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ABSTRACT  
The use of whey permeate as anaerobic digestion (AD) feedstock 
presents a potential challenge for methane (CH4) production due 
to its acidity and high carbon content. This study investigated the 
optimal parameters of whey permeate AD by incorporating CH4 
yield with CH4 equivalent of produced volatile fatty acids (VFAs) 
over volatile solid degradation to determine the mass balance of 
the system. Batch AD experiments were conducted at various 
inoculum-substrate ratios (ISRs), initial pH levels, and mesophilic 
temperatures. Results demonstrated that ISR influences VFA 
profiles regardless of the variation in temperatures and pH, with 
the exception at ISR 2. Mass balance analysis showed that the 
highest yield (1441.42 ± 43.78 NLCH4kgVS

−1 degraded) was achieved 
in reactors operated at ISR 2, initial pH of 7.5, at 30°C. The results 
confirmed a dynamic effect of ISR and temperature throughout 
whey permeate AD. Finally, response surface methodology was 
employed to understand operational optimisation based on mass 
balance data.
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1. Introduction

Whey permeate constitutes one of the dairy wastewaters from milk processing. It is gen-
erated from membrane filtration of cheese whey during whey protein production (Banas-
zewska et al. 2014; Slavov 2017). The filtration process retains approximately 80% of the 
lactose present in milk, transferring it to the resulting whey permeate (Bosco et al. 2018). 
A comprehensive assessment of the technological and economic feasibility from various 
whey processing options highlighted that conversion of cheese whey into whey protein 
leads to a substantial stream of whey permeate that necessitates further treatment due 
to its significant lactose fraction (Peters 2005). Global whey protein production totalled 
2.8 million tons in 2020, with forecasts indicating growth to 3.1 million tons by 2029 
(OECD/FAO 2023). This highlights the critical need to develop efficient solutions that 
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both sustain the growth of dairy industry, while promoting circular economic practices. 
Among available wastewater treatment technologies, anaerobic digestion (AD) offers an 
opportunity for the valorisation of whey permeate by converting its organic matter into 
bioenergy in the form of methane (CH4) and valuable volatile fatty acids (VFAs) as its 
intermediate products. However, despite AD being widely regarded as a cost-effective 
and reliable technology for wastewater treatment, optimizing its performance for dairy 
wastewaters remains a challenge (Bella and Rao 2023).

A series of intricate microbiological processes takes place in the AD. These processes 
involve a diverse array of microorganisms working in sequential stages: hydrolysis, acid-
ogenesis, acetogenesis, and methanogenesis. These microbial communities are sensitive 
to environmental conditions, emphasizing the importance of managing various factors in 
order to maximize AD design and efficiency (Mao et al. 2015). Effective AD operation 
relies on careful management of the environmental parameters, including inoculum to 
substrate ratio (ISR), incubation temperature, and pH. The ISR represents the proportion 
of volatile solids (VS) derived from the inoculum to the VS present in the substrate. A low 
ISR (indicating a high substrate level) increases the likelihood of acidification and inhi-
bition phenomena as reported by Holliger et al. (2016), especially for easily degradable 
substrates. Conversely, AD operation with high ISRs reduces the volume of substrate 
to be processed in the digester and can lead to non-reproducible results, especially 
when handling heterogeneous substrates (González-Fernández and García-Encina 
2009; Raposo et al. 2008). Determining the appropriate balance of ISR is essential in 
achieving a maximum CH4 potential and production rate. Empirical studies confirm 
that the ideal ISR for AD systems is substrate-dependent, with different feedstocks 
requiring specific ISR (Demichelis et al. 2022; Filer et al. 2019; Flores-Mendoza et al. 
2020). For experimental validation, Owen et al. (1979) initially established 1:1 VS sub-
strate-to-inoculum ratio (gVS/gVS) as the fundamental benchmark for AD systems. 
While their findings offer valuable guidance for ISR determination, substrate-specific 
ISR variations must be considered. Consequently, a systematic analysis of biochemical 
methane potential (BMP) protocols by Filer et al. (2019) recommends evaluating at 
least three distinct ISRs, with particular emphasis on substrate biodegradability.

In addition to ISR, other factors such as temperature and pH play an important role in 
the AD performance. Temperature significantly influences microbial growth rate, meta-
bolic activities, and population dynamics within the digester. Additionally, temperature 
also influences the gas transfer rates and the settling characteristics of biological sludges. 
Anaerobic digesters typically operate within mesophilic (30–38°C) or thermophilic (50– 
58°C) temperature ranges (Filer et al. 2019). Thermophilic digestion generally exhibits 
higher degradation rates compared to mesophilic digestion, primarily due to the acceler-
ated biochemical reactions at elevated temperatures. Increasing the operational tempera-
ture also offers additional benefits, including increased solids reduction, improved 
dewatering, and reduction or elimination of pathogenic organisms (Metcalf and Eddy 
2014). However, these advantages come with trade-offs, such as increased energy cost, 
increased odour potential and reduced process stability (Appels et al. 2008). The pH 
level within the digestate also influences AD kinetics by affecting microbial enzymatic 
reactions. Low pH levels are associated with VFAs accumulation during acidogenesis, 
which leads to methanogenesis inhibition, unstable operation or even process failure 
(Pearse et al. 2018). Conversely, high pH levels can cause inhibitory effects due to the 
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presence of high free ammonia and ammonium ion concentration (Azkarahman et al. 
2021), which can permeate microbial cell membranes and disrupt proton balance 
(Barber 2016). The optimal pH range for AD is typically maintained between 6.5 and 
7.6, as pH levels critically affect microbial enzyme activity, potentially altering their struc-
tural conformation and reaction kinetics (Parkin and Owen 1986). Moreover, pH values 
beyond the recommended range typically result in significantly higher operating costs for 
AD facilities due to the necessity for pH buffering agents.

Whey permeate contains a significant amount of organic carbon, primarily in the form 
of lactose (ADPI 2023), making it suitable as the carbon source for CH4 production via 
the AD process. In addition, the absence of inhibitory compounds, such as cellulose 
(Kaldis et al. 2020), further demonstrates the potential of whey permeate to be used as 
AD feedstock. However, despite its potential, the current practical optimisation of 
whey permeate AD performance is still rarely investigated, especially when compared 
to other AD feedstocks (Bella and Rao 2023). Previous studies on the AD of whey perme-
ate primarily focused on the determination and evaluation of the kinetic model (Hwang 
et al. 1992; Yang and Quo 1991). While these studies provide insight into kinetic par-
ameters of the AD based on experimental data, they do not explicitly address process 
optimisation for AD. Other studies, such as those by Lee et al. (2008) and Hagen et al. 
(2014), explored the microbial population dynamics in whey permeate AD. However, 
AD optimisation through controlled microbial population has been shown to be 
complex, as demonstrated in the latter study (Hagen et al. 2014), while another study 
even showed lower conversion rates (Zellner et al. 1987). Alternative strategies, such 
as co-digestion (Fagbohungbe et al. 2019; Gensollen et al. 2022), offer a potential for 
whey permeate AD optimisation but face practical challenges due to the variability of 
co-substrate characteristics (Hagos et al. 2017). Furthermore, direct contact with AD 
industry operators in the UK revealed persistent difficulties in maintaining stable oper-
ations of AD plants utilizing whey permeate. For the first time, this study assessed the 
performance and mass balance of whey permeate AD at various ISRs, pH levels and 
temperatures under mesophilic conditions through biochemical methane potential 
(BMP) tests. The organic matter degradation and VFAs production, as well as CH4 gen-
eration under each condition, were assessed to evaluate overall AD performance. This 
approach provides insights into potential biorefinery applications, including digestate 
upcycling, VFAs production, as well as a more justified operational efficiency. In 
addition, the findings contribute to a more comprehensive understanding of the oper-
ational efficiency and optimisation of the AD process for whey permeate.

2. Materials and methods

2.1. Inoculum and substrate

Liquid whey permeate used as a substrate in this study was obtained from acid whey 
filtration from a creamery plant managed by Future Biogas Ltd., UK. Whey permeate 
was stored at −20°C and subsequently thawed at room temperature prior to testing. 
The inoculum used in this study was obtained from a full-scale biogas plant that was pre-
viously fed with energy crops (i.e. mainly maize, a little part of rye and beet pulp). Before 
use in BMP tests, the inoculum was incubated at 30 ± 2°C for a period of 5 days and 
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sieved to remove part of the non-degraded organic fraction. The incubation and sieving 
aimed to reduce the endogenous CH4 production from the inoculum. Both whey perme-
ates and biogas effluent used in this study were provided by Future Biogas. Ltd (Guild-
ford, UK).

Both substrate and inoculum were first dried at 105°C overnight to determine their 
total solids (TS). Afterwards, each sample was subjected to ignition at 550°C for at 
least 5 h. The VS was determined by deducting the ash content produced during the 
ignition and subsequently dividing this difference by the weight of the wet sample. 
This analysis followed standard methods used for the analysis of water and wastewater 
(APHA 2017). The pH was measured by using a pH meter equipped with a microelec-
trode (Mettler Toledo™ SevenEasy™ Plus FP20 pH/mV m). Total organic carbon 
(TOC) and nitrogen analyses were performed by using a Leco CHN628 instrument 
(LECO Corp., USA). Lactose, protein and fat content of whey permeate were analysed 
by using a Lactoscope FTIR Diary Analyser (Delta Instruments, Netherlands).

2.2. Batch digester start-up and experimental design

The biochemical methane potential (BMP) test in this study followed the standard test 
established by Holliger et al. (2016). The digesters were conducted in a batch mode by 
using 150 mL bottles, sealed with rubber stoppers and crimped with aluminium caps. 
Appropriate quantities of inoculum, substrate and deionised water were added to keep 
the ISR constant at a value of 0.5, 1 and 2 on VS basis (w/w) with the working volume 
set at 70 mL. The initial pH was adjusted by adding 1 N NaOH until target pH was 
reached (7, 7.5, and 8). Before each experiment, all bottles were flushed with N2 gas to 
remove oxygen and ensure the anaerobic conditions within the digester. During the 
BMP start-up, we found that the digester with initial pH <7 showed a very low CH4 pro-
duction since day 1, thus was excluded from this study. The sealed digesters were then 
placed in the incubation room at each respective temperature (20, 30, and 37°C). 
Methane production was measured daily by using the liquid displacement method. In 
this method, 1 M NaOH solution was used to trap CO2, enabling CH4 measurement 
from the produced biogas. Blanks trials (bottles that only contained inoculum and 
water) were prepared for all different pH values and temperatures to measure the inocu-
lum’s endogenous CH4 production. The obtained values from the relevant blank trials 
were subtracted from those acquired from the experimental bottles. The test ended 
when daily CH4 production was <1% of the accumulated volume of CH4 (<BMP1%) 
for three consecutive days. All experiments took place in triplicate and the BMP is 
expressed as the volume of dry methane gas under standard conditions (273.15 K and 
101.33 kPa) per mass of VS input (NLCH4kgVS

−1 input). The experimental set up of this 
study is presented in Table 1.

2.3. Kinetic parameters

The kinetics of AD can be determined by applying various mathematical models on data 
collected from the biochemical methane potential (BMP) test. In this study, we evaluated 
nine kinetic models (First-order exponential, Fitzhugh, Cone, BPK, Monomolecular, 
Logistic, Transference, Richards, and modified Gompertz) against daily CH4 production 

4 A. R. AZKARAHMAN ET AL.



data from the BMP tests. Each result was statistically validated by determining the R², 
Akaike Information Criterion (AIC), and normalised root mean square error 
(NRMSE) value. The results indicated that the modified Gompertz model provided the 
best fit to our experimental data. As a result, outcomes from other models were excluded 
from this study, and only kinetic parameter results obtained from the modified Gompertz 
model are presented.

Nonlinear regression analyses were applied to the modified Gompertz model, treating 
it as a deterministic function for kinetic parameters estimation (Zwietering et al. 1990). 
The mean values were obtained from experimental data of triplicate batch digesters were 
fitted to the model. Nonlinear regression method was performed with Solver Tool of 
Microsoft Excel software. The model fit enabled estimation of the lag phase, 
maximum CH4 production rate and maximum CH4 production potential. The 
modified Gompertz model is presented in THE following equation:

Pt = Pexp − exp
Rme

P
(l − t)+ 1

  

(1) 

Table 1. Operational parameters of the BMP tests.
Target ISR Temperature (°C) Initial pH Volume (mL) Total TS (%) Total VS (%) C/N ratio No. of replications

0.5 20 7 70 12.13 10.46 25.00 3
0.5 30 7 70 12.13 10.46 25.00 3
0.5 37 7 70 12.13 10.46 25.00 3
1 20 7 70 10.81 9.08 18.19 3
1 30 7 70 10.81 9.08 18.19 3
1 37 7 70 10.81 9.08 18.19 3
2 20 7 70 9.74 7.96 15.11 3
2 30 7 70 9.74 7.96 15.11 3
2 37 7 70 9.74 7.96 15.11 3
0.5 20 7.5 70 12.13 10.46 25.00 3
0.5 30 7.5 70 12.13 10.46 25.00 3
0.5 37 7.5 70 12.13 10.46 25.00 3
1 20 7.5 70 10.81 9.08 18.19 3
1 30 7.5 70 10.81 9.08 18.19 3
1 37 7.5 70 10.81 9.08 18.19 3
2 20 7.5 70 9.74 7.96 15.11 3
2 30 7.5 70 9.74 7.96 15.11 3
2 37 7.5 70 9.74 7.96 15.11 3
0.5 20 8 70 12.13 10.46 25.00 3
0.5 30 8 70 12.13 10.46 25.00 3
0.5 37 8 70 12.13 10.46 25.00 3
1 20 8 70 10.81 9.08 18.19 3
1 30 8 70 10.81 9.08 18.19 3
1 37 8 70 10.81 9.08 18.19 3
2 20 8 70 9.74 7.96 15.11 3
2 30 8 70 9.74 7.96 15.11 3
2 37 8 70 9.74 7.96 15.11 3
Blank 20 7 70 8.11 6.27 10.78 3
Blank 30 7 70 8.11 6.27 10.78 3
Blank 37 7 70 8.11 6.27 10.78 3
Blank 20 7.5 70 8.11 6.27 10.78 3
Blank 30 7.5 70 8.11 6.27 10.78 3
Blank 37 7.5 70 8.11 6.27 10.78 3
Blank 20 8 70 8.11 6.27 10.78 3
Blank 30 8 70 8.11 6.27 10.78 3
Blank 37 8 70 8.11 6.27 10.78 3
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In the above equation Pt represents the specific CH4 yield at the given time (NLCH4kgVS
−1 

input), P represents the maximum CH4 yield potential (NLCH4kgVS
−1 input), Rm represents 

the maximum CH4 production rate (NLCH4kgVS
−1 input day−1), λ represents the x-axis 

intercept of the tangent of the cumulative CH4 yield or the lag phase (day), t is the 
time point of observation (day), and e is the Euler number. Correlation coefficient 
(R2) was calculated to determine model fitness.

2.4. Post-BMP analytical tests

Upon completion of the BMP test, the digestates were subjected to several analyses. 
The VS degradation was determined by subtracting the post-BMP VS of the blank 
from the experimental digesters and then dividing the result by the amount of VS 
input from the substrate. The TOC degradation was determined in a similar manner. 
Both VS and TOC degradations were expressed as percentage. The VS measurement 
was carried out by following the American Public Health Association guidelines 
(APHA 2017), and TOC analysis was performed by using the Leco CHN628 instrument 
(LECO Corp., USA).

The analysed post-BMP VFAs in the present study were C2–C5 acids, i.e., acetic acid 
(HAc), propionic acid (HPr), iso- and n-butyric acid (HIBu and HBu), iso- and valeric 
acid (HIVal and HVal) and lactic acid (HLac). Both iso-caproic and caproic acids were 
excluded from the VFA analysis as both compounds were too small or not detected from 
all samples. The digestate from the experimental digesters was derivatised following the 
method of Richardson et al. (1989) and analysed with gas chromatography (Agilent 
7890B). The gas chromatography was equipped with HP-5MS capillary column 
(∼30 m × 0.25 mm I.D × 0.25 µm film thickness) and flame ionisation detector (FID) 
with He as the carrier gas. Injector and detector temperatures were set at 275°C. To vali-
date the derived mass balances, chemical oxygen demand (COD) at the equivalent of 
each VFA was calculated. Conversion factors of 1.067 gCOD/gacid for HAc, 1.514 gCOD/ 
gacid for HPr, 1.818 gCOD/gacid for HIBu and HBu, 2.039 gCOD/gacid for HIVal and 
HVal, 2.207, and 1.07 gCOD/gacid for HLac were used to calculate the COD equivalents 
of each VFA (Atasoy et al. 2020).

2.5. Mass balance calculations

A mass balance calculation was performed to evaluate the impact of the research 
treatments on the whey permeate AD efficiency. The mass balance calculations 
included VS degradation and potential CH4 yield from VFAs in addition to the cumu-
lative CH4 production to represent the overall AD processes. The potential CH4 yield 
from the VFA was determined by converting the amount of VFAs (gCOD) to theoreti-
cal CH4 equivalent (0.35 LCH4gCOD

−1 ) at the standard temperature and pressure con-
ditions. The mass balance (NLCH4kgVS

−1 degraded) was calculated as follows 
(Equation (2)):

Mass balance =
Cumulative CH4 + Cumulative CH4 potential from VFA

VS degraded
(2) 
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2.6. Experimental design and statistical model

The statistical analysis conducted was a three-way ANOVA with statistical significance 
assigned to p < 0.05 with the use of SPSS (version 27) software. Fisher’s Least Significant 
Difference test was employed as post-hoc test to determine statistically significant 
differences between means. In addition, central composite design (CCD) of response 
surface methodology (RSM) was applied to design the relations between parameters 
affecting the AD process (ISR and temperature) and mass balance to reflect the AD per-
formance. The initial pH was excluded as an independent variable in the equation follow-
ing its non-significant effect towards mass balance, as obtained from ANOVA analysis. A 
quadratic CCD model was employed as the experimental design of RSM. The analysis 
was performed by using Minitab 21 software. The model function given as follows was 
utilised to describe the system behaviour (Equation (3)):

Y = bo + biXi + bjXj + biiX2
i + biiX2

i + b jjX2
j + bijXiXj+ [ (3) 

In the above equation, Y represents the predicted response (mass balance), Xi and Xj rep-
resent the studied independent variables ISR and temperature respectively, β0 is the inter-
cept, βi and βj are the coefficients associated with the linear effects of Xi and Xj, respectively, 
βii and βjj are the coefficients associated with the quadratic effects of Xi and Xj, respectively, 
βij is the coefficient associated with the interaction effect between Xi and Xj, and ɛ rep-
resents the error term. The model terms were selected or rejected based on the probability 
value with a confidence level of 95% (p < 0.05). The quality of the fit of the polynomial 
equation model was expressed through the coefficient of determination (R2). The visualisa-
tion of response surfaces was generated with their respective contour plots based on the 
effects of the two-factor levels (ISR and temperature). Through the use of both 2D and 
3D graphs, the effect of the simultaneous interaction between two factors on the response 
variable (mass balance) was studied.

3. Results and discussion

3.1. Substrate and inoculum characterisations

The physicochemical analyses of the biogas effluent used as the inoculum in this study 
(Table 2) adhered to the quality criteria for AD established by Holliger et al. (2016). 

Table 2. Physicochemical characteristics of biogas effluent (inoculum) and whey permeate (substrate) 
of the study.
Parameters Inoculum Whey permeate

Total solids (%) 8.11 ± 0.03 15.97 ± 0.45
Volatile solids (%) 6.27 ± 0.01 14.47 ± 037
Ash (%) 1.85 ± 0.02 1.50 ± 0.07
pH 8.09 ± 0.12 5.14 ± 0.01
Total organic carbon (%)a 42.12 ± 0.62 41.98 ± 0.08
Nitrogen (%)b 3.91 ± 0.01 0.60 ± 0.01
C/N 10.78 ± 0.43 70.35 ± 1.28
Lactose (%) n/d2 11.23 ± 0.02
Protein (%) n/d2 1.35 ± 0.01
Fat (%) n/d2 0.43 ± 0.004
aIn dry matter. 
bNot determined.
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Whey permeate, as substrate of this study, had volatile to total solids (VS/TS) ratio 
exceeding 90% and a carbon to nitrogen (C/N) ratio of 70.35. These reflected the abun-
dance of organic matter for AD. Substrates rich in carbon content frequently cause vola-
tile fatty acid (VFA) accumulation in AD systems, whereas nitrogen-rich feedstocks 
generate high total ammonia nitrogen (TAN) levels. Both VFAs and TAN function as 
crucial metabolic intermediates, yet at elevated concentrations, they may become 
process inhibitors (Shi et al. 2013). Thus, the high C/N ratio of the whey permeate under-
pins its potential as substrate for AD, since its low nitrogen content could reduce the risk 
of methanogen inhibition due to ammonia (NH3) accumulation in the digester (Pro-
cházka et al. 2012), as long as excessive VFA accumulation is avoided. A high nitrogen 
content in the substrate promotes the formation of both ammonium ions (NH4

+) and 
free NH3 (Azkarahman et al. 2021), which at elevated concentrations exhibit inhibitory 
effects on microbial metabolism and cellular proliferation (Chen et al. 2014). This nitro-
gen-derived inhibition particularly destabilizes the functional balance between acido-
genic and methanogenic microbial communities (Zheng et al. 2021). The low nitrogen 
content of whey permeate is a result of the various processing steps in its production, 
which include milk coagulation during cheese manufacturing, followed by ultrafiltration 
of the resulting cheese whey. These processes leave whey permeate as a byproduct with 
limited nutritional value, predominantly characterised by its high lactose content.

The high C/N ratio, easily degradable carbon content (primarily in the form of 
lactose), and uniform characteristics of whey permeate highlight its potential for AD. 
In this study, ISRs 0.5, 1, and 2 corresponded to C/N ratios of 25.00, 18.19, and 15.11, 
respectively. These C/N ratios are relatively low, with ISR 0.5 being the most suited 
for AD. The recommended C/N ratio for sustaining bacterial communities in AD pro-
cesses typically ranges from 20 to 30 (Wang et al. 2012; Meegoda et al. 2018). 
However, it should be noted that the optimal C/N ratio is not universal and can vary 
based on the specific inoculum, substrate, and operational configuration of the AD 
system (Jain et al. 2015). This variability is supported by examples from Yen and 
Brune (2007), Mata-Alvarez et al. (2014), and Kaldis et al. (2020). Adjusting C/N ratio 
within the digester can be achieved by modifying the amount of substrate as suggested 
by Wang et al. (2015). Nonetheless, reducing the ISR to increase C/N ratio in the digester 
may inadvertently decrease the methanogen population in the digester and subsequently 
hinder CH4 production.

3.2. Methane production and kinetics

The daily CH4 production rate (Figure 1) from the BMP tests in this study exhibited 
dynamic fluctuations, which reflected successive stages of hydrolysis, acidogenesis, acet-
ogenesis and methanogenesis. This dynamic pattern was evident in the recovery of CH4 
production after a notable decline, followed by another decrease until the end of the BMP 
test. Methane production started promptly on the first day in all digesters, except for ISR 
0.5 under 20°C incubation, regardless of its initial pH levels. The highest daily CH4 pro-
duction rate from whey permeate was 101.09 NLCH4kgVS

−1 input on the first day of diges-
tion at ISR 2, initial pH 7 and 37°C. This value exceeds those found with raw cheese whey 
(Flores-Mendoza et al. 2020) when used as AD substrate. Furthermore, our observed 
maximum CH4 production rate exceeds those documented in previous BMP studies 
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with energy crops and lignocellulosic biomass as the feedstock, such as maize (Raposo 
et al. 2006), wheat straw (Ferreira et al. 2014), date palm (Mehrez et al. 2022), as well 
as agro-industrial effluents (Morais et al. 2021). Thus, this confirms the easily degradable 
characteristics of whey permeate, as peak CH4 production occurred earlier with higher 
output.

Additionally, the time required for the daily CH4 production rate to drop below 
< BMP1% varied across treatments (Figure 2). This variability was anticipated, given 

Figure 1. Daily CH4 production of whey permeate during AD throughout the BMP test at various pH 
values and ISRs under (A) 20°C; (B) 30°C and (C) 37°C incubation. Error bars indicate standard 
deviation.
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that methanogenic activity is influenced by factors such as incubation temperature, ISR 
and alkalinity as supported by previous studies (Demichelis et al. 2022; Flores-Mendoza 
et al. 2020). The technical digestion time (T80-90), referring to the time required to attain 
80-90% of the maximum CH4 production from BMP tests can be used to describe the 
CH4 production efficiency (Kim and Lee 2005) and estimate the hydraulic retention 
time (HRT) for continuous anaerobic digestion of the substrate (Kafle and Kim 2013). 
The T80-90 value of our study (Table 3) has shown to be shorter compared to other 

Figure 2. Cumulative CH4 production during AD of whey permeate throughout the BMP test at 
various pH values and ISRs under (A) 20°C; (B) 30°C and (C) 37°C incubation. Error bars indicate stan-
dard deviation.
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substrates such as apple waste (Kafle and Kim 2013), except for ISR 0.5 under 20°C. In 
other BMP studies involving other substrates, such as coffee grounds (Dias et al. 2023), 
solid state anaerobic digested rice straw (Zheng et al. 2022), and bioaugmented corn 
straw under 20°C incubation (Xu et al. 2022), the T80-90 was observed to be longer com-
pared to all treatments in our study. This observation further confirms the easily degrad-
able properties of whey permeate as a suitable substrate for AD, where rapid acidification 
and methanogenesis processes can take place.

Statistically significant effects on the cumulative CH4 yield from AD of whey perme-
ate, were observed among different ISRs, temperatures, and initial pH levels (p < 0.05). 
The highest cumulative CH4 yield (466.29 ± 13.71 NLCH4kgVS

−1 input) was observed at 
ISR 2, under 30°C and an initial pH of 8. Research focused on CH4 production of 
whey permeate AD is less common when compared to other dairy byproducts, such as 
cheese whey or other dairy wastewaters (Bella and Rao 2023). Current research provides 
limited understanding of the ideal operational parameters for AD of whey permeate, 
especially regarding its efficiency of CH4 production under practical and reproducible 
conditions. Recent AD studies of whey permeate employed co-substrates ranging from 
cattle slurry (Fagbohungbe et al. 2019), to a complex mixture of green beans, cow 
manure and slaughterhouse sludge (Gensollen et al. 2022). A parallel study 
where a different source and forms of whey permeate was used, revealed that the 
maximum CH4 yield was achieved at similar ISR ranges, but at 37°C and an initial pH 
of 7.5 (Azkarahman et al. 2025). This highlights that differences in physicochemical com-
position of a similar type of substrate could also affect its optimum operational 

Table 3. Kinetic analysis of whey permeate anaerobic digestion.
Digesters

P CH4 (NLCH4kgVS
−1 input) Rm (NLCH4kgVS

−1 input.d−1) λ (1/d ) R2 T80–90 (days)ISR Temp (°C) pH

0.5 20 7 81.40 3.24 13.08 0.99 15–16
7.5 65.97 3.18 11.65 0.99 19–21
8 381.78 4.47 45.88 0.97 22–24

30 7 48.22 4.35 2.80 0.96 9–10
7.5 45.49 19.64 0.98 0.95 5–10
8 42.72 30.71 0.91 0.99 2–3

37 7 47.94 10.23 1.19 0.96 5–7
7.5 50.89 9.12 1.18 0.94 5–10
8 34.65 6.43 1.07 0.92 6–8

1 20 7 96.09 34.53 3.72 0.99 6
7.5 100.22 22.25 4.48 0.99 7–9
8 167.76 8.59 9.94 0.98 11–12

30 7 77.11 12.64 2.64 0.99 6–7
7.5 77.29 12.36 2.71 0.99 6–7
8 84.24 13.09 2.74 0.98 6–7

37 7 120.63 15.44 3.45 0.96 4
7.5 88.11 15.07 2.37 0.97 4–5
8 144.91 15.79 3.87 0.93 4

2 20 7 43.39 22.52 2.24 0.99 4–6
7.5 49.23 27.34 2.36 0.99 4–5
8 49.37 24.08 2.51 0.99 4–5

30 7 124.48 9.84 2.32 0.94 13–22
7.5 148.08 6.88 4.31 0.97 17–22
8 177.30 7.97 4.73 0.97 16–21

37 7 152.29 10.18 3.57 0.98 12–16
7.5 138.63 9.06 3.21 0.97 12–16
8 120.66 17.34 1.89 0.97 8–13
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conditions for AD. Moreover, the lower CH4 yield at ISR 0.5 and higher at ISR 2 observed 
in this study could be attributed to the accumulation of VFAs in the digester. The evi-
dence supporting this observation can be seen from the total VFAs data obtained 
post-BMP test (Figure 5), where the highest VFAs accumulation was found at ISR 0.5, 
with the exception at 20°C. Methanogenesis in AD involves two primary pathways: (1) 
the acetoclastic pathway, in which acetic acid generated from acetogenesis process dis-
sociates into CH₄ and CO₂ by acetoclastic methanogens; and (2) the hydrogenotrophic 
pathway, which involves the use of H₂ or formate as an electron donor by hydrogeno-
trophic methanogen to reduce CO₂, resulting in the production of CH₄ and H₂O 
(Ferry 2011). Furthermore, previous studies have included specific types of VFAs, 
such as acetic acid (Zhou et al. 2018) and propionic acid (Demirel and Yenigün 2002; 
Wang et al. 2006), as indicators to assess the efficiency of acetogenesis and acetoclastic 
methanogenesis. Our study demonstrated that ISR 2 resulted in significantly lower 
VFAs accumulation during whey permeate AD. This result indicates a more efficient 
acetogenesis and methanogenesis process at ISR 2, and ultimately leads to significantly 
higher CH4 yield compared to lower ISRs of the study. Interestingly, our study also 
demonstrated that the highest CH4 production under 20°C incubation was achieved at 
ISR of 1. Based on the data of our study, VFAs accumulation under 20°C was not signifi-
cantly affected by the ISR and the initial pH. This could be due to lower acidogenic and 
methanogenic activities under this temperature. The findings by Dev et al. (2019) and 
Rusín et al. (2021) who observed AD under low temperatures have shown similar results.

A high level of VFAs accumulation could inhibit methanogenesis and induce 
microbial stress due to rapid acidification and subsequent pH reduction (Wang et al. 
1999). Consequently, this may lead to process deterioration within the anaerobic diges-
ter. The cumulative CH4 production and VFAs accumulation data in our study suggest 
that decreasing the incubation temperature allows the digester with reduced level of 
inoculum to perform a better hydrolysis and methanogenesis rate. However, when the 
ISR was further reduced to 0.5, an insufficient amount of inoculum hindered the 
efficiency of the anaerobic digestion process. The total organic carbon (TOC) degra-
dation data (Figure 3) also indicate that the level of inoculum at ISR 0.5 was insufficient 
to convert the carbon for methanogenesis as compared to higher ISRs. On another BMP 
study by Raposo et al. (2008), it was also found that ISR 0.5 had lower organic matter 
removal when compared to higher ISR when sunflower oil cake was used as the substrate. 
The cumulative CH4 yields from whey permeate in our study were found to be higher 
compared to other dairy wastewaters, such as waste milk (Adghim et al. 2020), dairy 
cattle wastewater (Chou and Su 2019), and even compared to cheese whey (Flores- 
Mendoza et al. 2020; Pellera and Gidarakos 2016). This discovery presents an improved 
valorisation approach for milk processing, suggesting that cheese whey should undergo 
filtration for whey protein production before being subjected to AD in the form of whey 
permeate. Compared to other substrates (Kaldis et al. 2020), the maximum CH4 yield in 
our study was also higher, but lower than swine manure (Sun et al. 2015) and organic 
fraction of municipal solid waste (Demichelis et al. 2022).

Kinetic analysis revealed the modified Gompertz model’s superior fit to our exper-
imental data compared to other observed kinetic models. Thus, only kinetic parameters 
derived from the modified Gompertz model are presented in this paper. Modified Gom-
pertz model allows for the identification of the lag phase (λ) and the maximum CH4 
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production rate (Rm). The model showed high correlation coefficients (R2 = 0.92–0.99; 
Table 3) to the experimental data. This indicates that the modified Gompertz model ade-
quately described the cumulative CH4 production. However, the kinetic modelling in our 
study also showed that even though high R2 was obtained, the Modified Gompertz model 
could not accurately calculate the AD kinetic parameters where CH4 production curve 
was not sigmoidal. This can be seen on the experimental conditions where R2 was less 
than 0.99, such as at ISR 0.5, pH 8, at 20°C or ISR 0.5, pH 8, at 37°C. This finding 
thus demonstrates that ISR, pH and temperature not only affect the CH4 production, 
but also affect the accuracy of the applied kinetic model due to a change in CH4 pro-
duction curve. In our study, it was observed that AD of whey permeate at ISR 0.5 
under 20°C exhibited the lowest Rm with the highest λ value. This outcome was expected 
due to the low temperature and limited number of bacteria and archaea performing 
methanogenesis.

The overall results showed that ISR, temperature and initial pH collectively influence 
both λ and Rm. For instance, extended λ values were observed at initial pH 7 at ISR 2 and 
30°C, however such delay was also observed at initial pH 8 at 37°C with similar ISR. Simi-
larly, variation in Rm values is also observed at different ISR, temperature, and initial pH, 
with no apparent linear effect from each individual parameter. Theoretically, ISR should 
not affect cumulative CH4 yield and only impact the kinetics of CH4 production. 
However, experimental data revealed that ISR can influence both cumulative yield and 
production kinetics. There is compelling evidence indicating that ISR directly affects 
microbial growth patterns (Raposo et al. 2012). Owamah et al. (2021) found that 
increased ISRs led to higher λ and lower Rm during the AD of food waste and maize 
husk. In our study, we found that ISR alone could not account for the observed variations 
in λ and Rm, as temperature and initial pH also played critical roles in the AD process. 
Previous studies have highlighted other factors, such as inoculum source and pre-treat-
ments (Cysneiros et al. 2011; Lima et al. 2018), operational conditions (Cysneiros et al. 
2012), as well as substrate characteristics (Morais et al. 2021) that can also affect 
kinetic parameters in AD. However, the impact of initial pH on AD kinetics has rarely 
been discussed. Our findings suggest that initial pH levels should be considered when 
determining AD kinetics under a batch system. In practical applications, this insight is 
particularly relevant for co-digestion processes, where the initial pH may require 
careful management. Moreover, various mathematical models have been developed to 
describe AD kinetics, and further comparisons of these models across different substrates 
would help validate and extend our findings.

3.3. Organic matter degradation

The microbial population in the digester consumes organic matter from the substrate for 
growth and generates CH4, along with VFAs and other metabolites during the process 
(Angelidaki et al. 2018). Volatile solids (VS) and total organic carbon (TOC) are com-
monly used parameters to assess the organic matter of a substrate (Peces et al. 2014; 
Wang et al. 2024), with TOC specifically indicating the available organic carbon for bio-
logical processes. Through AD, the organic matter of the substrate undergoes sequential 
stages of hydrolysis, acidogenesis, acetogenesis, and methanogenesis. Thus, organic 
matter removal of the substrate reflects the AD performance in addition to CH4 
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production (Wu et al. 2019). Hydrolysis is the process of breaking H–O bonds through 
the addition of water. In general, anaerobic microorganisms cannot directly utilize 
complex organic matter, as it must first be degraded into simpler, soluble compounds 
(Gujer and Zehnder 1983). A group of bacteria known as hydrolytic bacteria facilitates 
the breakdown of carbohydrates, proteins, and lipids into simpler compounds such as 
sugars, amino acids, and long-chain fatty acids. This process occurs through the secretion 
of extracellular enzymes (Li et al. 2011). During the acidogenesis stage, these products 
undergo fermentation, leading to the formation of various VFAs, such as formic, propio-
nic, butyric, lactic, and succinic acid, along with ketones and alcohols. Acidogenesis typi-
cally progresses at a faster rate than other stages (Zhou et al. 2018). The acids and other 
compounds produced during the acidogenesis are large molecules and are unsuitable for 
CH4 production. Therefore, in acetogenesis, most of these intermediate products are 
broken down into acetic acid (or its salts), CO2, and H2O. Moreover, long-chain VFAs 
are also converted into acetate or propionate, with H2 also being generated. During 
the methanogenesis stage, all intermediate products generated in the previous stages 
are transformed into CH4, CO2, and H2O (Angelidaki et al. 2018).

In our study, TOC and VS degradation of the substrate from the BMP test were deter-
mined to understand the AD efficiency operation. There was statistically significant 
three-way effect between ISR, temperature, and pH (p < 0.05) on TOC and VS degra-
dation of whey permeate. The highest TOC degradation (77.913 ± 1.442%) was found 
at ISR 2 with an initial pH of 8 under 20°C, while the lowest (23.133 ± 1.427%) was 
found at ISR 0.5 under the same initial pH level and temperature (Figure 3). Further-
more, post-hoc statistical analysis showed that the TOC degradation at ISR 0.5 was sig-
nificantly lower than at ISR 1 and 2. This showed that ISR 0.5 was inadequate to perform 
efficient acidification of the organic carbon on the substrate. In addition, this also 
confirmed that hydrolysis was the rate-limiting step for AD in this condition. On the 
contrary, in a study by Demichelis et al. (2022), ISR 0.5 gave the highest TOC removal 
of organic fraction of municipal solid waste as compared to ISR 1 and 2, which achieved 
89.96% of TOC removal when digested with cow agriculture sludge after 10 days of incu-
bation. This contradictory outcome highlights the substrate characteristics during AD. In 
the case of whey permeate, the hydrolysis process was observed to occur at a faster rate 
than methanogenesis, leading to the accumulation of VFAs and a reduced TOC degra-
dation at ISR 0.5. The TOC degradations of whey permeate in our study ranged from 
23.13 to 77.19%. This value is relatively low when compared to TOC removals reported 
in other AD studies, such as those by Demichelis et al. (2022) and Brémond et al. (2018), 
which achieved TOC removals as high as 80–90%. The low TOC degradation observed in 
our study underpins the potential for further optimisation of AD for whey permeate. 
Such optimisation should aim to enhance TOC degradation and, consequently, increase 
CH4 production.

The high organic load of the dairy wastewaters represents a significant environmental 
pollutant when improperly disposed of (Bella and Rao 2023). Moreover, the removal of 
this organic load from dairy wastewaters imposes additional costs to the industry (Arva-
nitoyannis and Giakoundis 2006). Prior investigations show that the AD process can 
eliminate over 90% of chemical oxygen demand (COD) from whey permeate (El- 
Mamouni et al. 1995; Kisielewska et al. 2014). The VS degradation from AD of whey 
permeate in our study ranged from 36.22 to 81.14% (Figure 4). This level is higher 
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Figure 3. Total organic carbon (TOC) degradation of whey permeate following AD under various pH 
values and ISRs post-BMP test at (A) 20°C; (B) 30°C and (C) 37°C incubation. Error bars indicate stan-
dard deviation.
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than the VS degradation observed in the AD of fruit and vegetable wastes (D’Silva et al. 
2022), as well as of that food waste inoculated with waste activated sludge (Gaur and 
Suthar 2017) under batch AD. Moreover, the highest VS degradation of this study 
closely aligns with reported values where a different form of whey permeate is used as 
AD feedstock (Azkarahman et al. 2025). The findings from VS degradation in our 
study add evidence supporting the suitability of AD as a viable method for upcyling 
whey permeate for bioenergy production. In addition to observing significant VS degra-
dation even under 20°C, our findings indicate that ISR did not show a positive correlation 
with VS degradation. The extent of VS degradation enables the estimation of CH4 pro-
duction from the degraded solids. Excluding any unutilised VS from the calculation 
could provide a more accurate assessment of AD efficiency.

3.4. Volatile fatty acids profile

The significance of VFAs has recently received increased attention, primarily due to their 
potential for diverse and valuable applications that extend beyond those of CH4. VFAs 
are recognised as green and renewable chemical commodities, offering numerous oppor-
tunities across various sectors and feedstocks, including the production of bioplastics and 
biofuels (Kleerebezem et al. 2015). In our study, the characterisation of VFAs profile 
aimed not only to gain insight into the AD performance, but also to explore their poten-
tial for specific VFA production. Statistically significant (p < 0.05) three-way effect 
between ISR, temperature, and pH was found on the post-BMP VFAs in our study 
(Figure 5). The highest level VFAs (2.85 ± 0.35 gCODL−1) were produced at ISR 0.5 
with an initial pH 8 under 37°C. The data show that ISR 2 had lower post-BMP VFAs 
accumulation compared to other ISRs except under 20°C. This suggests that methano-
genesis was more efficient at ISR 2 compared to lower ISRs. Similar findings have also 
been reported by Raposo et al. (2006) and Demichelis et al. (2022), where lower ISRs 
resulted in higher VFA accumulation. The VFA concentration would vary significantly 
as it is affected by several factors including pH, temperature and nutrient availability 
(Cysneiros et al. 2012; Hawkes et al. 2002). The results of VFA analysis in our study indi-
cate that AD at lower temperatures (20°C) may inhibit methanogenesis, leading to 
greater VFAs accumulation. Specifically, at ISR 2, VFA levels were higher at 20°C relative 
to 30 and 37°C.

The VFA analysis in our study demonstrated a substantial influence of the ISR on the 
dominant VFA compound except at ISR 2. Specifically, at ISR 0.5 and 1, HBu and HPr 
were the predominant VFAs accumulated across all initial pH levels and incubation temp-
eratures, respectively. At ISR 2, the dominant VFA varied based on the initial pH level and 
incubation temperature. However, due to the low total VFAs accumulation (0.01–0.26 
gCODL−1 at 30 and 37°C), the difference was not significant. A notable HBu accumulation 
was observed at ISR 0.5 at 37°C. This value was lower compared to that postulated by 
Reddy et al. (Reddy et al. 2018) where anaerobic fermentation of food waste aimed for 
VFAs production yielded HBu up to 8.9 g/L with bioaugmented culture. Butyric acid is 
known as a valuable compound for the production of various bio-based products such 
as bioplastics (Bengtsson et al. 2017; Cao et al. 2011) and biofuels (Maiti et al. 2016), 
while it is also used in various industries with a worldwide market of approximately 
80,000 metric tons per year (Jiang et al. 2018; Wang et al. 2016). The findings in our 
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Figure 4. Volatile solids (VS) degradation of whey permeate post-AD BMP test under various pH 
values and ISRs at (A) 20°C; (B) 30°C and (C) 37°C incubation. Error bars indicate standard deviation.
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Figure 5. Total volatile fatty acids (VFAs) and their speciation following AD of whey permeate post- 
BMP test under various pH values and ISRs at (A) 20°C; (B) 30°C and (C) 37°C incubation. Error bars 
indicate standard deviation.
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study thus suggest that potential product diversification could be performed by changing 
the AD conditions of whey permeate to produce HBu. Additionally, HLa was only detected 
at ISR 2 under 30 and 37°C incubation, indicating that this condition might not provide an 
optimal environment for complete conversion of HLa into HAc to be further metabolised 
by methanogens. These findings agree with those of Bühlmann et al. (2022) who showed 
that substrate characteristics, inoculum, pH and temperature affect the HLa generation. 
HAc is commonly the predominant component of the total VFAs, constituting 66% to 
80% of the overall VFA composition (Tampio et al. 2019). In our study, a different 
finding was observed, where HAc was not the dominant VFA component in the digestate. 
This indicates that methanogenesis by acetoclastic pathway occurred efficiently throughout 
the research treatments.

Although anaerobic digestion (AD) is conventionally utilised to produce CH4-rich 
biogas, VFAs generated during acidogenesis and acetogenesis possess significant value 
and find applications in various industries (Kleerebezem et al. 2015). Recovering VFAs 
from AD could enhance the economic feasibility of food waste management and offer 
an environmentally friendly approach for producing these valuable chemicals (Velus-
wamy et al. 2021). The VFAs accumulation observed in our study was lower than that 
of food waste AD (Dhamodharan et al. 2015; Ding et al. 2022) and poultry manure 
(Rivera et al. 2023), but similar to dairy cattle wastewater (Chou and Su 2019). This 
low VFAs accumulation indicated an efficient AD processes of whey permeate. Neverthe-
less, VFAs recovery from whey permeate can be a promising approach for valorisation, 
especially considering that specific VFA compounds can be recovered in the AD by 
simply adjusting the ISR as found in our study.

3.5. Operational AD optimisation and validation based on mass balance

The mass balance of whey permeate AD in our study was calculated by including the CH4 
potential yield from the accumulated VFAs along with the cumulative CH4 yield, with 
degraded VS as the denominator to identify the optimum AD operation parameters. A 
statistically significant (p < 0.05) effect of ISR and temperature was found on the result 
of mass balance. The highest mass balance was shown to be achieved at similar con-
ditions observed at cumulative CH4 yield measurement (ISR 2 with the initial pH of 
7.5 under 30°C), that produced 1441.42 ± 43.78 NLCH4kgVS

−1 degraded (Figure 6). Further-
more, it is also demonstrated that the larger portion of CH4 potential from VFAs was 
found at ISR 2 under 20°C and ISR 0.5 under 37°C. These findings revealed incomplete 
methanogenesis under those conditions and suggest the possibility of recovering VFAs. 
The explanation for CH4 as well as VFAs production and organic matter degradation of 
this study, are discussed in Sections 3.1–3.4. In this section, numerical optimisation 
derived from mass balance data was performed by employing central composite 
design (CCD) of response surface methodology (RSM).

Response surface methodology (RSM) is a systematic optimisation approach that can 
be used to evaluate the effects of AD operational conditions (independent parameters) 
towards CH4 yield (dependent parameter), thus enabling the determination of optimal 
AD operations based on their impact. This methodology combines experimental 
designs to develop a new dataset by first- or second-order polynomial equations in a sys-
tematic test method (Ramaraj and Unpaprom 2019). Moreover, RSM also has distinct 
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Figure 6. Mass balance of whey permeate following AD of whey permeate post-BMP test under 
various pH values and ISRs at (A) 20°C; (B) 30°C and (C) 37°C incubation. Error bars indicate standard 
deviation.
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advantages compared to conventional optimisation approaches, particularly in evaluat-
ing multifactorial interactions with reduced experimental requirements. The key 
benefits include precise identification of optimal conditions while assessing their sensi-
tivity to variable fluctuations (Kilickap 2010), quantitative modelling of variable-response 
relationships with visual projections (Rastegar et al. 2011), and significant reductions in 
time and resource through a reduced number of experimental trials (Boyacı 2005). Fur-
thermore, central composite design (CCD) is one of commonly used designs of exper-
imental techniques employed in RSM to systematically vary the process parameters 
and collect data on the target response (Djimtoingar et al. 2022). AD optimisation 
through CCD of RSM has been used in previous studies with other substrates, such as 
rice straw (Kainthola et al. 2019; Kainthola et al. 2020), cotton stalk (Zhang et al. 
2018), wheat straw (Wang et al. 2013), and sugarcane bagasse (Ghaleb et al. 2020). 
Since operational AD parameters directly affect methanogenesis, these parameters can 
be optimised through CCD of RSM for more favourable AD performance (Djimtoingar 
et al. 2022). The three-way ANOVA of the mass balance in our study revealed that ISR 
and temperature significantly affect the mass balance of whey permeate AD, while no sig-
nificant effect was observed from different initial pH levels (p > 0.05). As a result, the 
initial pH level was excluded as independent in the RSM analysis of our study. Most 
of the RSM analyses for AD only consider CH4 yield as the response towards its indepen-
dent factor (Dias et al. 2023; Flores-Mendoza et al. 2020; Yılmaz and Şahan 2020). In our 
study, mass balance was selected as the response factor, considering that VFAs gener-
ation and VS degradation play an important role in AD process. The inclusion of both 
VFAs and VS degradation to the AD optimisation enables a more justified measurement 
of the AD performance when compared to the sole CH4 yield.

The RSM analysis of our study has shown that although temperature has a significant 
impact, its effect on mass balance is not linear. Both surface and contour plots of the RSM 
analysis have shown that the saddle point was observed at around 30°C (Figure 7(A,B)). 
Saleh et al. (2012) employed RSM for CH4 yield of the co-digestion of palm oil mill 
effluent (POME) and empty fruit bunch (EFB) by using a Box–Behnken design with 
four independent variables: temperature, POME volume, inoculum volume and EFB 
addition. Their results identified temperature as the most statistically significant factor, 
exhibiting a positive and linear correlation with CH4 production. A study by Ruiz- 
Aguilar et al. (2023) employed CCD of RSM analysis from tomato waste AD, and 
reported a similar effect of temperature towards CH4 production. In our study, a 
linear relationship between operational AD temperature and mass balance was not 
observed. The difference may be arising from the inclusion of VS degradation of the sub-
strate in addition to VFAs accumulation. Saleh et al. (2012) reported that the highest 
specific biogas production rate and CH4 percentage for AD of POME were achieved at 
43°C and 44°C, respectively. Safari et al. (2018) applied a Box–Behnken design to inves-
tigate the effects of temperature, agitation time, total solids, and inoculum on CH4 yield 
from co-digested canola residues with cow manure and demonstrated that the maximum 
CH4 production occurred at 40.36°C. Moreover, the RSM study on AD of tomato waste 
plant revealed that the predicted optimal temperature was higher than 43°C (Ruiz- 
Aguilar et al. 2023). Thus, it can be concluded that optimal temperature within the meso-
philic range varies across different substrates. In addition, to different types of substrates, 
our study suggests that the properties of the substrate also significantly influence the 
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effect of the AD parameters. Furthermore, in contrast to the present work, in our parallel 
study (Azkarahman et al. 2025), where different whey permeate (from different sources) 
with different physicochemical properties was used as substrate, a linear relationship 
between temperature and CH₄ yield depending on the ISR was observed.

Figure 7. Response surface methodology and central composite design of the mass balance: (A) 
Surface plot of mass balance by temperature and ISR; and (B) Contour plot of mass balance by temp-
erature and ISR.
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Aside from temperature, our study also revealed the positive effect of ISR towards 
mass balance. Higher ISRs consistently improved mass balance, as shown in the 
surface and contour plot analyses (Figure 7(A and B)). The positive correlation 
between ISR and AD performance of our study is consistent with other RSM studies 
that utilize different substrates in an AD system (Ghaleb et al. 2020; Kainthola et al. 
2019; Ruiz-Aguilar et al. 2023; Wang et al. 2013; Zhang et al. 2018). However, our 
study further revealed that the impact of ISR on AD performance may also be influenced 
by other independent factors of the study. For instance, at an ISR of 1, a higher mass 
balance value of our study is only observed when incubated at 30°C. Moreover, the 
results of RSM analysis of our study demonstrated that adjusting the temperature and 
ISR combination may also be an option to suit the technical operation cost of the 
biogas plant, especially considering that both ISR and temperature could directly affect 
the operational cost of the AD plant.

4. Conclusions

The results of this study showed that AD of whey permeate performed better compared 
to other milk processing wastewaters that have been investigated in other studies. The 
mass balance analysis revealed that ISR and incubation temperature significantly affect 
AD performance. In addition, this study has demonstrated, for the first time, that AD 
of whey permeate can still be performed even at 20°C and ISR 0.5. ISR has been 
shown to affect the dominant VFA type generated throughout the AD. The optimum 
condition in this study was found at ISR 2 and initial pH of 7.5 under 30°C, where 
1441.42 ± 43.78 NLCH4kgVS

−1 degraded was produced. Response surface methodology of 
the mass balance has been presented to describe the optimal combinations of research 
treatments. Our findings demonstrate the possibility to shift the focus of the whey perme-
ate AD product from CH4 to VFA by adjusting the ISR. While this study provides valu-
able insights into AD optimisation of whey permeate, further research is needed to 
explore the economic assessments in response to varying experimental conditions.

Acknowledgments

Future Biogas Ltd. is acknowledged for providing biogas effluent and liquid whey permeate of the 
study. Fokion Kaldis is acknowledged for his technical help for the BMP set up. Caroline Hadley 
and Richard Casebow of School of Agriculture, Policy and Development, University of Reading, 
are acknowledged for the use and technical assistance of Leco Analyser for TOC analysis.

Author contributions

Conceptualisation and methodology, A.R.A., D.C., A.C., and K-A.G.K.; investigation, A.R.A. and 
K-A.G.K; writing – original draft preparation, A.R.A; Validation, D.C. and A.C.; Supervision, D.C. 
and K-A.G.K.; writing – review and editing, K-A.G.K. All authors have read and agreed to the pub-
lished version of the manuscript.

Disclosure statement

No potential conflict of interest was reported by the author(s).

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 23



Funding

This study was funded by Indonesia Endowment Fund for Education (Lembaga Pengelola Dana 
Pendidikan/LPDP) as part of A.R.A doctoral study.

Data availability statement

The original contributions presented in the study are included in the article, further inquiries can 
be directed to the corresponding author

References

ADPI. 2023. Dairy Permeates Standard. Accessed 19 May 2025. https://adpi.org/ingredient- 
resources/dairy-milk-permeate/.

Adghim, M., M. Abdallah, S. Saad, A. Shanableh, and M. Sartaj. 2020. “Assessment of the 
Biochemical Methane Potential of Mono- and co-Digested Dairy Farm Wastes.” Waste 
Management & Research: The Journal for a Sustainable Circular Economy 38 (1): 88–99. 
https://doi.org/10.1177/0734242X19871999.

Angelidaki, I., L. Treu, P. Tsapekos, G. Luo, S. Campanaro, H. Wenzel, and P. G. Kougias. 2018. 
“Biogas Upgrading and Utilization: Current Status and Perspectives.” Biotechnology Advances 
36 (2): 452–466. https://doi.org/10.1016/j.biotechadv.2018.01.011.

APHA. 2017. Standard methods for the examination of water and wastewater, 23rd ed., edited by 
A. D. Eaton, M. A. H. Franson, L. S. Clesceri, E. W. Rice, and A. E. Greenberg. Washington DC: 
American Public Health Association, American Water Works Association, Water Environment 
Federation.

Appels, L., J. Baeyens, J. Degrève, and R. Dewil. 2008. “Principles and Potential of the Anaerobic 
Digestion of Waste-Activated Sludge.” Progress in Energy and Combustion Science 34 (6): 755– 
781. https://doi.org/10.1016/j.pecs.2008.06.002.

Arvanitoyannis, I. S., and A. Giakoundis. 2006. “Current Strategies for Dairy Waste Management: 
A Review.” Critical Reviews in Food Science and Nutrition 46 (5): 379–390. https://doi.org/10. 
1080/10408390591000695.

Atasoy, M., O. Eyice, and Z. Cetecioglu. 2020. “A Comprehensive Study of Volatile Fatty Acids 
Production from Batch Reactor to Anaerobic Sequencing Batch Reactor by Using Cheese 
Processing Wastewater.” Bioresource Technology 311:123529. https://doi.org/10.1016/j. 
biortech.2020.123529.

Azkarahman, A. R., D. Cysneiros, A. Chatzifragkou, and K.-A. G. Karatzas. 2025. “Anaerobic 
Digestion of Whey Permeate: Impact of Feedstock Ratio and Organic Loading Rate in Batch 
and Semi-Continuous Systems.” Heliyon 11 (4): e42395. https://doi.org/10.1016/j.heliyon. 
2025.e42395.

Azkarahman, A. R., Y. Erwanto, L. M. Yusiati, W. Widodo, and N. A. Fitriyanto. 2021. “Total 
Ammonia and N2O Emission Characteristics from & Alcaligenes; sp. LS2T Cultures and Its 
Application on Laying Hen Manure Associated with Different pH Conditions.” International 
Journal of Environment and Waste Management 27 (1): 1–20. https://doi.org/10.1504/ 
IJEWM.2021.111902.

Banaszewska, A., F. Cruijssen, G. D. H. Claassen, and J. G. A. J. van der Vorst. 2014. “Effect and 
Key Factors of Byproducts Valorization: The Case of Dairy Industry.” Journal of Dairy Science 
97 (4): 1893–1908. https://doi.org/10.3168/jds.2013-7283.

Barber, W. P. F. 2016. “Thermal Hydrolysis for Sewage Treatment: A Critical Review.” Water 
Research 104:53–71. https://doi.org/10.1016/j.watres.2016.07.069.

Bella, K., and P. V. Rao. 2023. “Anaerobic Digestion of Dairy Wastewater: Effect of Different 
Parameters and Co-Digestion Options – A Review.” Biomass Conversion and Biorefinery 13 
(4): 2527–2552. https://doi.org/10.1007/s13399-020-01247-2.

24 A. R. AZKARAHMAN ET AL.

https://adpi.org/ingredient-resources/dairy-milk-permeate/
https://adpi.org/ingredient-resources/dairy-milk-permeate/
https://doi.org/10.1177/0734242X19871999
https://doi.org/10.1016/j.biotechadv.2018.01.011
https://doi.org/10.1016/j.pecs.2008.06.002
https://doi.org/10.1080/10408390591000695
https://doi.org/10.1080/10408390591000695
https://doi.org/10.1016/j.biortech.2020.123529
https://doi.org/10.1016/j.biortech.2020.123529
https://doi.org/10.1016/j.heliyon.2025.e42395
https://doi.org/10.1016/j.heliyon.2025.e42395
https://doi.org/10.1504/IJEWM.2021.111902
https://doi.org/10.1504/IJEWM.2021.111902
https://doi.org/10.3168/jds.2013-7283
https://doi.org/10.1016/j.watres.2016.07.069
https://doi.org/10.1007/s13399-020-01247-2


Bengtsson, S., A. Karlsson, T. Alexandersson, L. Quadri, M. Hjort, P. Johansson, F. Morgan- 
Sagastume, et al. 2017. “A Process for Polyhydroxyalkanoate (PHA) Production from 
Municipal Wastewater Treatment with Biological Carbon and Nitrogen Removal 
Demonstrated at Pilot-Scale.” New Biotechnology 35:42–53. https://doi.org/10.1016/j.nbt.2016. 
11.005.

Bosco, F., R. Carletto, and L. Marmo. 2018. “An Integrated Cheese Whey Valorization Process.” 
Chemical Engineering Transactions 64:379–384. https://doi.org/10.3303/CET1864064.

Boyacı, İH. 2005. “A New Approach for Determination of Enzyme Kinetic Constants Using 
Response Surface Methodology.” Biochemical Engineering Journal 25 (1): 55–62. https://doi. 
org/10.1016/j.bej.2005.04.001.

Brémond, U., R. de Buyer, J.-P. Steyer, N. Bernet, and H. Carrere. 2018. “Biological Pretreatments 
of Biomass for Improving Biogas Production: An Overview from Lab Scale to Full-Scale.” 
Renewable and Sustainable Energy Reviews 90:583–604. https://doi.org/10.1016/j.rser.2018.03. 
103.

Bühlmann, C. H., B. S. Mickan, S. Tait, D. J. Batstone, G. D. Mercer, and P. A. Bahri. 2022. “Lactic 
Acid from Mixed Food Waste Fermentation Using an Adapted Inoculum: Influence of pH and 
Temperature Regulation on Yield and Product Spectrum.” Journal of Cleaner Production 
373:133716. https://doi.org/10.1016/j.jclepro.2022.133716.

Cao, Y., H. Li, and J. Zhang. 2011. “Homogeneous Synthesis and Characterization of Cellulose 
Acetate Butyrate (CAB) in 1-Allyl-3-Methylimidazolium Chloride (AmimCl) Ionic Liquid.” 
Industrial & Engineering Chemistry Research 50 (13): 7808–7814. https://doi.org/10.1021/ 
ie2004362.

Chen, J. L., R. Ortiz, T. W. J. Steele, and D. C. Stuckey. 2014. “Toxicants Inhibiting Anaerobic 
Digestion: A Review.” Biotechnology Advances 32 (8): 1523–1534. https://doi.org/10.1016/j. 
biotechadv.2014.10.005.

Chou, Y.-C., and J.-J. Su. 2019. “Biogas Production by Anaerobic Co-Digestion of Dairy 
Wastewater with the Crude Glycerol from Slaughterhouse Sludge Cake Transesterification.” 
Animals 9 (9): 618. https://doi.org/10.3390/ani9090618.

Cysneiros, D., C. J. Banks, S. Heaven, and K. A. G. Karatzas. 2011. “The Role of Phase Separation 
and Feed Cycle Length in Leach Beds Coupled to Methanogenic Reactors for Digestion of a 
Solid Substrate (Part 2): Hydrolysis, Acidification and Methanogenesis in a Two-Phase 
System.” Bioresource Technology 102 (16): 7393–7400. https://doi.org/10.1016/j.biortech.2011. 
05.042.

Cysneiros, D., C. J. Banks, S. Heaven, and K.-A. G. Karatzas. 2012. “The Effect of pH Control and 
‘Hydraulic Flush’ on Hydrolysis and Volatile Fatty Acids (VFA) Production and Profile in 
Anaerobic Leach Bed Reactors Digesting a High Solids Content Substrate.” Bioresource 
Technology 123:263–271. https://doi.org/10.1016/j.biortech.2012.06.060.

Demichelis, F., T. Tommasi, F. A. Deorsola, D. Marchisio, and D. Fino. 2022. “Effect of Inoculum 
Origin and Substrate-Inoculum Ratio to Enhance the Anaerobic Digestion of Organic Fraction 
Municipal Solid Waste (OFMSW).” Journal of Cleaner Production 351:131539. https://doi.org/ 
10.1016/j.jclepro.2022.131539.

Demirel, B., and O. Yenigün. 2002. “The Effects of Change in Volatile Fatty Acid (VFA) 
Composition on Methanogenic Upflow Filter Reactor (UFAF) Performance.” Environmental 
Technology 23 (10): 1179–1187. https://doi.org/10.1080/09593332308618336.

Dev, S., S. Saha, M. B. Kurade, E.-S. Salama, M. M. El-Dalatony, G.-S. Ha, S. W. Chang, and B.-H. 
Jeon. 2019. “Perspective on Anaerobic Digestion for Biomethanation in Cold Environments.” 
Renewable and Sustainable Energy Reviews 103:85–95. https://doi.org/10.1016/j.rser.2018.12. 
034.

Dhamodharan, K., V. Kumar, and A. S. Kalamdhad. 2015. “Effect of Different Livestock Dungs as 
Inoculum on Food Waste Anaerobic Digestion and Its Kinetics.” Bioresource Technology 
180:237–241. https://doi.org/10.1016/j.biortech.2014.12.066.

Dias, M. E. S., P. Y. Takeda, L. T. Fuess, and G. Tommaso. 2023. “Inoculum-to-substrate Ratio and 
Solid Content Effects Over in Natura Spent Coffee Grounds Anaerobic Digestion.” Journal of 
Environmental Management 325:116486. https://doi.org/10.1016/j.jenvman.2022.116486.

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 25

https://doi.org/10.1016/j.nbt.2016.11.005
https://doi.org/10.1016/j.nbt.2016.11.005
https://doi.org/10.3303/CET1864064
https://doi.org/10.1016/j.bej.2005.04.001
https://doi.org/10.1016/j.bej.2005.04.001
https://doi.org/10.1016/j.rser.2018.03.103
https://doi.org/10.1016/j.rser.2018.03.103
https://doi.org/10.1016/j.jclepro.2022.133716
https://doi.org/10.1021/ie2004362
https://doi.org/10.1021/ie2004362
https://doi.org/10.1016/j.biotechadv.2014.10.005
https://doi.org/10.1016/j.biotechadv.2014.10.005
https://doi.org/10.3390/ani9090618
https://doi.org/10.1016/j.biortech.2011.05.042
https://doi.org/10.1016/j.biortech.2011.05.042
https://doi.org/10.1016/j.biortech.2012.06.060
https://doi.org/10.1016/j.jclepro.2022.131539
https://doi.org/10.1016/j.jclepro.2022.131539
https://doi.org/10.1080/09593332308618336
https://doi.org/10.1016/j.rser.2018.12.034
https://doi.org/10.1016/j.rser.2018.12.034
https://doi.org/10.1016/j.biortech.2014.12.066
https://doi.org/10.1016/j.jenvman.2022.116486


Ding, H., M. A. Barlaz, F. L. de los Reyes, and D. F. III; Call. 2022. “Influence of Inoculum Type on 
Volatile Fatty Acid and Methane Production in Short-Term Anaerobic Food Waste Digestion 
Tests.” ACS Sustainable Chemistry & Engineering 10 (51): 17071–17080. https://doi.org/10. 
1021/acssuschemeng.2c04080.

Djimtoingar, S. S., D. N. S. Agyemang, K. F. Atta, and J. K. Yankyera. 2022. “A Review of Response 
Surface Methodology for Biogas Process Optimization.” Cogent Engineering 9 (1): 2115283. 
https://doi.org/10.1080/23311916.2022.2115283.

D’ Silva, T. C., A. Isha, S. Verma, G. Shirsath, R. Chandra, V. K. Vijay, P. M. V. Subbarao, and K. L. 
Kovács. 2022. “Anaerobic co-Digestion of Dry Fallen Leaves, Fruit/Vegetable Wastes and Cow 
Dung Without an Active Inoculum – A Biomethane Potential Study.” Bioresource Technology 
Reports 19:101189. https://doi.org/10.1016/j.biteb.2022.101189.

El-Mamouni, R., S. R. Guiot, P. Mercier, B. Safi, and R. Samson. 1995. “Liming Impact on Granules 
Activity of the Multiplate Anaerobic Reactor (MPAR) Treating Whey Permeate.” Bioprocess 
Engineering 12 (1-2): 47–53. https://doi.org/10.1007/BF01112993.

Fagbohungbe, M. O., C. A. Onyeri, and K. T. Semple. 2019. “Co-fermentation of Whey Permeates 
and Cattle Slurry Using a Partitioned up-Flow Anaerobic Digestion Tank.” Energy 185:567–572. 
https://doi.org/10.1016/j.energy.2019.07.051.

Ferreira, L. C., P. J. Nilsen, F. Fdz-Polanco, and S. I. Pérez-Elvira. 2014. “Biomethane Potential of 
Wheat Straw: Influence of Particle Size, Water Impregnation and Thermal Hydrolysis.” 
Chemical Engineering Journal 242:254–259. https://doi.org/10.1016/j.cej.2013.08.041.

Ferry, J. G. 2011. “Fundamentals of Methanogenic Pathways That Are Key to the Biomethanation 
of Complex Biomass.” Current Opinion in Biotechnology 22 (3): 351–357. https://doi.org/10. 
1016/j.copbio.2011.04.011.

Filer, J., H. H. Ding, and S. Chang. 2019. “Biochemical Methane Potential (BMP) Assay Method 
for Anaerobic Digestion Research.” Water 11 (5): 921. https://doi.org/10.3390/w11050921.

Flores-Mendoza, A. P., H. Hernández-García, Y. Cocotle-Ronzón, and E. Hernandez-Martinez. 
2020. “Methanogenesis of Raw Cheese Whey: pH and Substrate–Inoculum Ratio Evaluation 
at Mesophyll Temperature Range.” Journal of Chemical Technology & Biotechnology 95 (7): 
1946–1952. https://doi.org/10.1002/jctb.6391.

Gaur, R. Z., and S. Suthar. 2017. “Anaerobic Digestion of Activated Sludge, Anaerobic Granular 
Sludge and Cow Dung with Food Waste for Enhanced Methane Production.” Journal of 
Cleaner Production 164:557–566. https://doi.org/10.1016/j.jclepro.2017.06.201.

Gensollen, G., A.-M. Pourcher, A.-L. Duedal, S. Picard, S. Le Roux, and P. Peu. 2022. “Impact of 
pH in the First-Stage of a Two-Stage Anaerobic Digestion on Metabolic Pathways and Methane 
Production.” Bioresource Technology Reports 20:101256. https://doi.org/10.1016/j.biteb.2022. 
101256.

Ghaleb, A. A. S., S. R. M. Kutty, Y.-C. Ho, A. H. Jagaba, A. Noor, A. M. Al-Sabaeei, and N. M. Y. 
Almahbashi. 2020. “Response Surface Methodology to Optimize Methane Production from 
Mesophilic Anaerobic co-Digestion of Oily-Biological Sludge and Sugarcane Bagasse.” 
Sustainability 12 (5): 2116. https://doi.org/10.3390/su12052116.

González-Fernández, C., and P. A. García-Encina. 2009. “Impact of Substrate to Inoculum Ratio in 
Anaerobic Digestion of Swine Slurry.” Biomass and Bioenergy 33 (8): 1065–1069. https://doi. 
org/10.1016/j.biombioe.2009.03.008.

Gujer, W., and A. J. B. Zehnder. 1983. “Conversion Processes in Anaerobic Digestion.” Water 
Science and Technology 15 (8-9): 127–167. https://doi.org/10.2166/wst.1983.0164.

Hagen, L. H., V. Vivekanand, R. Linjordet, P. B. Pope, V. G. Eijsink, and S. J. Horn. 2014. 
“Microbial Community Structure and Dynamics during co-Digestion of Whey Permeate and 
Cow Manure in Continuous Stirred Tank Reactor Systems.” Bioresource Technology 171:350– 
359. https://doi.org/10.1016/j.biortech.2014.08.095.

Hagos, K., J. Zong, D. Li, C. Liu, and X. Lu. 2017. “Anaerobic co-Digestion Process for Biogas 
Production: Progress, Challenges and Perspectives.” Renewable and Sustainable Energy 
Reviews 76:1485–1496. https://doi.org/10.1016/j.rser.2016.11.184.

26 A. R. AZKARAHMAN ET AL.

https://doi.org/10.1021/acssuschemeng.2c04080
https://doi.org/10.1021/acssuschemeng.2c04080
https://doi.org/10.1080/23311916.2022.2115283
https://doi.org/10.1016/j.biteb.2022.101189
https://doi.org/10.1007/BF01112993
https://doi.org/10.1016/j.energy.2019.07.051
https://doi.org/10.1016/j.cej.2013.08.041
https://doi.org/10.1016/j.copbio.2011.04.011
https://doi.org/10.1016/j.copbio.2011.04.011
https://doi.org/10.3390/w11050921
https://doi.org/10.1002/jctb.6391
https://doi.org/10.1016/j.jclepro.2017.06.201
https://doi.org/10.1016/j.biteb.2022.101256
https://doi.org/10.1016/j.biteb.2022.101256
https://doi.org/10.3390/su12052116
https://doi.org/10.1016/j.biombioe.2009.03.008
https://doi.org/10.1016/j.biombioe.2009.03.008
https://doi.org/10.2166/wst.1983.0164
https://doi.org/10.1016/j.biortech.2014.08.095
https://doi.org/10.1016/j.rser.2016.11.184


Hawkes, F. R., R. Dinsdale, D. L. Hawkes, and I. Hussy. 2002. “Sustainable Fermentative Hydrogen 
Production: Challenges for Process Optimisation.” International Journal of Hydrogen Energy 27 
(11–12): 1339–1347. https://doi.org/10.1016/S0360-3199(02)00090-3.

Holliger, C., M. Alves, D. Andrade, I. Angelidaki, S. Astals, U. Baier, C. Bougrier, et al. 2016. 
“Towards a Standardization of Biomethane Potential Tests.” Water Science and Technology 
74 (11): 2515–2522. https://doi.org/10.2166/wst.2016.336.

Hwang, S. H., C. L. Hansen, and D. K. Stevens. 1992. “Biokinetics of an Upflow Anaerobic Sludge 
Blanket Reactor Treating Whey Permeate.” Bioresource Technology 41 (3): 223–230. https://doi. 
org/10.1016/0960-8524(92)90006-J.

Jain, S., S. Jain, I. T. Wolf, J. Lee, and Y. W. Tong. 2015. “A Comprehensive Review on Operating 
Parameters and Different Pretreatment Methodologies for Anaerobic Digestion of Municipal 
Solid Waste.” Renewable and Sustainable Energy Reviews 52:142–154. https://doi.org/10.1016/ 
j.rser.2015.07.091.

Jiang, L., H. Fu, H. K. Yang, W. Xu, J. Wang, and S.-T. Yang. 2018. “Butyric Acid: Applications and 
Recent Advances in Its Bioproduction.” Biotechnology Advances 36 (8): 2101–2117. https://doi. 
org/10.1016/j.biotechadv.2018.09.005.

Kafle, G. K., and S. H. Kim. 2013. “Anaerobic Treatment of Apple Waste with Swine Manure for 
Biogas Production: Batch and Continuous Operation.” Applied Energy 103:61–72. https://doi. 
org/10.1016/j.apenergy.2012.10.018.

Kainthola, J., A. S. Kalamdhad, and V. V. Goud. 2019. “Optimization of Methane Production 
during Anaerobic Co-Digestion of Rice Straw and Hydrilla Verticillata Using Response 
Surface Methodology.” Fuel 235:92–99. https://doi.org/10.1016/j.fuel.2018.07.094.

Kainthola, J., A. S. Kalamdhad, and V. V. Goud. 2020. “Optimization of Process Parameters for 
Accelerated Methane Yield from Anaerobic Co-Digestion of Rice Straw and Food Waste.” 
Renewable Energy 149:1352–1359. https://doi.org/10.1016/j.renene.2019.10.124.

Kaldis, F., D. Cysneiros, J;G Day, K.-A. Karatzas, and A. Chatzifragkou. 2020. “Anaerobic 
Digestion of Steam-Exploded Wheat Straw and Co-Digestion Strategies for Enhanced Biogas 
Production.” Applied Sciences 10 (22):8284. https://doi.org/10.3390/app10228284.

Kilickap, E. 2010. “Modeling and Optimization of Burr Height in Drilling of Al-7075 Using 
Taguchi Method and Response Surface Methodology.” The International Journal of Advanced 
Manufacturing Technology 49 (9–12): 911–923. https://doi.org/10.1007/s00170-009-2469-x.

Kim, T. H., and Y. Y. Lee. 2005. “Pretreatment and Fractionation of Corn Stover by Ammonia 
Recycle Percolation Process.” Bioresource Technology 96 (18): 2007–2013. https://doi.org/10. 
1016/j.biortech.2005.01.015.

Kisielewska, M., I. Wysocka, and M. R. Rynkiewicz. 2014. “Continuous Biohydrogen and 
Biomethane Production from Whey Permeate in a Two-Stage Fermentation Process.” 
Environmental Progress & Sustainable Energy 33 (4): 1411–1418. https://doi.org/10.1002/ep. 
11890.

Kleerebezem, R., B. Joosse, R. Rozendal, and M. C. M. Van Loosdrecht. 2015. “Anaerobic 
Digestion Without Biogas?” Reviews in Environmental Science and Bio/Technology 14 (4): 
787–801. https://doi.org/10.1007/s11157-015-9374-6.

Lee, C., J. Kim, S. G. Shin, and S. Hwang. 2008. “Monitoring Bacterial and Archaeal Community 
Shifts in a Mesophilic Anaerobic Batch Reactor Treating a High-Strength Organic Wastewater.” 
FEMS Microbiology Ecology 65 (3): 544–554. https://doi.org/10.1111/j.1574-6941.2008.00530.x.

Li, Y., S. Y. Park, and J. Zhu. 2011. “Solid-State Anaerobic Digestion for Methane Production from 
Organic Waste.” Renewable and Sustainable Energy Reviews 15 (1): 821–826. https://doi.org/10. 
1016/j.rser.2010.07.042.

Lima, D. R. S., O. F. H. Adarme, B. E. L. Baêta, L. V. A. Gurgel, and S. F. de Aquino. 2018. 
“Influence of Different Thermal Pretreatments and Inoculum Selection on the 
Biomethanation of Sugarcane Bagasse by Solid-State Anaerobic Digestion: A Kinetic 
Analysis.” Industrial Crops and Products 111:684–693. https://doi.org/10.1016/j.indcrop.2017. 
11.048.

Maiti, S., S. K. Brar, M. Verma, C. R. Soccol, and D. C. Maiti. 2016. “Chapter 7 - Butyric Acid: A 
Platform Chemical for Biofuel and High-Value Biochemicals.” In Platform Chemical 

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 27

https://doi.org/10.1016/S0360-3199(02)00090-3
https://doi.org/10.2166/wst.2016.336
https://doi.org/10.1016/0960-8524(92)90006-J
https://doi.org/10.1016/0960-8524(92)90006-J
https://doi.org/10.1016/j.rser.2015.07.091
https://doi.org/10.1016/j.rser.2015.07.091
https://doi.org/10.1016/j.biotechadv.2018.09.005
https://doi.org/10.1016/j.biotechadv.2018.09.005
https://doi.org/10.1016/j.apenergy.2012.10.018
https://doi.org/10.1016/j.apenergy.2012.10.018
https://doi.org/10.1016/j.fuel.2018.07.094
https://doi.org/10.1016/j.renene.2019.10.124
https://doi.org/10.3390/app10228284
https://doi.org/10.1007/s00170-009-2469-x
https://doi.org/10.1016/j.biortech.2005.01.015
https://doi.org/10.1016/j.biortech.2005.01.015
https://doi.org/10.1002/ep.11890
https://doi.org/10.1002/ep.11890
https://doi.org/10.1007/s11157-015-9374-6
https://doi.org/10.1111/j.1574-6941.2008.00530.x
https://doi.org/10.1016/j.rser.2010.07.042
https://doi.org/10.1016/j.rser.2010.07.042
https://doi.org/10.1016/j.indcrop.2017.11.048
https://doi.org/10.1016/j.indcrop.2017.11.048


Biorefinery, edited by S. Kaur Brar, S. Jyoti Sarma, and K. Pakshirajan, 119–132. Elsevier: 
Amsterdam.

Mao, C., Y. Feng, X. Wang, and G. Ren. 2015. “Review on Research Achievements of Biogas from 
Anaerobic Digestion.” Renewable and Sustainable Energy Reviews 45:540–555. https://doi.org/ 
10.1016/j.rser.2015.02.032.

Mata-Alvarez, J., J. Dosta, M. S. Romero-Güiza, X. Fonoll, M. Peces, and S. Astals. 2014. “A Critical 
Review on Anaerobic Co-Digestion Achievements between 2010 and 2013.” Renewable and 
Sustainable Energy Reviews 36:412–427. https://doi.org/10.1016/j.rser.2014.04.039.

Meegoda, J. N., B. Li, K. Patel, and L. B. Wang. 2018. “A Review of the Processes, Parameters, and 
Optimization of Anaerobic Digestion.” International Journal of Environmental Research and 
Public Health 15 (10): 2224. https://doi.org/10.3390/ijerph15102224.

Mehrez, I., K. Chandrasekhar, W. Kim, S.-H. Kim, and G. Kumar. 2022. “Comparison of Alkali 
and Ionic Liquid Pretreatment Methods on the Biochemical Methane Potential of Date Palm 
Waste Biomass.” Bioresource Technology 360:127505. https://doi.org/10.1016/j.biortech.2022. 
127505.

Metcalf, E., and M. Eddy. 2014. Wastewater Engineering: Treatment Resource Recovery. 5th ed. 
New York, USA: McGraw-Hill Education.

Morais, N. W. S., M. M. H. Coelho, A.d.S.e. Silva, F. S. S. Silva, T. J. T. Ferreira, E. L. Pereira, and A. 
B. dos Santos. 2021. “Biochemical Potential Evaluation and Kinetic Modeling of Methane 
Production from Six Agro-Industrial Wastewaters in Mixed Culture.” Environmental 
Pollution 280:116876. https://doi.org/10.1016/j.envpol.2021.116876.

OECD/FAO. 2023. OECD-FAO Agricultural Outlook. https://doi.org/10.1787/agr-outl-data-en.
Owamah, H. I., S. C. Ikpeseni, M. I. Alfa, S. O. Oyebisi, S. Gopikumar, O. David Samuel, and S. C. 

Ilabor. 2021. “Influence of Inoculum/Substrate Ratio on Biogas Yield and Kinetics from the 
Anaerobic Co-Digestion of Food Waste and Maize Husk.” Environmental Nanotechnology, 
Monitoring & Management 16:100558. https://doi.org/10.1016/j.enmm.2021.100558.

Owen, W. F., D. C. Stuckey, J. B. Healy, L. Y. Young, and P. L. McCarty. 1979. “Bioassay for 
Monitoring Biochemical Methane Potential and Anaerobic Toxicity.” Water Research 13 (6): 
485–492. https://doi.org/10.1016/0043-1354(79)90043-5.

Parkin, G. F., and W. F. Owen. 1986. “Fundamentals of Anaerobic Digestion of Wastewater 
Sludges.” Journal of Environmental Engineering 112 (5): 867–920. https://doi.org/10.1061/ 
(ASCE)0733-9372(1986)112:5(867).

Pearse, L. F., J. P. Hettiaratchi, and S. Kumar. 2018. “Towards Developing a Representative 
Biochemical Methane Potential (BMP) Assay for Landfilled Municipal Solid Waste – A 
Review.” Bioresource Technology 254:312–324. https://doi.org/10.1016/j.biortech.2018.01.069.

Peces, M;, S. Astala, and J. Mata-Alvarez. 2014. “Assessing Total and Volatile Solids in Municipal 
Solid Waste Samples.” Environmental Technology 35 (24): 3041–3046. https://doi.org/10.1080/ 
09593330.2014.929182.

Pellera, F.-M., and E. Gidarakos. 2016. “Effect of Substrate to Inoculum Ratio and Inoculum Type 
on the Biochemical Methane Potential of Solid Agroindustrial Waste.” Journal of Environmental 
Chemical Engineering 4 (3): 3217–3229. https://doi.org/10.1016/j.jece.2016.05.026.

Peters, R. H. 2005. “Economic Aspects of Cheese Making as Influenced by Whey Processing 
Options.” International Dairy Journal 15 (6–9): 537–545. https://doi.org/10.1016/j.idairyj. 
2004.11.009.

Procházka, J., P. Dolejš, J. Máca, and M. Dohányos. 2012. “Stability and Inhibition of Anaerobic 
Processes Caused by Insufficiency or Excess of Ammonia Nitrogen.” Applied Microbiology and 
Biotechnology 93 (1): 439–447. https://doi.org/10.1007/s00253-011-3625-4.

Ramaraj, R., and Y. Unpaprom. 2019. “Optimization of Pretreatment Condition for Ethanol 
Production from Cyperus Difformis by Response Surface Methodology.” 3 Biotech 9 (6): 218. 
https://doi.org/10.1007/s13205-019-1754-0.

Raposo, F., C. J. Banks, I. Siegert, S. Heaven, and R. Borja. 2006. “Influence of Inoculum to 
Substrate Ratio on the Biochemical Methane Potential of Maize in Batch Tests.” Process 
Biochemistry 41 (6): 1444–1450. https://doi.org/10.1016/j.procbio.2006.01.012.

28 A. R. AZKARAHMAN ET AL.

https://doi.org/10.1016/j.rser.2015.02.032
https://doi.org/10.1016/j.rser.2015.02.032
https://doi.org/10.1016/j.rser.2014.04.039
https://doi.org/10.3390/ijerph15102224
https://doi.org/10.1016/j.biortech.2022.127505
https://doi.org/10.1016/j.biortech.2022.127505
https://doi.org/10.1016/j.envpol.2021.116876
https://doi.org/10.1787/agr-outl-data-en
https://doi.org/10.1016/j.enmm.2021.100558
https://doi.org/10.1016/0043-1354(79)90043-5
https://doi.org/10.1061/(ASCE)0733-9372(1986)112:5(867)
https://doi.org/10.1061/(ASCE)0733-9372(1986)112:5(867)
https://doi.org/10.1016/j.biortech.2018.01.069
https://doi.org/10.1080/09593330.2014.929182
https://doi.org/10.1080/09593330.2014.929182
https://doi.org/10.1016/j.jece.2016.05.026
https://doi.org/10.1016/j.idairyj.2004.11.009
https://doi.org/10.1016/j.idairyj.2004.11.009
https://doi.org/10.1007/s00253-011-3625-4
https://doi.org/10.1007/s13205-019-1754-0
https://doi.org/10.1016/j.procbio.2006.01.012


Raposo, F., R. Borja, B. Rincon, and A. M. Jimenez. 2008. “Assessment of Process Control 
Parameters in the Biochemical Methane Potential of Sunflower Oil Cake.” Biomass and 
Bioenergy 32 (12): 1235–1244. https://doi.org/10.1016/j.biombioe.2008.02.019.

Raposo, F., M. A. De la Rubia, V. Fernández-Cegrí, and R. Borja. 2012. “Anaerobic Digestion of 
Solid Organic Substrates in Batch Mode: An Overview Relating to Methane Yields and 
Experimental Procedures.” Renewable and Sustainable Energy Reviews 16 (1): 861–877. 
https://doi.org/10.1016/j.rser.2011.09.008.

Rastegar, S. O., S. M. Mousavi, S. A. Shojaosadati, and S. Sheibani. 2011. “Optimization of 
Petroleum Refinery Effluent Treatment in a UASB Reactor Using Response Surface 
Methodology.” Journal of Hazardous Materials 197:26–32. https://doi.org/10.1016/j.jhazmat. 
2011.09.052.

Reddy, M. V., S. Hayashi, D. Choi, H. Cho, and Y.-C. Chang. 2018. “Short Chain and Medium 
Chain Fatty Acids Production Using Food Waste Under Non-Augmented and Bio- 
Augmented Conditions.” Journal of Cleaner Production 176:645–653. https://doi.org/10.1016/ 
j.jclepro.2017.12.166.

Richardson, A. J., A. G. Calder, C. S. Stewart, and A. Smith. 1989. “Simultaneous Determination of 
Volatile and Non-Volatile Acidic Fermentation Products of Anaerobes by Capillary Gas 
Chromatography.” Letters in Applied Microbiology 9 (1): 5–8. https://doi.org/10.1111/j.1472- 
765X.1989.tb00278.x.

Rivera, F., J. Akpan, P. Prádanos, A. Hernández, L. Palacio, and R. Muñoz. 2023. “Side-Stream 
Membrane-Based NH3 Extraction to Improve the Anaerobic Digestion of Poultry Manure.” 
Journal of Water Process Engineering 54:103990. https://doi.org/10.1016/j.jwpe.2023.103990.

Ruiz-Aguilar, G. M. L., J. H. Martínez-Martínez, R. Costilla-Salazar, and S. Camarena-Martínez. 
2023. “Using Central Composite Design to Improve Methane Production from Anaerobic 
Digestion of Tomato Plant Waste.” Energies 16 (14): 5412. https://doi.org/10.3390/en16145412.

Rusín, J., K. Chamrádová, and P. Basinas. 2021. “Two-Stage Psychrophilic Anaerobic Digestion of 
Food Waste: Comparison to Conventional Single-Stage Mesophilic Process.” Waste 
Management 119:172–182. https://doi.org/10.1016/j.wasman.2020.09.039.

Safari, M., R. Abdi, M. Adl, and J. Kafashan. 2018. “Optimization of Biogas Productivity in Lab- 
Scale by Response Surface Methodology.” Renewable Energy 118:368–375. https://doi.org/10. 
1016/j.renene.2017.11.025.

Saleh, A., E. Kamarudin, A. Yaacob, A. Yussof, and M. Abdullah. 2012. “Optimization of 
Biomethane Production by Anaerobic Digestion of Palm Oil Mill Effluent Using Response 
Surface Methodology.” Asia-Pacific Journal of Chemical Engineering 7 (3): 353–360. https:// 
doi.org/10.1002/apj.550.

Shi, J., Z. Wang, J. A. Stiverson, Z. Yu, and Y. Li. 2013. “Reactor Performance and Microbial 
Community Dynamics during Solid-State Anaerobic Digestion of Corn Stover at Mesophilic 
and Thermophilic Conditions.” Bioresource Technology 136:574–581. https://doi.org/10.1016/ 
j.biortech.2013.02.073.

Slavov, A. K. 2017. “Dairy Wastewaters – General Characteristics and Treatment Possibilities – A 
Review.” Food Technology and Biotechnology 55:14–28. https://doi.org/10.17113/ftb.55.01.17. 
4520.

Sun, C., W. Cao, and R. Liu. 2015. “Kinetics of Methane Production from Swine Manure and 
Buffalo Manure.” Applied Biochemistry and Biotechnology 177 (4): 985–995. https://doi.org/ 
10.1007/s12010-015-1792-y.

Tampio, E. A., L. Blasco, M. M. Vainio, M. M. Kahala, and S. E. Rasi. 2019. “Volatile Fatty Acids 
(VFAs) and Methane from Food Waste and Cow Slurry: Comparison of Biogas and VFA 
Fermentation Processes.” GCB Bioenergy 11 (1): 72–84. https://doi.org/10.1111/gcbb.12556.

Veluswamy, G. K., K. Shah, A. S. Ball, A. J. Guwy, and R. M. Dinsdale. 2021. “A Techno-Economic 
Case for Volatile Fatty Acid Production for Increased Sustainability in the Wastewater 
Treatment Industry.” Environmental Science: Water Research & Technology 7 (5):927–941. 
https://doi.org/10.1039/D0EW00853B.

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 29

https://doi.org/10.1016/j.biombioe.2008.02.019
https://doi.org/10.1016/j.rser.2011.09.008
https://doi.org/10.1016/j.jhazmat.2011.09.052
https://doi.org/10.1016/j.jhazmat.2011.09.052
https://doi.org/10.1016/j.jclepro.2017.12.166
https://doi.org/10.1016/j.jclepro.2017.12.166
https://doi.org/10.1111/j.1472-765X.1989.tb00278.x
https://doi.org/10.1111/j.1472-765X.1989.tb00278.x
https://doi.org/10.1016/j.jwpe.2023.103990
https://doi.org/10.3390/en16145412
https://doi.org/10.1016/j.wasman.2020.09.039
https://doi.org/10.1016/j.renene.2017.11.025
https://doi.org/10.1016/j.renene.2017.11.025
https://doi.org/10.1002/apj.550
https://doi.org/10.1002/apj.550
https://doi.org/10.1016/j.biortech.2013.02.073
https://doi.org/10.1016/j.biortech.2013.02.073
https://doi.org/10.17113/ftb.55.01.17.4520
https://doi.org/10.17113/ftb.55.01.17.4520
https://doi.org/10.1007/s12010-015-1792-y
https://doi.org/10.1007/s12010-015-1792-y
https://doi.org/10.1111/gcbb.12556
https://doi.org/10.1039/D0EW00853B


Wang, Q., M. Kuninobu, H. I. Ogawa, and Y. Kato. 1999. “Degradation of Volatile Fatty Acids in 
Highly Efficient Anaerobic Digestion.” Biomass and Bioenergy 16 (6): 407–416. https://doi.org/ 
10.1016/S0961-9534(99)00016-1.

Wang, J., M. Lin, M. Xu, and S.-T. Yang. 2016. “Anaerobic Fermentation for Production of 
Carboxylic Acids as Bulk Chemicals from Renewable Biomass.” In Anaerobes in 
Biotechnology, edited by R. Hatti-Kaul, G. Mamo, and B. Mattiasson, 323–361. Cham: 
Springer International Publishing.

Wang, R., M. Nabi, Y. Jiang, and K. Xiao. 2024. “Characterizing Properties and Environmental 
Behaviors of Organic Matter in Sludge Using Liquid Chromatography Organic Carbon 
Detection and Organic Nitrogen Detection: A Mini-Review.” Environmental Research 
262:119900. https://doi.org/10.1016/j.envres.2024.119900.

Wang, B., S. Strömberg, C. Li, I. A. Nges, M. Nistor, L. Deng, and J. Liu. 2015. “Effects of Substrate 
Concentration on Methane Potential and Degradation Kinetics in Batch Anaerobic Digestion.” 
Bioresource Technology 194:240–246. https://doi.org/10.1016/j.biortech.2015.07.034.

Wang, X., G. Yang, Y. Feng, G. Ren, and X. Han. 2012. “Optimizing Feeding Composition and 
Carbon–Nitrogen Ratios for Improved Methane Yield during Anaerobic Co-Digestion of 
Dairy, Chicken Manure and Wheat Straw.” Bioresource Technology 120:78–83. https://doi. 
org/10.1016/j.biortech.2012.06.058.

Wang, X., G. Yang, F. Li, Y. Feng, and G. Ren. 2013. “Response Surface Optimization of Methane 
Potentials in Anaerobic Co-Digestion of Multiple Substrates: Dairy, Chicken Manure and 
Wheat Straw.” Waste Management & Research: The Journal for a Sustainable Circular 
Economy 31 (1): 60–66. https://doi.org/10.1177/0734242X12468197.

Wang, L., Q. Zhou, and G. H. Zheng. 2006. “Comprehensive Analysis of the Factors for Propionic 
Acid Accumulation in Acidogenic Phase of Anaerobic Process.” Environmental Technology 27 
(3): 269–276. https://doi.org/10.1080/09593332708618640.

Wu, D., L. Li, X. Zhao, Y. Peng, P. Yang, and X. Peng. 2019. “Anaerobic Digestion: A Review on 
Process Monitoring.” Renewable and Sustainable Energy Reviews 103:1–12. https://doi.org/10. 
1016/j.rser.2018.12.039.

Xu, X., Y. Sun, Y. Sun, and Y. Li. 2022. “Bioaugmentation Improves Batch Psychrophilic 
Anaerobic Co-Digestion of Cattle Manure and Corn Straw.” Bioresource Technology 
343:126118. https://doi.org/10.1016/j.biortech.2021.126118.

Yang, S. T., and M. Quo. 1991. “A Kinetic Model for Methanogenesis from Whey Permeate in a 
Packed Bed Immobilized Cell Bioreactor.” Biotechnology and Bioengineering 37 (4): 375–382. 
https://doi.org/10.1002/bit.260370412.

Yen, H.-W., and D. E. Brune. 2007. “Anaerobic co-Digestion of Algal Sludge and Waste Paper to 
Produce Methane.” Bioresource Technology 98 (1): 130–134. https://doi.org/10.1016/j.biortech. 
2005.11.010.

Yılmaz, Ş, and T. Şahan. 2020. “Utilization of Pumice for Improving Biogas Production from 
Poultry Manure by Anaerobic Digestion: A Modeling and Process Optimization Study Using 
Response Surface Methodology.” Biomass and Bioenergy 138:105601. https://doi.org/10.1016/ 
j.biombioe.2020.105601.

Zellner, G., P. Vogel, H. Kneifel, and J. Winter. 1987. “Anaerobic Digestion of Whey and Whey 
Permeate with Suspended and Immobilized Complex and Defined Consortia.” Applied 
Microbiology and Biotechnology 27 (3): 306–314. https://doi.org/10.1007/BF00252935.

Zhang, H., H. Khalid, W. Li, Y. He, G. Liu, and C. Chen. 2018. “Employing Response Surface 
Methodology (RSM) to Improve Methane Production from Cotton Stalk.” Environmental 
Science and Pollution Research 25 (8): 7618–7624. https://doi.org/10.1007/s11356-017-0682-y.

Zheng, Z., Y. Cai, Y. Zhang, Y. Zhao, Y. Gao, Z. Cui, Y. Hu, and X. Wang. 2021. “The Effects of C/ 
N (10–25) on the Relationship of Substrates, Metabolites, and Microorganisms in “Inhibited 
Steady-State” of Anaerobic Digestion.” Water Research 188:116466. https://doi.org/10.1016/j. 
watres.2020.116466.

Zheng, H., F. Tang, Y. Lin, Z. Xu, Z. Xie, and J. Tian. 2022. “Solid-State Anaerobic Digestion of 
Rice Straw Pretreated with Swine Manure Digested Effluent.” Journal of Cleaner Production 
348:131252. https://doi.org/10.1016/j.jclepro.2022.131252.

30 A. R. AZKARAHMAN ET AL.

https://doi.org/10.1016/S0961-9534(99)00016-1
https://doi.org/10.1016/S0961-9534(99)00016-1
https://doi.org/10.1016/j.envres.2024.119900
https://doi.org/10.1016/j.biortech.2015.07.034
https://doi.org/10.1016/j.biortech.2012.06.058
https://doi.org/10.1016/j.biortech.2012.06.058
https://doi.org/10.1177/0734242X12468197
https://doi.org/10.1080/09593332708618640
https://doi.org/10.1016/j.rser.2018.12.039
https://doi.org/10.1016/j.rser.2018.12.039
https://doi.org/10.1016/j.biortech.2021.126118
https://doi.org/10.1002/bit.260370412
https://doi.org/10.1016/j.biortech.2005.11.010
https://doi.org/10.1016/j.biortech.2005.11.010
https://doi.org/10.1016/j.biombioe.2020.105601
https://doi.org/10.1016/j.biombioe.2020.105601
https://doi.org/10.1007/BF00252935
https://doi.org/10.1007/s11356-017-0682-y
https://doi.org/10.1016/j.watres.2020.116466
https://doi.org/10.1016/j.watres.2020.116466
https://doi.org/10.1016/j.jclepro.2022.131252


Zhou, M., B. Yan, J. W. C. Wong, and Y. Zhang. 2018. “Enhanced Volatile Fatty Acids Production 
from Anaerobic Fermentation of Food Waste: A Mini-Review Focusing on Acidogenic 
Metabolic Pathways.” Bioresource Technology 248:68–78. https://doi.org/10.1016/j.biortech. 
2017.06.121.

Zwietering, M. H., I. Jongenburger, F. M. Rombouts, and K.v.t Riet. 1990. “Modeling of the 
Bacterial Growth Curve.” Applied and Environmental Microbiology 56 (6): 1875–1881. 
https://doi.org/10.1128/aem.56.6.1875-1881.1990.

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 31

https://doi.org/10.1016/j.biortech.2017.06.121
https://doi.org/10.1016/j.biortech.2017.06.121
https://doi.org/10.1128/aem.56.6.1875-1881.1990

	Abstract
	1. Introduction
	2. Materials and methods
	2.1. Inoculum and substrate
	2.2. Batch digester start-up and experimental design
	2.3. Kinetic parameters
	2.4. Post-BMP analytical tests
	2.5. Mass balance calculations
	2.6. Experimental design and statistical model

	3. Results and discussion
	3.1. Substrate and inoculum characterisations
	3.2. Methane production and kinetics
	3.3. Organic matter degradation
	3.4. Volatile fatty acids profile
	3.5. Operational AD optimisation and validation based on mass balance

	4. Conclusions
	Acknowledgments
	Author contributions
	Disclosure statement
	Data availability statement
	References

