acid accumulation still occurred, and fur-
ther optimisation may be required to ensure robustness during long-term operation. 

Compared with M2 and F2, increasing the I/S ratio to 4 resulted in lower COD re-
moval for molasses (M4 tests, 25%) and moderately lower for fruit (F4 test, 41%), but the 
process was considerably more stable. This stability led to a more efficient methanogene-
sis, particularly in F4, which achieved the highest BMP and was best fitted by the Gom-
pertz model. These findings suggest that COD removal alone is not a sufficient indicator 
of process efficiency, especially for long-term operation. 

When comparing M4 results with the modified Gompertz model with the optimised 
parameters (Rmax = 3.01 mL CH4/g VS/d, λ = 0 h, and G(0) = 260.08 mL CH4/g VS), the model 
yielded an R2 of 0.921, indicating a reasonably good fit between the experimental and pre-
dicted curves (Figure 5A). Rmax was substantially higher in M4 (3.01 mL CH4/g VS/d) than 
in M2 (0.91 mL CH4/g VS/d), suggesting that the microbial activity and CH4 generation 
rate were markedly improved under the higher I/S. Although G(0) was higher in M2 (394 
mL CH4/g VS) than in M4 (260.08 mL CH4/g VS), the rate at which M4 produced CH4 was 
higher. These results suggest that while M2 may have higher biomethane yield potential, 
its kinetics are slower and more variable than M4. The more regular kinetics observed in 
M4 could be a positive indicator of robustness, warranting further validation at the reactor 
scale. 
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Figure 5. A comparison between the experimental BMP at an I/S ratio of 4 with the Gompertz model. 
(A) Molasses: in dark orange, the experimental BMP; in light orange, the model. (B) Fruit mix: in 
dark pink, the experimental BMP; in light pink, the model. 

In test F4 (Rmax = 3.74 mL CH4/g VS/d, λ = 0 h, and G(0) = 293.74 mL CH4/g VS), the 
model showed a very strong fit with the experimental data, with a high R2 (0.981) and a 
low MSE (78) (Figure 5B). Moreover, the Rmax (3.74 mL CH4/g VS/d) was over four times 
higher than in F2, reflecting much more favourable microbial kinetics. This sharp increase 
in Rmax suggests that the higher I/S ratio provided a more balanced microbial environment, 
reducing the risk of acidification and allowing methanogens to thrive. The CH4 potential 
was also much higher (G(0) = 293.74 mL CH4/g VS), in line with the literature. The digestion 
curve showed a rapid exponential phase followed by a defined plateau, indicating com-
plete substrate conversion and metabolic stability. Compared to previous assays (F2, R2 = 
0.737), this result confirms that increasing the I/S ratio substantially improved process sta-
bility and predictability, likely due to better VFA management and enhanced methano-
genic activity. 

3.2.2. Co-Digestion of Fruits and Molasses 

Based on these results and with the aim of treating both substrates under conditions 
most likely to ensure successful digestion, a co-digestion trial was designed using an I/S 
ratio of 4. The mixture consisted of 75% fruit waste (identified as the more promising sub-
strate) and 25% beet molasses, allowing for an evaluation of synergistic effects under op-
timal inoculum conditions. Moreover, to decrease the risk of acidification and inhibition 
due to high ammonium content, the mixture was diluted 1:1 with water. 

The total accumulated CH4 was 520.50 ± 58.9 mL, yielding a BMP of 441.54 ± 45.98 
mL CH4/g VS. This BMP was higher than that obtained from any of the individual diges-
tion of both substrates and surpasses the weighted average value estimated from the in-
dividual BMP results of 284.5 mL CH4/g VS. The initial and final characterisation data of 
the reactors are detailed in Table 6. 

Table 6. Characterisation of the reactors before and after the BMP experiment for the co-digestion 
of molasses and the fruit mix. 

 Initial Final 
pH 6.99 ± 0.02 7.49 ± 0.02 
NH4-N (mg/L) 525 ± 10 1537 ± 12.5 
COD (g/L) 20.15 ± 0.86 37.33 ± 0.28 
C/N 10.78 ± 2.76 23.75 ± 1.15 
TS (g/L) 17.72 ± 0.97 15.18 ± 0.22 
VS (g/L) 11.79 ± 0.66 10.08 ± 0.07 
VFA/Alkalinity 0.83 ± 0.01 0.28 ± 0.01 
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VFA (g/L) 2.6 ± 0.8 0.22 ± 0.01 
Alkalinity (g CaCO3/L) 2.14 ± 0.65 0.78 ± 0.03 

At the beginning of the experiment, the system showed conditions generally favour-
able for AD. The initial pH was close to neutrality (6.99 ± 0.02), and the VFA concentration 
(2.6 ± 0.8 g/L) was relatively low. Although the VFA/Alkalinity ratio (0.83 ± 0.01) initially 
exceeded the commonly recommended threshold (0.3–0.4), the low absolute VFA concen-
tration and sufficient initial alkalinity (2.14 ± 0.65 g CaCO3/L) buffered the system effec-
tively, preventing acidification. This is confirmed by the final pH, which increased to 7.49 
± 0.02 and is within the optimal range for methanogenic activity. Importantly, the VFA/Al-
kalinity ratio dropped significantly by the end of the process (to 0.28 ± 0.01), confirming 
that the system recovered from the initial acidogenic phase and achieved stable methan-
ogenesis. The very low final VFA concentration (0.22 ± 0.01 g/L) further supports this con-
clusion. 

The COD increased from 20.15 ± 0.86 g/L to 37.33 ± 0.28 g/L, likely reflecting the ac-
cumulation of intermediate soluble compounds as part of the digestion process. Mean-
while, TS and VS concentrations slightly decreased, indicating effective organic matter 
degradation. 

Overall, the co-digestion conditions enabled a rapid and stable CH4 production pro-
cess (Figure 6A). The high R2 value (0.9941) from the Gompertz model fitting (Figure 6B) 
indicates excellent agreement between experimental and predicted CH4 production. The 
optimised kinetic parameters (Rmax = 212.99 mL CH4/g VS/d, λ = 0, and G(0) = 553.52 mL 
CH4/g VS) further confirm a rapid onset and sustained production rate, reinforcing the 
superior performance of the co-digestion strategy. 

 

Figure 6. Co-digestion results. (A) Accumulated CH4 for an I/S ratio of 4. A comparison of the con-
trol (−) (only inoculum in black), the control (+) (inoculum and cellulose microcrystalline in red), 
and the co-digestion I/S of 4 (in purple). (B) A comparison between the experimental BMP (dark 
purple) with its Gompertz model (light purple). 

Comparing the co-digestion results to those of the individual substrates, the absence 
of a lag phase (λ = 0) indicates a generally quick adaptation of the inoculum, but the co-
digestion achieved a remarkably high Rmax of 212.99 mL CH4/g VS/d, vastly exceeding the 
values seen in M2 (0.91), F2 (0.91), M4 (3.01), and even F4 (3.74). That suggests a signifi-
cantly enhanced CH4 production rate, likely due to improved substrate balance and syn-
ergistic effects. Moreover, the G(0) value of 553.52 mL CH4/g VS outperformed all mono-
digestion setups. Overall, the co-digestion configuration demonstrated a clear synergistic 
effect and provided the most robust and kinetically favourable conditions, making it the 
most suitable option for implementation in the scaled-up reactor. 
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3.3. Scaled-Up Operation 

Based on the BMP results, a 6 L anaerobic digester was operated using the optimal 
substrate mixture (S0). However, the process faced instability due to acidification caused 
by the rapid degradation of sugars and insufficient buffering capacity. To counteract this, 
three mitigation strategies were tested sequentially: (S1) carbonate addition, (S2) biochar 
supplementation, and (S3) the integration of BES. Table 7 shows the feed characterisation 
of each phase and Table 8 the differences in the physicochemical parameters before and 
after applying the different solutions. 

Table 7. Characterisation of the different feeds of the scale-up reactor. 

 S0 S1 S2 and S3 
pH 5.07 ± 0.4 6.30 ± 1.4 7.45 ± 1.37 
Conductivity (mS/cm) 13.12 ± 3 17.53 ± 1.9 19.93 ± 1.1 
COD total (g/L) 89.86 ± 4.5 77.97 ± 3.1 92.01 ± 8.1 
COD soluble (g/L) 89.44 ± 4.2 76.67 ± 1.9 86.43 ± 7.7 
NH4-N (mg N/L) 41.5 41.28 ± 11 57 ± 23 
TN (mg N/L) 1943 ± 769 1106 ± 93 1163 ± 288 
TS (g/L) 134.4 ± 38 70.33 ± 6.1 84.39 ± 10 
VS (g/L) 117.9 ± 43 46.69 ± 4.6 59.09 ± 8.3 
Alkalinity (mg CaCO3/L) 658 * 3393 ± 1376 6431 ± 2467 
VFA/Alkalinity  7.24 * 3.96 ± 2.75 0.84 ± 0.3 
VFA (mg/L) 8057 * 9190 ± 2847 6485 ± 871 
Ratio C/N 51.11 ± 18 71.01 ± 8.1 83.45 ± 21 
S0: 75% fruits + 25% molasses, diluted 1:1 water and filtered 2 × 2 mm mesh—organic loading rate 
(OLR) = 2.995 kg COD/m3/day. S1: S0 + 10 g/L Na2CO3 − OLR = 2.605 kg COD/m3/day. S2: S1 + 10 
g/L biochar − OLR = 3.07 kg COD/m3/day. * The pH was too acid, and the values of the replicates 
were outside the range. 

Table 8. The analysis of the AD digestate before and after applying the different solutions. 

 Solution S1 Solution S2 Solution S3 
 Before After Before After Before After 
pH 6.74 ± 1.1 6.46 ± 0.3 6.67 ±0.3 6.20 ± 0.2 7.2 6.29 ± 0.5 
Conductivity (mS/cm) 27.24 ± 5.2 28.70 ± 1.3 29.14 ± 0.9 27.90 ± 1.6 27.90 ± 1.6 23.06 ± 3 
COD total (g/L) 56.02 ± 3.81 68.52 ± 2.6 65.09 ± 1.8 71.40 ± 3.2 71.40 ± 3.2 66.97 ± 7.6 
COD soluble (g/L) 55.48 ± 4.1 63.05 ± 2.3 62.56 ± 1.7 63.19 ± 4.5 63.19 ± 4.5 60.79 ± 7 
NH4-N (mg N/L) 834 ± 492 677 ± 115 55 ± 16 84 ± 10 84 ± 10 56 ± 23 
TN (mg N/L) 1293 ± 405 1230 ± 90 1170 ± 239 1332 ± 163 1332 ± 163 1212 ± 55 
TS (g/L) 101.5 ± 12 65.27 ± 10 59.57 ± 5.2 63.36 ± 2.3 63.36 ± 2.3 52.58 ± 6.9 
VS (g/L) 77.53 ± 10 37.60 ± 10 33.80 ± 4.6 37.42 ± 1.6 37.42 ± 1.6 30.04 ± 4.8 
Alkalinity (g CaCO3/L) 9.43 ± 0.4 8.13 ± 1.3 8.60 ± 0.9 6.08 ± 1.2 6.08 ± 1.2 5.90 ± 1.4 
VFA/Alkalinity  2.14 ± 0.7 3.42 ± 0.5 2.91 ± 0.3 3.57 ± 0.5 3.57 ± 0.5 3.18 ± 0.4 
VFA (g/L) 23.65 ± 2.1 27.26 ± 1.83 24.90 ± 1.9 21.93 ± 5.6 21.93 ± 5.6 18.35 ± 3 
Ratio C/N 46.23 ± 19 56.08 ± 5.6 56.46 ± 12 66.37 ± 26 66.37 ± 26 55.5 ± 8.5 

3.3.1. Baseline Operation (S0) 

During the first four weeks, the reactor was fed with a 1:1 water-diluted mixture of 
fruits and molasses (S0). As shown in Table 7, the feed exhibited very low pH (5.07 ± 0.4), 
minimal alkalinity (658 mg/L CaCO3), and high VFA concentration (8057 mg/L), resulting 
in an excessively VFA/Alkalinity ratio (7.24), well above the stability threshold. These con-
ditions favoured acidogenic bacteria, which rapidly converted the available sugars into 
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VFAs. Despite manual pH corrections using NaOH, the outlet measurements indicated 
persistent acidification and poor buffering capacity, impairing the reactor’s ability to 
maintain suitable conditions for methanogenesis (Table 8). 

CH4 production during S0 was limited and heavily reliant on external pH control. As 
shown in Figure 7, the maximum CH4 yield was 0.46 L CH4/L/d. Given an OLR of 3.93 g 
VS/L/day, the resulting specific CH4 yield was 117.04 mL CH4/g VS/day. This value corre-
sponds to approximately 55% of the maximum CH4 production rate (Rmax) of 212.99 mL 
CH4/g VS/day observed in the BMP co-digestion assay under ideal batch conditions. This 
reduced yield aligns with expected differences between batch and continuous systems, 
compounded by unstable pH conditions. The biogas composition was initially dominated 
by CO2 (70%) and H2 (26%), with only 4% CH4, indicating a system dominated by hydro-
lytic and acidogenic activity (Figure 8). Although temporary CH4 improvements were ob-
served after pH stabilisation, these were not sustained. The reactor demonstrated clear 
signs of acid regression, confirming that the initial substrate composition was too desta-
bilising for long-term AD performance without buffering enhancement. The average cal-
orific value of biogas was 7.16 MJ/m3. 

 

Figure 7. Biogas production vs. pH. In the left axis, the pH monitored continuously every 15 min; 
in the right axis, the average CH4 production per week (L/L reactor/day). S0 is the operation with 
manual pH adjustments with NaOH, S1 is feeding amended with Na2CO3 10 g/L, S2 is S1 amended 
also with biochar 10 g/L, and S3 is the operation with S2 and the BES reactor in the recirculation 
loop. 
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Figure 8. Biogas composition. In the left axis, the pH monitored continuously each 15 min; in the 
right axis, the average biogas composition per week. S0 is the operation with manual pH adjust-
ments with NaOH, S1 is feeding amended with Na2CO3 10 g/L, S2 is S1 amended also with biochar 
10 g/L, and S3 is the operation with S2 and the BES reactor in the recirculation loop. 

Strategy 1: Carbonate Addition (S1) 

To enhance buffering, 10 g/L of Na2CO3 was added to the feed during weeks 5–10. 
This amendment increased the initial feed pH (from 5.07 ± 0.4 to 6.30 ± 1.4) and raised 
alkalinity (from 658 to 3393 ± 1376 mg/L) (Table 7), partially neutralising the acidic nature 
of the fruit/molasses mixture. Despite these improvements, Table 8 shows that the 
VFA/Alkalinity ratio increased over time (from 2.14 ± 0.7 to 3.42 ± 0.5), and VFA concen-
trations remained high. This indicated that acidogenic activity continued to dominate, 
overwhelming the added buffering capacity. 

As shown in Figure 7, CH4 production remained unstable. A temporary recovery was 
observed after a three-week feeding pause (weeks 6–9), which was meant to allow for 
methanogens to metabolise the accumulated VFAs. However, CH4 production declined 
rapidly once feeding resumed. Biogas composition during this phase (Figure 8) showed 
CH4 values around 24–32% and fluctuating H2 levels, indicating that methanogenesis was 
not fully re-established. The calorific value of the biogas ranged between 8.59 and 11.45 
MJ/m3. Based on the analytical data showing insufficient alkalinity, a declining pH unable 
to remain stable, and low and decreasing production, S1 is considered to have failed in 
stabilising the reactor. 

The addition of Na2CO3 in strategy S1 temporarily improved the feed’s pH and alka-
linity; however, it was insufficient to counteract the high acidogenic pressure generated 
by the rapid fermentation of sugars in the fruit/molasses mixture. Although initial alka-
linity increased fivefold compared to the baseline, the VFA/Alkalinity ratio at the outlet 
remained well above the stability threshold reported in the literature (> 0.3–0.4), reaching 
values above 3.4. This indicates that the rate of VFA generation exceeded the buffering 
capacity provided by carbonate addition. Similar findings have been reported in systems 
treating highly biodegradable, sugar-rich residues, where chemical buffering alone could 
not restore methanogenic activity without reducing organic loading or improving C/N 
balance. In this study, the persistently high C/N ratio (> 50) and OLR (~2.6 kg 
COD/m3·day) favoured acidogenic over methanogenic communities, leading to sustained 
accumulation of VFAs despite the increased alkalinity. Consequently, Na2CO3 addition 
delayed but did not prevent acidification, confirming that chemical pH correction, with-
out addressing the underlying substrate imbalance, is insufficient for long-term stability 
in the co-digestion of these residues. In real field applications, this limitation would be 
even more critical since the kinetic dissolution of shell-derived CaCO3 is slower than that 
of Na2CO3, further reducing its effectiveness in counteracting acidification. 

Strategy 2: Biochar Addition (S2) 

In weeks 11–14, biochar (10 g/L) was added alongside Na2CO3 to the feed. This in-
creased the initial pH (7.45 ± 1.37) and alkalinity (6431 ± 2467 mg/L), as shown in Table 7. 
Biochar also reduces the VFAs (6485 mg/L), potentially by adsorbing organic acids and 
offering surfaces for microbial colonisation. However, outlet values indicated persistent 
instability (Table 8). The VFA/Alkalinity ratio remained high at 3.57 ± 0.5, and outlet pH 
averaged 6.20 ± 0.2, reflecting conditions still unfavourable for methanogenesis. 

CH4 production steadily declined throughout this phase, falling 0.01 L CH4/L/day by 
week 14 (Figure 7). Biogas composition showed a shift away from methanogenesis, with 
H2 levels increasing from 5% to 19% and CH4 dropping from 32% to 7% (Figure 8). The 
increasing presence of H2 indicates a predominance of acidogenic bacteria, with poor CH4 
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conversion despite improved feed parameters. The average calorific value of biogas in this 
phase was 6.8 MJ/m3. Although the pH appeared to be better maintained, it remained un-
stable, while biogas production reached its lowest point and was accompanied by a sig-
nificant increase in H2. Therefore, S2 also failed to stabilise the reactor. 

Despite improving influent characteristics and mitigating acid peaks, biochar addi-
tion failed to suppress acidogenesis or restore methanogenesis, as shown by high VFAs, 
low pH, and declining CH4 yields, with an average calorific value of 6.8 MJ/m3 during this 
phase. Its limited effectiveness can be attributed to its primarily physical mode of action: 
while the porous structure can temporarily adsorb VFAs and provide microbial attach-
ment sites, it lacks the intrinsic chemical buffering capacity needed to neutralise acids at 
the rate generated from the highly biodegradable fruit/molasses mixture. The rapid acid 
accumulation exceeded biochar’s adsorption capacity, and the uncorrected C/N imbal-
ance further favoured acidogenic over methanogenic populations. Consequently, without 
lowering the organic loading rate or co-digesting with substrates offering greater buffer-
ing potential, biochar alone was insufficient to achieve long-term process stability. 

Strategy 3: Bioelectrochemical System Integration (S3) 

During weeks 15–18, a BES was incorporated into the reactor’s recirculation loop. 
Prior to integration, the pH was manually adjusted to 7.2 to prevent biofilm collapse. This 
phase used the same feed as in S2, meaning input conditions were consistent (Table 7). 
Initially, the outlet parameters showed moderate improvements: COD removal slightly 
increased, VFA concentration decreased to 18.35 g/L, and the VFA/Alkalinity ratio de-
creased to 3.18 ± 0.4 (Table 8). However, as the phase progressed, pH (6.29 ± 0.5) and al-
kalinity (5.90 ± 1.4) declined again, impairing BES performance and ultimately leading to 
a collapse in the reactor. 

The BES integration initially showed promising results, with CH4 production rising 
to 0.09 L CH4/L/day by week 17 (Figure 7). Biogas quality also improved during this phase 
(Figure 8), with CH4 content rising to 21% and H2 levels decreasing to 7–9%. The specific 
CH4 yield was 45.69 mL CH4/g VS/day, approximately 21.5% of the Rmax (212.99 mL CH4/g 
VS/day) observed under batch conditions. However, these improvements were not sus-
tained. By week 18, acidification recurred, inhibiting both methanogenic and electroactive 
microbial communities. The average calorific value of the biogas during this phase was 
3.94 MJ/m3. Although the BESs initially improved reactor performance, increasing both 
biogas production and CH4 content while reducing H2 levels, they did not improve pH 
stability, which ultimately led to reactor collapse due to acidification. Thus, despite the 
initial benefits, S3 is also considered to have failed in stabilising the reactor in the long 
term. 

The failure of the BES integration can be primarily attributed to the acidification of 
the reactor environment, which negatively affected the growth and activity of the electro-
active microbial communities essential for biofilm formation and electron transfer. The 
low pH conditions disrupted the metabolism of key electrogenic bacteria, leading to a 
decline in current production and CH4 yield. The unstable electrochemical behaviour ob-
served in the BES cells, including shifts in electrode potentials and the loss of biofilm ac-
tivity, is discussed in greater detail in 3.3.2. BES Performance. Overall, these factors re-
sulted in the inability of the BES to maintain enhanced performance in long-term opera-
tion. 

Key Findings and Limitations 

As evidenced by the evolution of feed and outlet parameters (Tables 7 and 8) and 
biogas trends (Figures 7 and 8), none of the tested mitigation strategies were able to 
achieve long-term stability in the reactor. Although all approaches (carbonate addition, 
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biochar supplementation, and BES integration) contributed to temporary improvements 
in buffering and CH4 production, these effects were insufficient to overcome the rapid 
acidification induced by the feedstock. 

Na2CO3 addition temporarily improved pH and alkalinity but was insufficient to 
counterbalance the rapid acid generation driven by the sugar-rich, nitrogen-deficient sub-
strate. Biochar supplementation increased alkalinity and reduced VFAs in the feed; how-
ever, it failed to prevent acid accumulation or restore stable methanogenesis due to its 
limited chemical buffering capacity. 

BES integration yielded the highest short-term gains in CH4 production and biogas 
quality, but its performance was highly sensitive to pH. Acidification eventually dis-
rupted the electroactive biofilm and electron transfer processes, leading to reactor perfor-
mance decline. The detailed electrochemical behaviour of the BES system is discussed in 
Section 3.3.2. 

Overall, the substrate (rich in sugars and low in nitrogen) requires additional stabili-
sation measures. Future work should explore lowering the organic loading rate, increas-
ing hydraulic retention time, or co-digesting with substrates like animal manure that con-
tribute buffering capacity and a more balanced C/N ratio. Without such modifications, 
long-term AD of these residues under rural Ghanaian conditions remains challenging. 

3.3.2. BES Performance 

The inoculation of the BES module took place over six days at a working voltage of 
0.3 V and two days at 0.4 V. On day 8, the cells were integrated into the recirculation loop 
of the AD reactor. Two cells (Cell 1 and Cell 2) were prepared and operated in the same 
way during inoculation. However, as shown in Figure 9, Cell 2 did not produce current 
at any point, neither during inoculation nor during operation. 

In contrast, Cell 1 showed a gradual increase in current during the inoculation week. 
From days 4 to 8, the BES cells were fed with S2 instead of acetate medium to transition 
towards the composition of the main reactor prior to the integration of both reactors. On 
day 7, the pH dropped to 6.1, negatively impacting the current because the medium had 
transitioned to being predominantly S2, displacing acetate medium as the main compo-
nent. The current slightly recovered when the working voltage was increased to 0.4 V but 
did not sustain when the cells were integrated into the reactors. 

 

Figure 9. Current production and CH4 production during S3. In the left axis, the current density 
(A/m2) and the cell voltage (V); in the right axis, the average CH4 production per week (L/L reac-
tor/day). The left graph (A) corresponds to Cell 1, and the right graph (B) corresponds to the Cell 2. 

The integration on day 8 led to a decrease in current from 0.5 A/m2 to 0.18 A/m2. This 
sudden change was due to the shift in composition within the BES cells, which transi-
tioned from working with a mix of acetate medium and S2 to handling the higher organic 
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load introduced from the AD reactor. The AD reactor medium was rich in COD (71.4 g/L 
of COD, primarily VFAs and simple sugars) and had greater acidity (pH of 6.2). 

During the first week with S3 (days 8–15), both the current and biogas production 
remained low. In the second week (days 16–22), the current rose slightly to ~0.3 A/m2, 
coinciding with increased CH4 production. However, in the third week, the current de-
clined despite continued biogas growth, likely due to pH acidification weakening the elec-
troactive biofilm. 

To stimulate microbial metabolism and increase the electrode demand, the working 
voltage was raised to 1 V. This caused a sudden spike in current, but the increase was 
solely due to the abrupt voltage change and was not sustained over time. CH4 production 
stayed stable initially but dropped the following week. 

Figure 10 illustrates the evolution of electrode potentials, providing insight into bio-
film formation and the type of microbial community present. During the inoculation 
week, both cells experienced a decrease in the anode and cathode potentials. In Cell 1, the 
anode potential stabilised around −0.45 V and the cathode at −0.8 V, whereas in Cell 2, the 
anode potential was −0.27 V and the cathode −0.67 V. Low anode potentials favour the 
colonisation of the electrode by anodic respiring bacteria (ARB) such as Geobacter sp., 
which use direct contact with the electrode for electron transfer. Meanwhile higher anode 
potentials led to a high diversity of microorganisms, including non-ARB or ARB that use 
electron shuttles, whose biofilm is less conductive, and avoided microorganisms like Geo-
bacter sp. that interact with the electrode and form a biofilm [57]. Ideally, the anode poten-
tial should be at least around −0.4V and the cathode around −0.9 V [58]. Thus, it seems 
that Cell 2 was never fully inoculated. 

 

Figure 10. Cell potentials during S3 operation. In the left axis, the electrode potentials (V); in the 
right axis, the cell voltage (V). The left graph (A) corresponds to Cell 1, and the right graph (B) 
corresponds to Cell 2. 

In Cell 2, the increase in the potentials remained consistent throughout the operation, 
resulting in values that were too high to support the development of an electroactive bio-
film. Conversely, Cell 1 exhibited stabilisation of the anode potential, maintaining values 
below −0.5 V, though it showed an upward trend over time, indicating a constant loss of 
biofilm activity. 

During the third S3 week (week 17 of operation), the potentials became unstable, ex-
periencing significant fluctuations with each new feeding. These abrupt changes could 
have negatively impacted the biofilm. In the final week of operation, when the working 
voltage was increased to 1 V, the anodic potential of both cells became positive. 

The failure of the BES cells can be primarily attributed to the acidification of the me-
dium, which severely impacted the growth and activity of electroactive bacteria. Acidic 
conditions disrupt the metabolism of key electrogenic microorganisms such as Geobacter 
spp., which rely on direct extracellular electron transfer (EET) via conductive biofilms 
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attached to the anode. As the pH drops below optimal levels, typically 6.5, the microbial 
community structure shifts, leading to a decline in the abundance of ARB and a reduction 
in the formation of conductive biofilms. This is clearly reflected in the gradual decrease in 
current density and the concurrent shift in electrode potentials toward more positive val-
ues, particularly at the anode, indicating a loss of electrochemical activity. A positive shift 
in anode potential suggests that fewer electrons are being transferred to the electrode, 
consistent with a weakening or collapse of the biofilm. Ultimately, this cascade of effects, 
starting with acidification, leads to a progressive decline in system performance, both in 
terms of electron transfer and biogas production, marking the breakdown of the bioelec-
trochemical process. 

3.3.3. Organic Matter Removal: COD, Total Solids, and Volatile Solids 

The removal of organic matter was evaluated using COD, TS, and VS as indicators of 
substrate degradation and reactor efficiency. Variations across the four operational phases 
(S0–S3) revealed significant instability, with removal efficiency closely tied to acidification 
and process performance. The results are summarised in Figures 11 and 12. 

 

Figure 11. COD treatment. Left (A), the evolution of the COD removal during the 18 weeks of oper-
ation. Right (B), the average removal rates of each phase. S0 is the operation with manual pH ad-
justments with NaOH, S1 is feeding amended with Na2CO3 10 g/L, S2 is S1 amended also with bio-
char 10 g/L, and S3 is the operation with S2 and the BES reactor in the recirculation loop. 

 

Figure 12. Total and volatile solid removal. Left (A), the evolution of the removal during the 18 
weeks of operation. Right (B), the average removal of each phase. S0 is the operation with manual 
pH adjustments with NaOH, S1 is feeding amended with Na2CO3 10 g/L, S2 is S1 amended also with 
biochar 10 g/L, and S3 is the operation with S2 and the BES reactor in the recirculation loop. 

Phase S0—Baseline 

During the baseline operation (S0), COD removal efficiency was variable, ranging 
from 34% to 44% and showing a decrease over time. This was closely related to the insta-
bility of the reactor, which suffered from VFA accumulation and methanogenic inhibition. 
The partial COD removal was likely associated with acidogenic conversion of sugars to 
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VFAs rather than CH4 production. These results reflect the incomplete degradation of or-
ganic matter under acidified conditions. 

During the initial weeks of reactor operation, solid removal efficiencies appeared to 
be negative. This was because the feedstock introduced into the system contained a lower 
concentration of solids compared to the inoculum, which initially constituted the majority 
of the reactor volume. As a result, the effluent consistently exhibited higher solid content 
than the influent. This apparent increase in solids concentration at the outlet reflect not 
inefficiency but a transitional phase in which the inoculum was gradually being displaced 
by the substrate. Only after the reactor content had been fully renewed and stabilised un-
der continuous feeding conditions was it possible to observe a true representation of solid 
degradation and removal efficiency. 

Phase S1—Carbonate Addition 

The addition of sodium carbonate during phase S1 resulted in a relatively stable COD 
removal efficiency (21–27%) throughout the period. Although Na2CO3 does not markedly 
enhance COD degradation, it contributes to maintaining process stability by buffering pH 
fluctuations. However, its effect appears limited under high-organic-loading conditions. 

TS and VS removal during S1 exhibited a notable and rapid increase, particularly at 
the beginning of this phase (approximately four weeks into the operation), when the ini-
tial inoculum had been largely displaced from the reactor. This marked the point at which 
the solid content in the effluent more accurately reflected the degradation of the intro-
duced substrate rather than the residual solids from the inoculum. As a result, a clearer 
picture of the reactor’s removal efficiency emerged, with an average solid removal of 26% 
(TS). 

Phase S2—Biochar Addition 

In phase S2, the addition of biochar led to an initial increase in COD removal, from 
23% to 28%. The porous structure and adsorptive capacity of the biochar likely contrib-
uted to temporary retention and partial degradation of organic compounds. However, as 
acidification progressed, COD removal efficiency decreased down to 17%. This pattern 
suggests that although biochar can buffer pH fluctuations and support microbial commu-
nities, its effects are short-lived without further system stabilisation. 

Biochar did not improve TS and VS removal during the initial weeks of S2. Solid 
removal remained stable at 31% and 42% average for TS and VS, respectively, similar val-
ues to those in S1. These results reinforce the notion that buffering alone is insufficient to 
maintain consistent degradation without controlling organic overload. 

Phase S3—BES Integration 

With the integration of the BES, COD removal showed a modest but meaningful in-
crease compared to earlier phases. During week 17, removal efficiency reached 41%, the 
highest observed in the entire operation. The presence of electroactive bacteria and en-
hanced electron transfer may have facilitated the partial oxidation of VFAs and other in-
termediates. However, as the pH dropped again in week 18, COD removal declined, un-
derscoring the need to maintain pH stability for BES performance. 

TS and VS removal rates showed a modest improvement during the initial weeks of 
BES operation, reaching 51% and 61%, respectively. These values suggest that the BES 
may have stimulated broader microbial activity, potentially enhancing the breakdown of 
more complex organic matter. However, the increase in removal efficiency during the final 
weeks did not correlate with a rise in biogas production, indicating that, in the absence of 
sustained environmental control, the system remained prone to acidification and micro-
bial inhibition. Additionally, the initial improvement in solid removal may be partly due 
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to the physical presence of the BES electrodes, which increased surface area for solid ac-
cumulation. As such, the observed reductions may reflect physical retention rather than 
true biodegradation. 

Synthesis and Implications 

Overall, the removal of COD, TS, and VS across all phases revealed clear limitations 
in the stability and efficiency of the digestion process. Organic matter was only partially 
degraded under all tested conditions, with frequent setbacks due to acidification and mi-
crobial inhibition. Although strategies like biochar and BES provided temporary improve-
ments, none were sufficient to ensure complete and consistent degradation of the sub-
strate. These findings align with previous reports on AD of sugar-rich substrates, where 
high hydrolysis rates lead to acid accumulation and reduced CH4 conversion efficiency. 
Effective control of the organic loading rate, or the introduction of complementary sub-
strates with more favourable nutrient and buffering profiles, is essential to improve or-
ganic matter removal in such systems. 

3.4. Biogas Feasibility and Challenges at Nkawie 

Nkawie Senior High School (SHS) in Ghana is initiating the use of AD technology to 
convert organic waste into biogas, aiming to provide a sustainable energy alternative to 
supplement its current use of wood and LPG for cooking. The school generates a substan-
tial amount of organic waste and can source additional waste from nearby markets, esti-
mated at 2 metric tons of fruit waste and 500 kg of molasses per week. The findings sug-
gest that this waste could produce approximately 86 cubic meters of biogas per week, 
yielding an energy output of 1978 MJ per week. However, the school’s current weekly 
energy consumption for cooking is much higher at about 184,988 MJ, met through two 
truckloads of wood and 200 L of LPG (detailed calculations are provided in the Supple-
mentary Information). 

These results align with findings from similar studies in Ghana and other regions. 
Arthur et al. [59] investigated the biomethane potential of agricultural residues in Ghana 
and found that while biogas can significantly reduce dependence on traditional fuels, the 
energy yield often falls short of completely replacing conventional energy sources like 
wood and LPG. This conclusion is supported by Addae et al. [23], who examined waste 
disposal in Kumasi and determined that biogas production, although feasible, typically 
does not meet the full energy needs of large institutions like schools. Achieving full energy 
self-sufficiency usually requires integrating biogas systems with other renewable energy 
solutions and energy efficiency strategies. For example, the Africa Biogas Partnership Pro-
gram found that small-scale biogas systems in East African schools and households only 
fulfilled a portion of their energy needs [5], underscoring the importance of supplemen-
tary energy sources. Biogas production from organic waste can vary widely depending 
on the substrate type, climate, and digester performance. A study by Rao et al. [60] demon-
strated that co-digesting fruit and vegetable waste with animal manure produced higher 
CH4 yields compared to single-substrate digestion. This finding suggests that optimisa-
tion strategies, such as co-digestion or waste pre-treatment, could enhance biogas produc-
tion at Nkawie SHS, improving the system’s ability to meet the school’s energy require-
ments. Additionally, Wang et al. [61] highlighted that adjustments in the inoculum-to-
substrate ratio and maintaining optimal pH and temperature conditions can significantly 
boost CH4 production, approaches that Nkawie SHS could adopt to optimise its biogas 
system. 

Despite its partial contribution to the total energy needs, the biogas system offers 
considerable environmental benefits. Reducing the consumption of wood and LPG could 
lower the school’s carbon footprint and consumption of natural resources, contributing to 
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broader environmental sustainability goals. Additionally, decreased fuelwood usage 
would support local anti-deforestation efforts. Rajagopal et al. [50] emphasised the envi-
ronmental benefits of biogas technology, particularly its role in reducing CO2 emissions 
and mitigating deforestation in regions reliant on wood for cooking. The school could also 
benefit from long-term cost savings through biogas adoption. The estimated initial invest-
ment for an anaerobic digester ranges from USD 10000 to USD 50000, with annual mainte-
nance costs of approximately USD 500 (Supplementary Information provides further de-
tails). Financial assistance or grants could help offset these costs. Over time, the invest-
ment is expected to be cost-effective due to reduced fuel expenses. The school currently 
spends around USD 1500 annually on refuse disposal, and biogas systems in similar set-
tings have shown significant economic benefits, particularly in stabilising energy costs by 
reducing dependence on volatile fuel prices, as noted by Kadam and Panwar [62]. Nkawie 
SHS was advised to explore optimisation techniques such as co-digestion and substrate 
pre-treatment and consider integrating other renewable energy systems, like solar PV, to 
maximise energy output. Future studies should focus on the long-term performance of 
biogas systems and their integration with additional renewable energy sources to develop 
a comprehensive and sustainable energy solution for the school. 

4. Conclusions 
This study aimed to offer a practical solution for energy independence in a rural Gha-

naian secondary school by evaluating the AD potential of fruit waste and beet molasses, 
two organic residues already available on site. Several key findings emerged: 

1. Co-digestion at an I/S ratio of 4 provided the best performance, with a BMP of 441.54 
± 45.98 NmL CH4/g VS and faster degradation compared to mono-digestion, confirm-
ing the importance of balancing the substrate load and microbial activity. 

2. Fruit waste showed high sensitivity to the I/S ratio, and low inoculum loads led to 
acidification and inhibition, highlighting the critical role of inoculum concentration 
in process stability. 

3. Scale-up trials revealed persistent instability, especially under high-organic-loading 
rates, where acidification rapidly inhibited methanogenesis despite promising BMP 
results. 

4. Three low-cost mitigation strategies were evaluated: eggshell-derived carbonate, bi-
ochar, and BES integration. Only the BES showed a temporary improvement in CH4 
yield, but none achieved long-term stabilisation without active pH control. 

5. This work demonstrates the importance of adapting AD solutions to the local context, 
using materials and resources that are realistically accessible in rural areas rather 
than relying solely on technically optimal solutions. 

Future research should explore operational strategies better suited to high-strength, 
sugar-rich substrates, such as controlled dilution, phased feeding, or co-digestion with 
buffering-rich residues like animal manure. Ensuring the long-term viability of AD in low-
resource settings requires both technical refinement and alignment with local economic 
and logistical conditions. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/su17177590/s1, Figure S1: Photo of the BMP equipment.; Ta-
ble S1: Characterization of the biochar from Carbon Cycle company (2022). 
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