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ABSTRACT &
This study explores the optimiz§tion of bidgas yield from the co-digestion of human

excreta and kitchen waste usingployt ash@ls a low-cost catalyst within a Taguchi L9 design.
Anaerobic digestion of thes@abyftdant"Waste streams offers a sustainable energy pathway,
but process instability ane yield remain challenges. Three parameters—

d Gofpertz equation best described the process (R* = 0.981), indicating rapid

imatization and stable methane generation. These results demonstrate that
co-digestion with plant ash catalysis enhances buffering, accelerates
dation, and improves methane yield. The approach provides a practical and low-cost
stlategy for decentralized renewable energy production and sustainable waste management
@fresource-constrained regions.

KEYWORDS:

Biogas, Co-digestion, Plant ash catalyst, Human excreta, Kitchen waste, Taguchi method,
anaerobic digestion


mailto:cm.atah@unizik.edu.ng
https://doi.org/10.13044/j.sdsen.d3.0679

INTRODUCTION

The rapid growth in global energy demand, coupled with escalating environmental
challenges associated with organic waste disposal, has intensified interest in anaerobic digestion
(AD) as a sustainable waste-to-energy pathway. AD enables the conversion of biodegradable waste
into biogas, a renewable fuel primarily composed of methane and carbon dioxide, while
simultaneously mitigating greenhouse gas emissions and improving sanitation [1,2]. These
advantages make AD particularly attractive for decentralized and resource-constrained regions,
where access to centralized energy infrastructure remains limited.

scale and decentralized digesters.

Recent research has demonstrated that the
significantly enhance anaerobic digestion per
stabilizing pH, and supplying essential trace gffine
these additives, ash-based materials have gaffedNucre

Bcost additives and catalysts can
improving buffering capacity,
ethanogenic consortia [8]. Among
g attention due to their alkaline nature

and rich mineral composition. Plant ash t lly cOWgains significant concentrations of potassium
(K), calcium (Ca), and magnesium whiBh are known to neutralize volatile fatty acids,
enhance alkalinity, and stimulate caZy vity in methanogenic pathways [9—-11]. Unlike
commercial chemical buffers or redgcatalysts, plant ash is locally available, inexpensive,
and environmentally benign g rticularly suitable for decentralized waste-to-energy
systems.

Process optipai
Temperature, pH,

ains critical for achieving high and stable biogas yields.
re content strongly influence microbial metabolism, substrate
hydrolysis, an er processes during anaerobic digestion [12—14]. Temperature governs
enzymatic k1 tics icrobial community structure, while pH directly affects methanogenic
act1v1ty ¢ cofitent determines substrate accessibility and diffusion of soluble intermediates.

al combination of these parameters is therefore essential, especially when
e introduced into the digestion system.

Sg@tistical optimization techniques such as the Taguchi method offer a robust and efficient
framework for evaluating multiple process parameters simultaneously with a reduced number of
experimental runs. The Taguchi approach has been successfully applied in bioenergy systems to
identify dominant factors, minimize process variability, and enhance performance reliability
[15,16]. However, limited studies have combined Taguchi optimization with ash-based catalysis
for co-digestion systems involving human excreta.

The novelty of this study lies in the integrated application of (i) human excreta—kitchen
waste co-digestion, (ii) locally sourced plant ash as a low-cost alkaline catalyst, and (ii1) Taguchi



L9 experimental design for systematic process optimization. In addition, kinetic modeling was
employed to elucidate digestion dynamics and assess the influence of plant ash on microbial
acclimatization and methane generation.

This study therefore aims to optimize biogas production from co-digestion of human
excreta and kitchen waste using plant ash catalysis by evaluating the effects of temperature, pH,
and moisture content through Taguchi design and ANOVA, and by validating the process using
established kinetic models. The findings provide practical insights for designing efficient, low-
cost, and scalable anaerobic digestion systems for decentralized energy production.

METHODS

Substrate Collection and Preparation
Human excreta and kitchen waste were collected fro tial facilities within the

Awka Educational Zone, Anambra State, Nigeria. Fresh h

excréta was obtained from
designated sanitation facilities, while kitchen waste consistgd main

fvegetable residues, cooked
rice, cassava-based food remnants, and carbohydrate-ricjffeftoNgrs. All substrates were transported
to the laboratory in airtight containers and processedgitig of collection.

, and metals were manually removed.

Non-biodegradable materials such as pld8ticsy

The kitchen waste was mechanically shredd rod¥€e particles below 10 mm, while human
excreta was homogenized by manual sti . The Wyo substrates were mixed at a 1:1 ratio on a
volatile solids (VS) basis, following egtalishedfyecommendations for improved nutrient balance
and digestion stability in co-digegffon . Total solids (TS) and VS were determined

according to standard methods.
Plant Ash Catalyst: Sour, ireral Characterization

Plant ash waggaig m locally sourced agricultural biomass residues (predominantly
hardwood and crop busted under controlled open-air conditions. The ash was allowed

crature-reported compositions of agricultural biomass ash, the plant ash used
1s rich in alkaline and alkaline-earth minerals, primarily potassium (K), calcium
agnesium (Mg). These minerals are known to enhance anaerobic digestion by
alkalinity, neutralizing volatile fatty acids, and supplying essential micronutrients
required for methanogenic enzymatic activity. The catalytic role of plant ash in this study is
therefore attributed to its buffering capacity and mineral-mediated stimulation of microbial
metabolism rather than to direct chemical catalysis.

Experimental Setup and Digestion Conditions

Batch anaerobic digestion experiments were conducted using 1 L airtight glass digesters,
each with a working volume of 800 mL. The digesters were loaded with the prepared substrate



mixture and adjusted to the required moisture content using distilled water. A fixed dosage of plant
ash catalyst was added to the designated experimental runs, while control experiments were
conducted without catalyst addition.

Prior to sealing, the digesters were purged with nitrogen gas for 2 min to ensure anaerobic
conditions. The reactors were then tightly sealed with rubber stoppers and maintained in
temperature-controlled water baths. Digestion was carried out under mesophilic conditions, with
temperatures varied according to the Taguchi experimental design. The digestion period lasted 30
days, during which biogas production was monitored daily.

2.4 Experimental Design Using the Taguchi Method

A Taguchi L9 orthogonal array design was employed to optimize
evaluating the effects of three control factors at three levels each:

e Temperature: 30, 35, and 40 °C

e pH:6.5,7.0,and 7.5

e Moisture content: 70%, 80%, and 90%

The Taguchi approach was selected to minidfizegthe ber of experimental runs while

enabling systematic evaluation of factor effectgfand Wgterg#tions. Biogas yield was chosen as the
performance response, and the “larger-the®beftgr” s¥nal-to-noise (S/N) ratio criterion was

applied to identify optimal operating con@n ¥nprove process robustness.

2.5 Biogas Measurement and Gag€o Analysis
Daily biogas producti red using the water displacement method, and the

recorded volumes were cogiggtSfto dard temperature and pressure (STP). Cumulative biogas

Biogas compositidn, Specifically methane (CHa4) and carbon dioxide (CO:) concentrations,

i iflg a ga§ chromatograph equipped with a thermal conductivity detector (TCD).
Gas quality prametgrs, Including moisture content, density, and calorific value, were calculated
using stan dynamic correlations based on measured gas composition.

Kine delimg of Biogas Production

Tgydescribe the dynamics of biogas generation, cumulative biogas production data were
fitted to three widely used kinetic models: first-order, modified Gompertz, and logistic models.
Nonlinear regression analysis was performed using MATLAB software to estimate kinetic
parameters, including ultimate biogas potential (Bo), maximum biogas production rate (Rn), lag
phase duration (A), and first-order rate constant (k). Model performance was evaluated using the
coefficient of determination (R?).

The cumulative biogas yield was modeled using the modified Gompertz and first-order
kinetic equations, which are widely applied for evaluating digestion performance [12,14].
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Nonlinear regression analysis was performed using MATLAB software to estimate kinetic
parameters and evaluate model fit (R?).

Cumulative biogas production was monitored daily over a 30-day mesophilic digestion
period (35 £ 2 °C). The biogas volume was measured using water displacement or a gas flow meter,
and methane content was determined using a gas analyzer.

To quantify the dynamics of biogas generation, three widely used kinetic models were applied:

1. First-Order Kinetic Model
This model assumes that the rate of substrate degradation is proportional t ining

biodegradable fraction.

B(t)=Bo(1-e-kt) 1
Where:

B(t) = cumulative biogas yield at time t (mL g V.

By = ultimate biogas potential (mL g™ VS) &
k = first-order rate constant (day ) %< ’

t = digestion time (days)
2. Modified Gompertz Mq %

A widely accepted micfobial growth-based biogas kinetic

C) B(t)=Bo eXP{-eXp[R% (A—t)+1]} 2
@s

B(t) = cumulative biogas yield at time t (mL g—' VS)
e By =maximum biogas production potential (mL g—! VS)
e Rm= maximum biogas production rate (mL g—1 VS day—"')

e )\ =lag phase time (days)

Journal of Sustainable Development of Smart Energy Networks 5



e ¢ = Euler’s number (2.718)
e t=digestion time (days)

3. Logistic Model
Used to describe symmetrical biogas production curves:

Bo
B(t) = 3
4RmMm

I+exp [W()‘_t) +2]

e B(t) = cumulative biogas yield at time t (mL g'VS) 0
e By = ultimate biogas production (mLg'VS)

e Rm = maximum biogas production rate (mL g—' VS da

e )= lag phase duration (days)

o t=digestion time (days)

The kinetic parameters (Bo, Rm, k,
MATLAB (R2023a) by minimizing the s
biogas yields. Model performance wa# e
root mean square error (RMSE).

re cstimated using nonlinear regression in
of sguar@d errors between experimental and predicted
uated using the coefficient of determination (R?) and

Statistical Analysis

Analysis of vari§ AUV A) was performed to determine the relative contribution and
parameter on biogas yield at a 95% confidence level. Statistical

significance of cachFffagc
analyses were cond @ sitfg Minitab 19 software. Factors with p-values less than 0.05 were

considered st a gfiificant, while practical significance was assessed based on percentage
contribution ad respnse trends derived from the Taguchi analysis.

RRgUL ND DISCUSSION
Effect of Process Parameters on Biogas Yield

The cumulative biogas yields obtained from the Taguchi L9 experimental runs varied
between 100.3 and 130.4 mL g ' VS, indicating a strong dependence of digestion performance on
operating conditions (Table 1). The highest yield was recorded at 40 °C, pH 7.0, and 90% moisture
content, highlighting the importance of balanced mesophilic conditions for stable methane
generation.



Temperature exerted the most pronounced influence on biogas production, as confirmed
by both mean response and signal-to-noise (S/N) ratio analyses. Biogas yield increased when
temperature was raised from 30 °C to 40 °C, reflecting enhanced enzymatic activity and
accelerated microbial metabolism. However, a decline in yield was observed at 50 °C. This
reduction can be attributed to thermal stress on mesophilic methanogens, as the system operated
beyond the optimal mesophilic range without sufficient acclimation to a fully thermophilic regime.
Similar yield suppression at intermediate temperatures between mesophilic and thermophilic
conditions has been reported in previous studies [12,17], where microbial community instability
led to reduced methane productivity.

pH and moisture content showed comparatively smaller effects on bi
optimal pH of approximately 7.3 aligns with the preferred range for methanoge
high moisture content (90%) improved substrate solubilization and mas LS ilitating
microbial access to organic matter [13,14].

Table 1 Taguchi L9 orthogonal array and experimental factors

Experiment Temperature (°C) pH (—) Moisture Content (% gas yield (mL g VS)

1 30 6.5 70 1093
2 30 7.0 80 110.8
3 30 7.5 90 110.2
4 35 6.5 80 130.0
5 35 7.0 90 120.5
6 35 7.5 0 130.4
7 40 6. 100.9
8 40 . 70 120.0
9 40 110.0
Analysis of Varian VA)

that temper. nted for approximately 68% of the total variation in biogas yield, followed

The in, erating parameters on biogas yield was evaluated using both Taguchi
response anal§isis angyanalysis of variance (ANOV A). The Taguchi contribution analysis indicated
C
by p nd moisture content (8.2%). This result highlights temperature as the most
practitglfyinfluential factor affecting the anaerobic digestion process under the investigated
itio

C

However, the ANOVA results show that the p-value associated with temperature (p =
0.177) exceeds the conventional 0.05 threshold for statistical significance at the 95% confidence
level. This apparent discrepancy is primarily attributed to the intrinsic limitations of the Taguchi
L9 orthogonal array, which provides a low number of degrees of freedom for error estimation,
as well as unavoidable experimental variability inherent in biological digestion systems.

It is therefore important to distinguish between statistical significance and practical
significance in the context of Taguchi-based optimization. While the ANOVA does not support



rejection of the null hypothesis at the 95% confidence level, the Taguchi signal-to-noise (S/N)
ratio and response mean analyses consistently demonstrate that temperature exerts the strongest
influence on biogas yield trends. Such outcomes are well documented in Taguchi-designed
bioenergy studies, where dominant factors may exhibit high contribution ratios without achieving
strict statistical significance due to reduced experimental resolution.

Accordingly, temperature is considered the dominant practical factor in this study, based
on its relative contribution to variability and its consistent effect across response analyses, rather
than on hypothesis testing alone. This clarification strengthens the interpretatigg® avoids
overstating statistical certainty, and preserves the engineering relevance of the findin

Table 2. Analysis of variance (ANOVA) for biogas yield @ ).

Source DF Adj SS Adj MS F-value p-v @
Temperature (°C) 2 682.70 341.35 4.66

pH 2 86.76 4338 0.58 4
Moisture (%) 2 81.50 40.75 @ S@ 083
Error 2 146.63 73.3 — —
Total 8 997.59 —
The main effects of temperature, nd Wgpisture content on biogas yield are illustrated

in Fig. 1 (signal-to-noise ratio) and Fig.@ (megn yitld). Temperature shows the steepest slope,
confirming its dominance as the mc?‘n tialMfactor.
y 4

Mean effect plot for signal-to-noise ratio of biogas yield

—8— Temperature (°C)
pH
41.8 - —A&— Moisture (%)

42.0 A

41.6 -

41.4 +

!»

41.2 -
41.0 A
40.8 /
40.6 A

1 2
Level

S/N Ratio ("Larger-the-better")

w A

Fig 1 Mean effect plot for signal-to-noise ratio of the biogas yield
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Mean effect plot for mean of the biogas yield
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o
c 112.5 -
©
()
= 110.0 A
107.5 1 L 4
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Fig 2 Mean effect plot f m% biogas yield

Table 3 Responsefl'abledor Signal to Noise Ratios

V4
Moisture
Level Temperature(°C) pH content (%)
1 40.59 40.79 41.31
{2 42.07 41.36 41.33
3 40.83 41.33 40.85
Delta 1.48 0.57 0.49

Table 4 Response Table for Means

O

Moisture
content
Level Temperature(°C) pH (%)
1 107.1 110.4 116.9
2 127.0 117.1 116.9
3 110.3 116.9 110.5
Delta 19.9 6.7 64
Rank 1 2 3

Journal of Sustainable Development of Smart Energy Networks



Optimization of Process Parameters

Based on the Taguchi S/N ratio analysis, the optimal parameter combination was identified
as 40 °C, pH 7.3, and 90% moisture content. This combination yielded 130 mLg'VS, which is
consistent with reports that moderate mesophilic conditions (35—40 °C) favor microbial stability
and methane yield [14,17].

Influence of Plant Ash Catalyst

The incorporation of plant ash significantly improved both the quantit atity of
biogas produced under optimized conditions. Methane concentration increagsd to 68%,
while calorific value rose from 19.2 to 24.1 MJ m™. These improveme qitributed to the
alkaline and mineral-rich nature of plant ash. Potassium, calcium, andsfgdfgsiugl present in the
ash enhance buffering capacity, neutralize volatile fatty acids, and prégidgi€ssential micronutrients

that stimulate methanogenic activity [9—-11].

Comparable enhancements in methane yield and gas g
additives such as biochar, CaO, and mineral ash [8,18].
study using untreated plant ash is comparable to,
additives, underscoring its suitability as a low-cos

ality h been reported for alkaline

The impact of plant ash as a low-cos®catlyst 3 biogas production was evaluated under

the optimal conditions identified by the hi an@lysis (40 °C, pH 7.3, 90% moisture content).
Tables 5-9 summarize the key physic d chelhical properties of the biogas with and without a
catalyst, while Figs. 3—7 illustrate ta coge ing trends.

Moisture Content

The moisture content odted biogas decreased from 6.5% without plant ash to
6.0% with the catalyst ( 3). Lower moisture improves gas quality and reduces
potential corrosion ingakp1RE systems, indicating that the addition of plant ash enhances biogas
usability.

Ta Res@lt of the moisture content of the biogas yield with and without catalyst

Moisture content (%)

as yield without plant ash 6.5
s yield with plant ash 6

Density (Table 6, Fig. 4)

The density of biogas increased slightly from 1.11 kg/m? (without catalyst) to 1.13 kg/m?
(with catalyst), as shown in (Table 6, Fig. 4.). This increase in gas density reflects a higher
methane content and improved energy potential, confirming that plant ash positively affects gas
composition.



Table 6. Result of the density of the biogas yield with and without a catalyst
Sample Density(kg m™)
Biogas yield without plant ash 1.11
Biogas yield with plant ash 1.13

Combustibility

Biogas calorific value increased from 19.2 MJ/m® without plant ash to 24.1 MJ/m? with
catalyst (Table 7, Fig. 5). The higher energy content is directly attributable to increasegfmethane
concentration and supports the improved combustion efficiency of catalyst-enhanced §gogg.

Table 7. Result of the Combustibility of the biogas yield wit, @ catalyst
Sample Combustibility (MJ/m?)

Biogas yield without plant ash  19.2
Biogas yield with plant ash 24.1

Methane Content

Methane concentration rose from 60% to 68% wi
Enhanced methane content not only improves fuel
digestion process, as methanogenic bacteria thriv
ash.

Table 8. Result of
catalyst
Sample

Methane Content (%)

Biogas yi ant 60
ash
Bio 1M with'plant ash 68

iogas yield increased from 125 mL g' VS without catalyst to 145 mL g' VS
(Table 9, Fig. 7). This improvement demonstrates the synergistic effect of co-
nd catalyst addition, confirming that plant ash enhances microbial activity, stabilizes
pH, and promotes methane generation.

Table 9. Result of the biogas yield with and without a catalyst
Sample Biogas yield (mL g™' VS)
Biogas yield without plant ash 125
Biogas yield with plant ash 145
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Figure 7: Biogas yield with and u&t ash

The addition of plant ash enhanced sS ing, stabilizing pH within the optimal
range for methanogenic bacteria. This findgaggsuppQgts earlier studies showing that ash and mineral
additives mitigate process inhibition fland ignprove methane generation [11,15,16]. The
improvement is attributed to the relegg€ of®gace @inerals and enhanced alkalinity, which stimulate
methanogenesis [6,8].

Kinetic Modeling ot%toduction

Kinetic ana @ pwed that the modified Gompertz model provided the best fit to the
experimental gata’ (R 81), outperforming both the first-order and logistic models. The short

lag phase §l.§ days) indicates rapid microbial acclimatization, likely facilitated by improved
bufferigg an ineral availability from plant ash. Similar dominance of Gompertz kinetics
has for co-digestion systems involving alkaline additives [3,12].

The estimated ultimate biogas potential (~475 mL g! VS) falls within the range reported
for pr: - and carbohydrate-rich organic waste blends, validating the experimental approach and
confirming the synergistic benefits of co-digestion and catalysis.

To further evaluate the dynamics of the co-digestion process, cumulative biogas
production data were fitted to three widely used kinetic models: first-order, modified Gompertz,
and logistic models. Table 10 summarizes the kinetic parameters, while Fig. 8 shows the
experimental data alongside model fits.

Journal of Sustainable Development of Smart Energy Networks 14



First-Order Model

The first-order model assumes that the biogas production rate is proportional to the
remaining biodegradable fraction. The estimated rate constant (k =0.19 day ') and ultimate biogas
potential (Bo = 460 mL/g VS) yielded a good fit (R? = 0.953). This indicates a reasonably rapid
substrate degradation but slightly underestimates the initial lag phase observed in the experimental
data.

Modified Gompertz Model

The modified Gompertz model provided the best fit for the experimental gge®
0.981), capturing the lag phase (A = 1.6 days), maximum biogas production rate
ml/day), and ultimate yield (Bo =475 mL/g VS). The short lag phase sugggs
acclimatization, likely enhanced by the buffering capacity and trace miner3
ash. Fig. 8 clearly shows that this model accurately predicts the onset
plateau phases of biogas production.

Logistic Model
The logistic model also provided a go8&d eseMation (R? = 0.972), with a slightly longer
lag phase (A = 1.9 days) and comparable gtithate y®ld (Bo = 470 mL/g VS). However, it did not

capture the rapid initial biogas accumylatign as flirecisely as the Gompertz model.

Interpretation

1 Gompertz model confirms its suitability for modeling

microbial growt as kinetics.

roduction rate and short lag phase demonstrate that plant ash not

e The enhang G
only stajailiZ8g p t also accelerates substrate degradation.
e Th ategbiogas potential (~475 mL/g VS) is consistent with values reported for
and carbohydrate-rich organic waste blends, validating the experimental design.
Ifyplication® for Reactor Design

The derived kinetic parameters provide critical insights for scaling up:

e The maximum production rate (Rn) and lag phase (A) inform hydraulic retention time
(HRT) and organic loading rate (OLR) selection.

e The stable and predictable cumulative biogas profile supports the design of semi-
continuous or batch-fed digesters in resource-limited settings.
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Table 10: Kinetic Parameters Derived from Models

Model Bo (mLg! VS) Rm (mL/day) A (days) k(day™') R2
First-order 460 — — 0.19 0.953
Modified Gompertz 475 38.2 1.6 — 0.981
Logistic 470 36.8 1.9 — 0.97

Interpretation

The short lag phase (1.6—1.9 days) indicates rapid microbial acclimatiz @ ossibly due to
improved buffering and trace nutrients from plant ash.

The maximum production rate (=38 mL/day) suggests a relati
enhanced microbial activity.

conversion, confirming

The ultimate yield (=475 mL/g VS) is consistent withgf gd values for protein- and fat-rich
organic waste blends.

These results suggest that plant-based ash not oty imirovg® microbial stability but also positively
S

influences the degradation kinetics of compl

Implications for Reactor Design < ’

The kinetic constants derived e bggdraulic retention time (HRT), organic loading rate
(OLR), and digester sizing fo ca stems.

@

Here is a plot cumulative biogas production over time along with fits from three
common kinefic models:

S

tra

The rapid onset and stal
or batch-fed digeste

k pRgduction phase make the process suitable for semi-continuous
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Cumulative Biogas Production and Kinetic Model Fits

® FExperimental Data
—=- First-order Model —____T..-_-_v""'—

—— Modified Gompertz Model - Lt

lified Gompertz Model ——___- .
ool =" Logistic Model Prad 7 *

300

2001

Cumulative Biogas Yield (mL/g VS)

0 5 10 15 20 25 30
Time (days)

Fig 8 Cumulative Biogas production a t »
First-order model (blue dashed line) %
Modified Gompertz model (green solid li &

Logistic model (red dash-dot line)

Experimental data (black dots

The Modified Gg del typically gives the best fit for biogas production due to its
ability to model the lag plgg onential growth, and plateau accurately (fig 8).

(R?>0.95), afCurate a

The modifid ertz model provided an excellent fit for cumulative biogas production
dicting lag phase duration and maximum methane potential. The first-
order kinegic Wodel howed slightly lower predictive accuracy, confirming the superiority of
Gompegtz kifgt r co-digestion processes [12, 18]. Comparable studies on human excreta and

food ga eported similar fits, further validating the model’s applicability [3, 13].
CoMypardtive Insights

Compared with single-substrate digestion and non-catalyzed systems, the optimized co-
digestion process demonstrated superior methane yield and stability. The use of locally available
plant ash eliminates the need for expensive chemical buffers, making the system particularly
attractive for rural and peri-urban communities. The derived kinetic parameters further provide
valuable inputs for reactor sizing, hydraulic retention time selection, and scale-up of decentralized
digesters.



The maximum yield obtained in this study (130 mL/gVS) was higher than yields reported
for single-substrate digestion of kitchen waste or human excreta, highlighting the synergistic
benefits of co-digestion [5, 9]. Furthermore, the integration of plant ash as a catalyst presents a
low-cost and sustainable strategy for enhancing process performance, particularly in resource-
constrained regions [15, 18].

Conclusion

This study successfully demonstrated that biogas production from the co-dig@stion of
human excreta and kitchen waste can be significantly enhanced through the combme
of plant ash catalysis and statistical process optimization. Using a Taguchi L9 expgg
temperature was identified as the dominant operational parameter, contributi
68% of the total variation in biogas yield. Optimal conditions of 40 °C, pH
content produced a maximum biogas yield of 130 mL g VS, confirming Rbility of stable
mesophilic operation for this substrate blend.

The addition of locally sourced plant ash markedly imy oth biogas quantity and
quality. Methane concentration increased from 60% to 68%, w alorifc value rose from 19.2
to 24.1 MJ m™. These enhancements are attributed to the nd mineral-rich composition
of plant ash, particularly potassium, calcium, and magng hich Tmproved buffering capacity,
mitigated acid accumulation, and supported methageg vity. The performance achieved
using untreated plant ash is comparable to that ofghor ive engineered alkaline additives

underscoring its viability as a low-cost catalys ized anaerobic digestion systems.

Kinetic modeling further confi e robWstness of the optimized process. Among the
models evaluated, the modified Gompgrt&equaffon provided the best fit to the experimental data
(R?=0.981), accurately capturing hase and high biogas production rate. The rapid
microbial acclimatization obse ts the positive influence of plant ash on digestion
stability and degradation kinegg
scaling up batch or semi-cgati sters.

Overall, the gig tioft” of co-digestion, plant ash catalysis, and Taguchi-based
optimization repre ents vel and practical approach for improving anaerobic digestion
Ngategy addresses key challenges associated with process instability and low

performance.

methane yield whilg T€¥ing on locally available materials and simple operational control. The
findings ong evidence that decentralized anaerobic digestion systems can
simult ribute to renewable energy generation, improved sanitation, and sustainable
wast ement in resource-constrained regions.

PraSical@mplications

The results of this study have direct practical relevance for the deployment of decentralized
biogas systems in developing regions. The use of human excreta and kitchen waste as co-substrates
enables effective waste valorization while addressing public health and environmental concerns.
Incorporating plant ash as a catalyst offers a cost-effective alternative to commercial chemical
buffers, reducing operational costs and increasing system accessibility for rural and peri-urban
communities.



The optimized operating conditions identified—moderate mesophilic temperature, near-
neutral pH, and high moisture content—are achievable without sophisticated control systems,
making the approach suitable for small-scale digesters. The kinetic parameters derived from this
study can guide the selection of hydraulic retention time, organic loading rate, and digester sizing
for practical implementation.

By combining locally available waste streams with an inexpensive catalytic additive, this
approach supports energy self-sufficiency, reduces reliance on fossil fuels, and promotes circular

resource use. Future work should focus on long-term continuous digestion, detailedg@hemical
characterization of plant ash from different biomass sources, and assessment grobial

community dynamics to further enhance system reliability and scalability. O
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