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Abstract
Anaerobic co-digestion (AcoD) of fish sludge (FS) with food waste (FW), and fruit and vegetable waste (FVW) for biogas 
and methane production was optimised in small-scale bioreactors, and batch and semi-continuous pilot-scale digesters, under 
mesophilic (37 ℃) conditions. An experimental mixture design was first applied to small-scale biomethane potential (BMP) 
tests, to determine the optimal mixture proportions of the AcoD of FS, FW, and FVW that maximise the specific methane 
yield (SMY in NmLCH4 gVS−1). The optimal mixture proportion was 67%FS:18%FW:19%FVW (w/w), producing 401 
mLCH4 gVS−1, which was 8 times higher than the SMY when FS was mono-digested (48 mLCH4 gVS−1). The SMY achieved 
in batch pilot-scale digesters were 70–82% of methane yields obtained in BMP tests under the same operating conditions, 
with stable biogas production and no apparent inhibition during the batch run. Semi-continuous operation of the pilot-scale 
digester was undertaken with organic loading rates (OLRs) of 1, 2, and 3 gVSL−1d−1 , provided intermittently. However, the 
digester did not achieve stable biogas production at all of the evaluated OLRs, due to the intermittent feeding and accumula-
tion of volatile fatty acids (VFAs): Improved process stability was achieved at an OLR of 2 gVSL−1d−1 , compared to OLRs 
of 1 and 3 gVSL−1d−1 . Optimisation of the AcoD process resulted in attractive biomethane yields from FS with FW and FVW 
co-feeds, indicating that producing biogas from co-digestion of FS with relevant substrates is a valuable managing tool for 
FS, while simultaneously providing renewable energy. The work provides novel data that elucidated optimal proportions in 
which to combine FS, FW and FVW to obtain optimal biogas production, and provided important new information relevant 
for the scale up and continuous operation of an AD process for treating FS.
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Introduction

Waste recovery and management in recirculating aquacul-
ture systems (RAS) is an important aspect to ensure stable 
operation and optimal performance. RAS are important sys-
tems for intensive culture of aquatic organisms, where water 
is partially recycled, thereby reducing water consumption. 
These systems also allow for improved management of solid 
and liquid waste that originate from the aquaculture rearing, 
leading to improved mitigation of environmental impacts 
compared to conventional open pond or cage-based aqua-
culture systems [1–5]. Sustainable management of fish sludge 
(FS), which consists largely of fish faeces, but also uneaten 
feed, microorganisms, and other metabolites that settle in the 
primary filtration system, can be a challenge within RAS 
[6–10]. Fish sludge (FS) can accumulate in large quantities 
within the RAS, and can mineralise to form ammonia that is 
toxic to the cultured animals, and can increase microbial oxy-
gen consumption within the system, leading to sub-optimal 
aquaculture performance [3, 6–8, 10]. In addition to ammo-
nia, the presence of anoxic or anaerobic conditions within FS 
can lead to hydrogen sulfide (H2S) generation, which nega-
tively impacts on the organisms cultured in the RAS and the 
FS therefore needs to be removed from the system [11].

The anaerobic digestion (AD) process is a potential waste 
management method for stabilising organic wastes such as FS. 
The fish sludge generated from RAS needs appropriate and 
economical treatment before disposal into the environment. 

Incineration of FS is not viable due to the low calorific value 
and high moisture content thereof, resulting in high energy 
costs for incineration [10]. Disposal of organic waste into 
landfills is prohibited, as it usually involves high volumes with 
high organic matter content and leads to negative environmental 
impacts. FS potentially has good effects as a nitrogen fertilizer 
for spring cereals, but significant differences in nitrogen quality 
and concentration was found in different fish sludge products 
[12]. However, the study highlighted that AD is a biological 
process in which various types of microbial communities break 
down organic matter under anaerobic conditions into biogas 
(primarily CH4, and CO2) through four main stages, namely 
hydrolysis, acidogenesis, acetogenesis, and methanogenesis [1, 
13–15]. AD has relatively low energy requirements and moder-
ate operating costs, generates methane-rich biogas, which can 
be used for energy supply to energy-intensive RAS [1, 6, 16]. 
Furthermore, AD reduces the volume of sludge as it signifi-
cantly reduces the solids content in the waste (via volatile solids 
[VS] reduction, which quantifies the percentage removal of VS 
during the AD process), and therefore the costs associated with 
final sludge transportation and disposal [1]; it also reduces envi-
ronmental pollution caused by inadequate disposal practices 
and poor management [7, 16]. The VS reduction is a crucial 
parameter to evaluate the digestion performance, and higher 
VS reduction is correlated to higher biomethane production.

Although FS is readily biodegradable it is nutritionally 
unbalanced as sole feed to the AD process, due to high lev-
els of nitrogen [17]. Efficient biogas production requires an 
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appropriate chemical composition of the organic feed material 
(i.e. carbon-to-nitrogen ratio C/N and volatile solids content), 
and digester operating conditions such as pH, organic loading 
rate, temperature, inoculum to substrate ratio (ISR), and volatile 
fatty acid (VFA) concentration [18]. Due to its low C/N ratio, 
the AD of FS is prone to high levels of ammonia production 
and accumulation, due to the degradation of protein in feed 
and faeces, which can inhibit methane production during the 
methanogenesis stage [7]. Nitrogen-rich substrates like FS or 
animal manures therefore have to be combined with carbon-rich 
substrates, e.g. fruit and vegetable waste, to achieve the recom-
mended C/N range of 21–30 through a co-digestion strategy 
[15]. In addition to high nitrogen levels, salinity inhibited the 
production of methane through influencing acetoclastic and 
methylotrophic methanogens, and syntrophic fatty acid oxidiz-
ing bacteria during AD, and showed that low salinity levels (i.e. 
0.6%) had a stimulatory effect on VFA and methane production, 
while significant inhibition was observed with further increased 
salinity. For instance, methane production and VFAs decreased 
by 72.3% and 13.4%, respectively, at high salinity (5.2%) [19]. 
Bose et al., [20] also reported a positive effect on the production 
of VFA for salt concentrations lower than 0.5 g NaCl/L.

Anaerobic co-digestion (AcoD), whereby multiple substrates 
are combined to overcome limitations of a single substrate, 
can balance the overall substrate C/N ratio, improve biogas 
and methane yield, and maintain process stability, depending 
on the chemical composition of substrates selected [21–23]. 
Other benefits of using anaerobic co-digestion include dilution 
of inhibitor components (i.e., ammonia or VFAs), increased 
microbial synergy, and improved buffering capacity within the 
digester [17, 23]. Therefore, co-digesting FS with complemen-
tary substrates could potentially enhance methane production.

There is not much information on co-digestion of FS to 
increase biogas and methane yield, neither is there informa-
tion on process stability in scaled up systems. Therefore, 
the objectives of the present study were (i) to determine the 
chemical composition and biomethane production potential 
of FS that originated from an intensive RAS, (ii) to identify a 
suitable co-digestion substrate and determine the potential of 
different multi-substrate mixtures to affect specific methane 
yield (SMY) and volatile solids removal response (PVSR) 
during biomethane potential (BMP) tests, and (iii) to evaluate 
the effect of organic loading rates on biogas and methane pro-
duction rates, process performance, and stability of the AcoD 
process in batch and semi-continuous pilot-scale digesters.

Materials and Methods

Inoculum and Substrates Collection

An active anaerobic sludge (inoculum) was collected from 
the Uilenkraal biogas plant, which treats dairy cattle manure 

under mesophilic conditions, and is located close to Malm-
esbury, Western Cape, South Africa (SA). After collection, 
the microbial inoculum was first degassed for two to three 
days at room temperature before the experiment's digestive 
process began to ensure that there was no biogas produced 
by methanogenesis. The degassed inoculum was re-adapted 
to the mesophilic (37 °C) conditions in a 50 L pilot-scale 
anaerobic digester (feeding with cow manure), and deter-
mined to contain 3.7% total solids (TS), 2.7%, volatile solids 
(VS), and 9555 CaCO3 mg L−1 alkalinity, and a pH of 7.1.

In this study, fish sludge (FS) was used as the main 
substrate, while food waste (FW) and fruits and vegeta-
ble wastes (FVW) were used as co-substrates. The FS was 
collected from Karoo Catch fish farm located in Eastern 
Cape Province of South Africa (SA), and mostly consisted 
of fish faeces and uneaten feed from the rearing of African 
catfish (Clarias gariepinus). The sludge was collected as 
drum filter backwash, and was used directly in AD experi-
ments without any additional pretreatment. The sludge was 
not concentrated, in an effort to simulate AD performance 
that can be expected in an on-farm setting. The groundwa-
ter used to top up the RAS is analyzed every 6 months as 
part of on-farm procedures to ensure there are no significant 
changes to the incoming water. Groundwater analysis con-
firmed that the concentrations of the major metals sodium 
(1056.15 mg/L Na), potassium (15.45 mg/L K), magnesium 
(616.20 mg/L Mg), and calcium (143.10 mg/L Ca) were 
below the inhibitory concentration of inorganics in AD as 
reported previously [14], and that the total salinity remained 
below the recommended salinity of 2.5 ppt [24].

The FW and FVW were collected from local supermar-
kets in Stellenbosch, Western Cape, SA. The FW used was 
composed of cooked foods, such as rice, meat, fish, noodles, 
bread, and cooked vegetable salads. FVW contained a mix-
ture of spoiled fruits such as apple, pear, pineapple, banana, 
watermelon, papaya, and vegetables such as cabbage, let-
tuce, spinach, and potatoes. Non-biodegradable materials 
(i.e., bones, seeds, plastic bags) were removed from the FW 
and FVW by manual sorting, prior to homogenization of 
biodegradable residues in a bowl cutter. To avoid biodegra-
dation, all samples were aliquoted and stored in a freezer at 
-20 °C until they were required for experimental tests. Prior 
to any experiment, the substrates were analysed for the main 
physio-chemical parameters.

Analytical Methods

The American Public Health Association (APHA) standard 
methods for the characterisation of water and wastewater, i.e. 
2540B, 2540E, and 2320 were used to determine the total 
solids (TS), moisture contents (MC), and volatile solids (VS) 
respectively, for the substrate, inoculum, and digestate samples 
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[25]. The pH was measured using a laboratory Hanna (HI5000) 
pH meter with a combined electrode (Hanna Instrument, 
USA). The pH values of the samples were adjusted during the 
experimental setup using 3 M sodium hydroxide ( NaOH ) and 
2 M hydrochloric acid ( HCl ). Liquid and digestate samples 
were centrifuged at 10,000 revolutions per minute (rpm) for 
15 min at room temperature and then filtered with 0.22 μm 
membrane pore size FilterBio® CA syringe filters before ana-
lysing the volatile fatty acid (VFA), ammonium nitrogen, and 
total alkalinity (ALK) concentrations. The VFAs content of 
the samples was determined using the Spectroquan tⓇ Volatile 
Organic Acids Cell Test kit (Merck, Germany) according to 
the instruction of the manufacturer. Alkalinity was measured 
using the Acid Capacity cell (total alkalinity) Spectroquan tⓇ 
test kit (range 20–400 mg L−1 CaCO

3
 ), whereas the nitrogen 

contents of NH4
+ or NH3 were measured using the Ammo-

nium Spectroquan tⓇ cell test kit (range 2.0–150 mg/NH
4
N ) 

with a spectrophotometer. The protocols for measurement of 
alkalinity and ammonium were performed according to the 
instruction of the manufacturer (Spectroquan tⓇ Test kits, 
Merck, Germany). All the analyses were performed in dupli-
cate. The analysis for elemental compositions such as carbon 
(C), hydrogen (H), nitrogen (N), and Sulphur (S) content 
were measured by using Elemental Vario EL cube Elemental 
Analyzer (Elementar Analyse System GmbH, Germany). The 
carbohydrates, fibre, hemicellulose, and lignin content of the 
samples were determined by the methods described by Sluiter 
et al., [26]. The methane (CH4), carbon dioxide (CO2), and 
hydrogen sulphide (H2S (ppm)) composition of the biogas was 
analysed using a BIOGAS 5000 analyser (Geotech, UK). The 
biogas composition was analysed daily during the batch and 
semi-continuous pilot-scale operation.

Anaerobic Co‑Digestion BMP Test Procedure

AcoD Process of FS, FW, and FVW in Bench‑Scale 
Bioreactors

The biomethane potential (BMP) tests were conducted in 
bench laboratory-scale bioreactors using Automatic Meth-
ane Production Test System II (AMPTS), with methods 
as proposed by Angelidaki et al., [27] and Raposo et al., 
[28]. The AMPTS system consists of four components: an 
incubating water bath unit, CO

2
 fixing unit, gas endeavour 

unit, and a gas flow cell tipping unit. The AMPTS used can 
hold up to 15 bioreactors per unit. The biogas produced 
in each reactor passes through a solution of 3 M sodium 
hydroxide ( CO

2
 absorption fixing unit), which retains gas-

ses other than methane (i.e., CO
2
 and H

2
S ) to allow meth-

ane to pass to the gas flow cell tipping unit. The gas flow 
cell measuring unit is composed of 15 flow cells that work 
on the principle of liquid displacement and buoyancy, to 
measure the methane flow rate.

The BMP tests were used to optimise the co-substrates’ 
mixing ratios, to maximise the methane yield of FS. The 
experimental tests of AcoD of FS with FW and FVW were 
set up according to a statistical mixture design (see below), 
which required BMP tests with 10 different mixture propor-
tions to be completed as batch AcoD runs. The experimental 
runs were performed using 600 mL AMPTS bottles (each 
with a working capacity of 400 mL and 200 mL headspace). 
The inoculum to substrate ratio (ISR) of 2:1, based on vola-
tile solids (VS) of inoculum and substrate, was used in all 
the experimental runs, to prevent inhibitory effects such as 
ammonia or VFA accumulation [28, 29]. The total solids 
content was kept at 10% in all mixture runs by diluting FW 
and FVW with an appropriate amount of distilled water. 
Positive control assays containing Avice lⓇ pH-101 pure 
cellulose (Sigma-Aldrich, USA) were included to verify 
the quality of the inoculum, while “blank” controls were 
filled with inoculum only, to measure its background meth-
ane production. After pH adjustment the bioreactors were 
placed in a thermostatic water bath filled up with dionized 
water and maintained at a temperature of 37 ℃. Before start-
ing the experimental runs, the headspace of each reactor 
was flushed with a gas mixture of 60% N

2
 and 40% C O

2
 for 

2 min to provide anaerobic conditions [30]. The mechanical 
agitator motor was set to intermittently mix (10 min mixing 
and 5 min pause) by a slow rotation agitator of 100 rpm. 
All the experiments were performed in triplicate. The BMP 
assays were incubated for 28 days until the daily methane 
flow rate stabilised with less than 1% of the cumulative 
methane production for three consecutive days.

Experimental Mixture Design and Statistical 
Analysis

Using the response surface methodology (RSM) a simplex-
centroid mixture design (SCMD) generated by Design-Expert 
software (Star-Ease Inc., USA) was utilised to evaluate the 
effects of FS, FW, and FVW mixture ratios on specific meth-
ane yield (SMY) and percentage volatile solids removal 
(PVSR) as response variables during AcoD. The experimen-
tal mixture design of this study consisted of single substrates, 
combination of two substrates (binary), and combinations 
of all three (trinary) substrates based on wet weight propor-
tions (% ww). The composition of each substrate is shown in 
Table 1, and the experimental mixture proportions in Table 2. 
The two response (dependent) variables in this study were 
SMY and PVSR.

Specific Methane Yield (SMY)

The SMY was determined using Eq. (1) based on the gram (g) 
of substrate added to the digester.



Waste and Biomass Valorization	

where: SMY is the specific methane yield (NmLCH4 gVS−1) 
achieved after AD process; CMS is the cumulative methane 
production (NmL); CMi is the cumulative methane produc-
tion of inoculum; (gVS) presents the volatile solids concen-
tration (g) of substrate added to the digester.

Percentage of Volatile Solids Reduction (PVSR)

The organic volatile solids reduction during the AcoD pro-
cess was determined using Eq. (2).

(1)SMYCH4
=

CMS − CMi

gVS

where: VSin is the amount of volatile solids initially added 
(g); and VSout is the amount of volatile solids (g) after the 
digestion process.

The statistical analysis and graphs were performed using 
Design Expert 11 software (Stat-Ease Inc., Minneapolis, 
USA) and MS Excel software 2016. The experimental 
results of responses obtained from AcoD of different mixture 
proportions of FS, FW, and FVW were conducted accord-
ing to experimental mixture design. Mixture design and an 
analysis of variance (ANOVA) analysis were used to analyse 
the BMP tests results, and the interaction effects of AcoD 
mixture substrates on SMY and PVRS were determined 
using response surface methodology. The contour plots were 
used to study the interactive effects of AcoD of FS, FW, and 
FVW on each response.

Scale‑Up of BMP Tests to a Batch Pilot Anaerobic 
Digester

Batch pilot-scale experiments of AcoD process of FS, FW, 
and FVW were carried out to validate the two optimum mix-
ture proportions predicted by the statistical RSM-model, and 
to determine the biogas and methane production and process 
stability of the pilot-scale digester. The biodigesters had a 50 
L volume of which 35 L was the working volume. Digesters 
were connected to the gas collection system, which used a 
manometer-based online gas measurement system to record 
the daily biogas flow rate. To establish anaerobic conditions in 
the digesters, the headspace of the digesters were flushed with 
a gas mixture of N

2
 (60%) and CO

2
(40%) for 3 min. AcoD 

experiments were carried out for 30 days until stabilisation 
at 37 ℃ (mesophilic conditions) with 150 rpm agitation for 
30 min five times per day. For biogas composition analysis, 
the biogas samples were collected from the headspace of each 

(2)PVSR =

VSin − VSout

VSin
× 100%

Table 2   Mixture proportions 
used during experiments and the 
experimental results obtained 
during AcoD process in BMP 
tests in terms of SMY and 
PVSR as a response

Run Mixture proportion (%) Response variables

FS FW FVW C/N ratio SMY (NmL CH
4
 

gVS−1)
PVSR (%)

1 100 0 0 6.11 48.94 53.84
2 0 100 0 17.04 440.99 40
3 0 0 100 40.04 381.95 60
4 50 50 0 16.18 433.27 40.74
5 50 50 30.68 287.69 60
6 0 50 50 18.24 452.43 63.63
7 66 17 17 17.11 379.16 64.14
8 17 66 17 16.00 508.38 40.29
9 17 66 17 23.26 323.87 57.35
10 34 33 33 17.97 435.27 50

Table 1   Characteristics of raw FS, FW, FVW used in this study

Values are reported as the mean and standard deviation of triplicate 
analyses

Parameters FS FW FVW

pH 8.4 4.7 4.9
TS (% w/w) 1.97 ± 0.04 38.97 ± 0.2 16.38 ± 0.9
VS (% w/w) 1.48 ± 0.04 36.76 ± 0.4 15.38 ± 0.02
VS/TS ratio (% w/w) 75 ± 0.04 94.32 ± 0.00 93.93 ± 0.1
Moisture content (% w/w) 98.03 ± 0.1 61.03 ± 0.23 83.62 ± 0.3
Ash (% w/w) 0.30 ± 0.03 4.81 ± 0.13 6.99 ± 0.03
Carbon, C (% of TS) 36.62 53.0 45.6
Hydrogen, H (% of TS) 6.27 6.1 6.7
Nitrogen, N (% of TS) 5.99 3.1 1.1
Sulphur, S (% of TS) 1.57 -
C/N ratio 6.11 ± 0.02 17.04 ± 0.01 40.04 ± 0.02
VFA (mg/L) 573 9 ± 06 7680 ± 0.02 4204 ± 0.06
Carbohydrate (% w/w)  < 1 24.1 ± 07 14.2 ± 0.05
Fat (% w/w)  < 0.50 ± 003 8.21 ± 0.3 0.51 ± 0.6
Total protein (% w/w)  < 0.25 ± 0.7 6.61 ± 0.23 1.49 ± 0.01
Alkalinity (mg CaCO

3
/L) 1773 ± 31 11.5 ± 1.35 324 ± 12.75

Hemicellulose (%) - - 7.75 ± 0.25
Cellulose (%) - 36.70 ± 0.38 21.14 ± 0.24
Lignin (%) - 30.68 ± 0.04 33.23 ± 0.02



	 Waste and Biomass Valorization

digester through a gas outlet port using a Tedlar bag. The 
biogas and methane production rate, methane content (%), 
and pH were quantified daily, while alkalinity, VFAs, and 
ammonium-nitrogen analyses were done twice per week.

Daily Methane Production

The daily methane flow rate ( Ld−1 ) was determined using 
Eq. (3):

AcoD in Semi‑Continuous Pilot‑Scale Digester

Biogas production during AcoD of FS, FW, and FVW under 
semi-continuous conditions were conducted in a similar 
pilot-scale digester, to explore the effects of organic load-
ing rate (OLR) on process performances such as biogas 
and methane production, and process stability (VFA, pH, 
and alkalinity). The semi-continuous experimental set-up 
was conducted using a 30 L pilot-scale digester (with 21 
L working volume), maintained at 37 ℃ by a hot water 
jacket, and stirred intermittently at 150 rpm. The feeding 
was done once per day, while calcium carbonate (CaCO

3
) 

was added to increase buffering capacity (alkalinity) when 
required by the AcoD in semi-continuous operation. The 
semi-continuous pilot-scale digester was fed with a mixture 
of 63%FS:18%FW:19%FVW once per day for 52 days at 
OLRs of 1, 2 or 3 gVSL−1d−1 . The digester was operated 
at an HRT of 15 days for each OLR based on the retention 
time obtained from previous batch digester results using the 
same system, and based on small scale co-digestion results 
where methane production for a number of runs declined 
after 15 days of HRT (see Section 3.2). The digester head-
space was purged with a mixture of N

2
 (60%) and C O

2

(40%) for 3 min to establish anaerobic conditions in the 
digester. Digesters were connected to the gas collection 
system, which recorded the daily biogas flow rate through 
the manometer-based online gas measurement system. The 
biogas product was collected using Tedlar gas bags for com-
positional analysis. The biogas composition, biogas flow 
rate, and pH were measured every day. During operation, 
liquid digestate samples were taken for total VFA concen-
tration, ammonium, and alkalinity analyses. The analyses 
were done twice per week by taking samples before feeding 
to evaluate the process stability of the digester.

The organic loading rate (OLR) ( gVSL−1d−1 ) of the 
digester was determined using Eq. (4):

(3)

Methane production rate =
methane (L per day)

Vdigester

=

CH
4
%

100
×

biogas flow rate

Vdigester

where: Q represents the daily flow rate of the substrate 
( Ld−1 ); V represents the volume of the digester (L), S repre-
sents the organic concentration of substrate ( gVSL−1).

Results and Discussion

Characterisation of Substrates

Table 1 shows the proximate and ultimate analysis, as well 
as the biochemical components of FS, FW, and FVW. The 
fish sludge used in this study was very diluted, characterised 
by the lowest TS contents of 1.97% when compared to TS 
concentrations of FW (38.97%) and FVW (16.38%) sub-
strates, but it was slightly higher than the values of 0.97–1.5% 
reported in previous studies [1, 7, 31]. However, Mirzoyan 
et al., [10] reported that FS is characterized by its low TS con-
tent (1.5–3%) compared to other animal production wastes or 
industrial wastewater, which is comparable to this study. The 
pH of the FVW (4.7) and FW (4.9) were both acidic, while 
FS had the highest pH of 8.4, which is not favourable for the 
growth of methanogens [14, 32]. The high pH value of the FS 
is most likely caused by ammonia, which is one of the most 
common compounds that inhibits the anaerobic biodegrada-
tion of substrates high in protein and nitrogen content [33] 
at pH values above 8.3 [14]. These conditions will lead to a 
decrease in biogas production during the AD process due to 
strong inhibition of the methanogenesis, which can also cause 
the digestion process to be terminated, and make the digestate 
less suitable as a fertilizer [14, 34]. Ammonia inhibition can 
be overcome by either dilution, co-digesting of substrates to 
balance the nutrients content (C/N ratio), or increasing the 
buffering capacity of the system [9, 18]. A study on the effect 
of extreme pH conditions on methanogen metabolism and 
community structure was carried out by Qiu et al., [32]. The 
quantity of acetoclastic methanogens and the abundance and 
activity of the enzymes necessary for acetoclastic methano-
genesis decreased as a result of inhibition by both acidic and 
alkaline conditions. Under extreme pH conditions, the rela-
tive abundance of facultative acetolactic/hydrogenotrophic 
and obligatory hydrogenotrophic methanogens was enriched, 
even though most of the enzyme levels involved in hydrogen-
trophic methanogenesis also drastically reduced. The extreme 
pH conditions also inhibited the enzymes crucial for ATP 
production and electron transport, which furthered the sup-
pression of methanogenesis.

Based on the total dry matter content, the VS/TS ratios of all 
the substrates chosen in this study ranged from 75–94%, indi-
cating the potential for high biodegradability and suitability 

(4)OLR =

Q.S

V
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for AD. The high biodegradable content of FW and FVW 
observed in this study was comparable to the VS/TS ratio of 
85% and 94% previously reported [35, 36]. The C/N ratio of 
FS, FW, and FVW were 6.11, 17.04, and 40.04, respectively. 
These values were all outside of the optimal C/N ratio range 
of 21–30 for methanogenesis and a stable AD process [37, 38]. 
The unbalanced C/N ratio of feedstock during the AD process 
can cause the inhibition of biogas and methane production, 
probably due to the formation of significant ammonia and VFA 
concentrations which inhibit the growth of methanogens and 
affect the process stability [15, 37]. The C/N ratio and other 
organic biochemical compositions must be balanced for micro-
organisms to grow and become active during AD, suggesting 
that co-digesting FS with FW and FVW could balance the C/N 
ratio and other nutrients required by microbial population for 
growth, which can lead to the improvement of biomethane 
yields and process stability compared to mono-digestion.

Food waste had the highest content of cellulose (36.7%), 
carbohydrates (24.1%), fat (8.21%), and protein (6.61%), 
followed by FVW and FS. However, FVW had the highest 
content of lignin (33.23%), hemicellulose (7.75), and crude 
fibre among the substrates tested. Fish sludge used in the 
study was characterised by lower contents of nutrients on 
a wet basis compared to FS and FVW, although this is a 
result of the high moisture content of the FS. The chemical 
composition of the substrates indicated the availability of 
the organic matter/VS fraction that can be converted into 
methane during the AcoD process [15]. The advantages 
of using food waste as a co-substrate during anaerobic co-
digestion include its availability, its high content of nutrients 
like lipids, protein, carbohydrates, its high buffering capac-
ity, and high organic content [39]. Food waste with high TS 
content can be used to adjust the main substrates TS and 
nutrients necessary for optimal bacterial growth [40], and 
utilizing substrates with higher solids concentration can help 
to increase the solids retention time in the digester. Biomass 
containing cellulose and hemicellulose is considered suit-
able for co-digestion with waste sludge for enhanced biogas 

and methane production [41]. The analyses indicated that the 
combination of the three different substrates could enhance 
the biodegradability, biogas production, and stability of the 
AD process significantly compared to mono digestion.

Daily Methane Production Flow Rate 
from Co‑Digestion

Figure 1 represents the daily methane production of FS, FW, 
FVW, and their co-digestion mixture runs observed during 
the BMP test period using the AMPTS II system. It can be 
seen from the figure that all mixture runs of co-digestion 
(Run 1–10) generated high methane flow rates on the first 
day of incubation and dropped on the second day, and then 
started to increase gradually from the third day until reach-
ing the second peak. Thereafter, the average methane flow 
rate began to decline gradually until the smaller third peaks 
occurred between days 18 and 19. However, after day 15 of 
digestion, the daily methane flow of some of the experimen-
tal runs declined, except in run 4 which showed a high third 
peak between day 13 and 16. No lag phases were observed 
during any of the 10 AcoD-BMP test runs (1–10), before 
the first peak of daily methane yield was reached, prob-
ably because the substrates used for co-digestion mixtures 
are easily hydrolysed by the anaerobic microorganisms to 
produce biogas in the early stage. Dennehy et al., [42] also 
observed the highest peak of the daily methane yields on 
the first 2 days of the anaerobic co-digestion of pig manure 
with food waste without any lag phase. As shown in Fig. 1, 
run 1 which contained 100% pure FS produced the lowest 
amount of daily methane production on the first day, and the 
daily flow rate ceased after the 7th day due to its low total 
solids and poor balance of nutrients (low C/N ratio of 6.11; 
Table 1). Choudhury et al., [11] also found the highest CH4 
production early in the digestion run, followed by a steep 
decrease once the peak was reached, with lower concentra-
tion of FS (1.5%) reaching its maximum CH4 production 
earliest and the highest concentration of FS reaching its 

Fig. 1   Daily methane produc-
tion rate (NmL day−1) in each 
reactor for different substrate 
mixtures
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peak latest. Contrary to this work, where CH4 production 
for pure FS ceased after 10 days, in their work it continued 
for up to 40 days.

Model Fitting and Regression Analysis

Table 2 shows the experimental results of the responses 
obtained from AcoD of different mixture proportions of FS, 
FW, and FVW. The experimental results obtained during 
AcoD (Table 2) were fitted to four different models pre-
sented in Appendix Table 6 to determine the best-fitting 
models for SMY and PVRS response variables. The spe-
cial quartic model was found to be the best-suited model 
for SMY and PVSR responses (see Appendix Table 6), and 
had a coefficient of determination (R2) of 0.9997, predicted 
R2 of 0.9627, adjusted R2 of 0.9992, and the lowest stand-
ard deviation value of 4.04 for SMY. For PVSR, the model 
showed the highest values of R2, predicted R2, adjusted R2, 
and low standard deviation of 0.9947, 0.3634, 0.9861, and 
1.06, respectively, compared to the other models.

The regression coefficients of all the model terms had 
a significant effect on the SMY and PVSR with P-val-
ues < 0.05, except the interaction term AB for PVSR (see 
Appendix Table 7). The positive and negative of the regres-
sion coefficient terms indicate the synergistic and antago-
nistic effect, respectively, in the response variables by the 
interaction of substrates in the mixtures [15]. It can be con-
cluded that each substrate of the three substrates contributed 
to the improvement of the specific methane yields during the 

co-digestion process. The findings also indicates that fish 
sludge benefited more in terms of specific methane yields 
and PVSR during the AcoD process compared to FW and 
FVW. The AcoD enhanced the methane yield most when 
all three substrates were mixed, compared to AD of pure 
substrates or binary mixtures. As previously described, fish 
sludge had a low C/N ratio but contained high alkalinity and 
pH, therefore, combining fish sludge with food waste and 
fruit and vegetable waste rich in cellulose, carbohydrates 
and other carbon sources improved the biochemical com-
position of the substrate, enhanced the buffering capacity of 
the system, and balanced the C/N ratios, which led to better 
performance and high methane yields observed in this study. 
Co-digestion of different types of feedstocks with different 
chemical compositions can complement all the essential 
micro and macronutrients required by microorganisms for 
growth in the digester, which leads to the improvement of 
biomethane yields, improve process stability, and also stimu-
late the biodegradability of the substrates [43].

Interpretation of Contour Plots on Methane Yield 
and PVSR

Figure 2 shows contour plot for effects of FS, FW, and 
FVW on specific methane yield. The individual and inter-
active effects of FS, FW, and FVW on specific methane 
yield were further interpreted using the contour plot. It is 
evident from Fig. 2 and Table 2 that the maximum SMY of 
508.38 NmL CH

4
 gVS−1 was obtained when food waste was 

Fig. 2   Contour plot representing 
the mixture contour and surface 
plots for SMY response during 
the anaerobic co-digestion pro-
cess of FS, FW, and FVW
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used in high proportions in the mixtures of FS:FW:FVW 
(16:67:16). This can be explained by its high content of 
fats, carbohydrates, proteins, and cellulose compared to 
the individual substrates used in this study (Table 1). The 
SMY values obtained from the AcoD process of FS, FW, 
and FVW ranged from 48.95–508.38 NmL CH

4
 gVS−1, and 

were 6–8 folds higher than the SMY of mono digestion 
of fish sludge. The lowest methane yield of 48.95 NmL 
CH

4
 gVS−1 was observed when fish sludge was mixed in 

high proportions, which is attributed to lower TS content 
of the FS in addition to the unbalanced and low C/N ratio; 
the dilute sludge may reduce the microbial activity, thereby 
lowering CH4 production.

Effect of AcoD Process of FS, FW, and FVW Mixtures on PVSR 
Response

Figure 3 shows the effect of individual and interactive effects 
of FS, FW, and FVW in mixtures on PVSR. The highest 
PVSR was observed at the high proportion of FS, because 

FS does not contain lignocellulosic materials (see Table 1), 
which are slower to digest (particularly lignin).

The lowest PVSR was observed when food waste was 
added in higher proportions, which decreased the VS removal 
significantly. Although the highest SMY was observed when 
food waste was mixed in a major proportion, fruit and veg-
etable waste was also found to contain the highest amounts 
of lignin and hemicelluloses. The degradation rates of these 
organic materials are known to be slow, and considered to 
be the rate-limiting step during AD of materials with high 
lignocellulosic contents [44]. Additional pre-treatment such 
are thermal hydrolysis, chemical, or ultrasonic methods may 
be required to improve the PVSR during the AcoD of fish 
sludge mixed with high proportions of lignocellulose-rich 
food waste, as it improves the surface area of soluble organic 
matter through reduced particle size, leading to an increase in 
the methane yield and removal of organic content of the sub-
strate [45]. However, the addition of any pre-treatment method 
will require energy and/or chemical inputs, which can nega-
tively impact on the economics of anaerobic co-digestion [15].

Fig. 3   Contour plot showing 
PVSR during the AcoD of FS, 
FW, and FVW

Table 3   Predicted response 
values and validated results 
obtained from AcoD of 
predicted optimal mixture 
proportions of FS:FW:VW

Mixtures Mixture proportions 
(%)

C/N ratio Predicted values Validated results

FS FW FVW SMY (mL 
CH

4
 gVS−1)

PVSR (%) SMY (NmL 
CH

4
 gVS−1)

PVSR (%)

Mixture 1 63 18 19 21 401 63.2 385 ± 2 60 ± 1
Mixture 2 40 41 19 19 513 50.3 492 54
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Optimisation of SMY and PVSR Responses and Model 
Verification for Optimum Mixtures

The optimum mixture of the three substrates proposed by the 
simplex-centroid experimental mixture design model was 
67%FS:18%FW:19%FVW, with predicted SMY and PVSR 
values of 401 NmL CH

4
 gVS−1 and 61%, respectively, as 

shown in (Table 3). The second predicted optimal mixture 
proportion was 40%FS:41%FW:19% FVW with the pre-
dicted SMY of 513 NmL CH

4
 gVS−1 and PVSR of 50.3%. 

Batch BMP tests of AcoD at these two optimum mixture 
proportions were conducted under mesophilic conditions 
for 25 days, and the results obtained were quite close to the 
model predicted values for both responses (Table 3), imply-
ing that the model was adequate and robust for the prediction 
of biomethane production. The experimental SMY obtained 
under the optimised mixture proportions was 8–tenfold 
higher than the SMY of FS alone (48.94 NmL CH

4
 gVS−1), 

indicating that the addition of FW and FVW in lower pro-
portions in the mixtures can alter the chemical composition 
to improve methane production from FS due to the syner-
gistic metabolism. The two optimum mixture compositions 

were further validated in batch (50 L) and semi-continuous 
(30 L) pilot-scale digesters.

Anaerobic Co‑Digestion Performance in Batch 
Pilot‑Scale Digesters

Scaled up runs of the two predicted optimum substrate mix-
tures were conducted in 50 L batch pilot-scale digesters 
(with 35 L working volume) under mesophilic conditions 
(37 ℃) to determine methane yields and process efficiency. 
One pilot-scale batch digester was fed with a mixture of 
63%FS:18%FW:19%FVW (named MD 1), while the other 
one received a mixture of 40%FS:41%FW:19%FVW (named 
MD 2). The process stability of the digesters was evaluated 
with pH, VFAs, ammonia nitrogen, and total alkalinity 
measurements.

The daily biogas flow rate and cumulative biogas produc-
tion are presented in Fig. 4 and Table 4. As for the BMP test, 
the highest peaks of daily biogas flow rate were observed on 
day 1, again presumably owing to the easily biodegradable, 
soluble fraction of the organic matter. In addition, the short 
lag phase during the AD process indicates a rapid conversion 

Fig. 4   Daily biogas production 
from batch pilot-scale digesters 
during AcoD process
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Table 4   Average results of the 
parameters obtained from MD 
1 and MD 2 digesters at the end 
of 30 days retention time

nd not detected, SBY specific biogas yield, SMY specific methane yield

Parameters MD 1
[63%FS:18%FW:19%FVW]

MD 2
[40%FS:41%FW:19%FVW]

Cumulative biogas (L) 204 258
SBY (mL gVS−1) 540 740
Maximum daily biogas (L) 33 45
Avg. methane content (%) 70 66
Cumulative methane (L) 131 169
SMY, mL CH

4
 gVS −1d−1 272 410

Average CO
2
 (%) 25 27.4

Total volatile acids, (g L−1) nd nd
Total alkalinity ( CaCO

3
) , (mg L−1) 6860 4162

NH
4
− N(mg L−1) 1001.6 979

Average pH 7.6 7.6
Hydrogen Sulphide (ppm) 311.6 370
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of hydrolysis and acidogenesis products such as VFAs and 
lipids, to the methanogenesis final products [46]. The daily 
flow rate of biogas for both treatments was relatively high 
during the first 10 days of digestion time. After 15 days of 
operation, the biogas production flattened off at low values, 
indicating the depletion of organic content for biogas pro-
duction of the substrates.

The CH4 and CO2 contents of the produced biogas were 
similar for both treatments, and followed the same profile 
(Fig. 5). After reactor startup, CH4 content was highest and 
slowly decreased from around 72–75% at day 2 to around 
60–65% at day 13, after which the CH4 content remained 
within this range until the end of the runs on day 22. After 
reactor startup, the CO2 content increased from around 
20–22% on day 2 to around 27–29% at the end of the runs 
at day 22, indicating a fairly stable balance between the 
acidogenic bacteria and methanogens [47]. Similar per-
formance of digesters MD 1 and MD 2 in terms of meth-
ane content of the biogas was observed, indicating a stable 
AcoD process performance with acceptable biogas yields 
and low CO2 and H

2
S in the biogas (Fig. 5 and Table 4).

The pilot-scale digesters exhibited a strong buffering 
capacity (alkalinity) with pH remaining at 6.9–8 throughout 

the runs in both digesters, without the need to add a base to 
maintain the pH (Table 4 and Fig. 6). The pH ranging from 
6.9 to 8 is favourable for the development of methanogenic 
bacteria for higher biogas and methane yields [38]. The 
total alkalinity at the end of the AcoD process were 6860 
and 4162 mg L−1 for MD 1 and MD 2 (Table 4), respec-
tively, above the recommended range of 1000 to 5000 mg 
L−1 CaCO

3
 [48]. Despite the high alkalinity of the MD 1 

digester, there was no substantial methane inhibition, again 
confirming a strong buffering capacity of the digester.

The ammonium nitrogen(NH
4
− N  ) concentrations 

observed in both digesters after the digestion time ranged 
from 996–1000  mg L−1 (Table  4), therefore below the 
reported inhibitory threshold from 2500 to 3000 mg L−1 
[49]. This was attributed to the well-balanced feeds of FS 
with FW and FVW to the AcoD process. Moderate ammo-
nium nitrogen concentration is beneficial during the anaero-
bic digestion process by increasing the buffering capacity for 
the AD system [17].

The accumulation of inhibitory compounds such as VFA 
was not detected from either pilot-scale batch digestors, con-
firming that the high alkalinity and ammonium concentra-
tions stabilised the VFA concentrations and pH, to provide 

Fig. 5   Biogas composition (%) 
profile from batch pilot-scale 
digesters during AcoD
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a suitable environment for methanogenic bacteria to convert 
VFAs into biogas [50].

Comparison of Biogas and Methane Yields Results 
Obtained in Batch Laboratory and Pilot‑Scale 
Digesters, and Model (Predicted) Values

The specific methane and biogas yields obtained from both 
pilot-scale batch digesters were lower than those observed 
from BMP tests and associated model predictions. After the 
digestion time of the batch pilot-scale digesters, the SMY 
in MD 1 and MD 2 were 272 and 410 mL CH

4
 gVS−1d−1 , 

respectively (Table 5), which was 21–30% lower than the 
values of SMY measured in the BMP tests under the same 
optimum mixture compositions. The decreased biogas pro-
duction was attributed to the unavoidable scale-up effects 
when increasing the volume of bioprocesses such as AD, 
due to less efficient mass transfer [51, 52].

Effect of Organic Loading Rate (OLR) Performance 
in Pilot‑Scale Semi‑Continuous Digester 
during AcoD Process

The performance of the AcoD system with the preferred 
FS:FW:FVW substrate ratio of 63%:18%:19% (MD 1 above) 
was evaluated in a pilot-scale semi-continuous digester 
under different OLRs of 1, 2 or 3 gVSL−1d−1 . The MD 1 sub-
strate ratio was selected with the aim to maximise the con-
sumption of fish sludge as the main substrate in the AcoD 
process. During the semi-continuous mode, the digester was 
fed once a day with an OLR of 1, 2, and 3 gVSL−1d−1 from 
days 1–12, 22–37, and 38–52, respectively, thereby increas-
ing the OLR stepwise, while the different operational param-
eters such as pH, biogas and methane production rate, total 
VFAs, and methane content (%) were monitored.

Performance of the Semi‑Continuous Digester at an OLR 
of 1 gVSL−1d−1

Figure 7a, b, c, and d show the values of daily methane and 
biogas production rate, average pH, tVFAs, and methane 
content (%) during the pilot-scale semi-continuous study at 
various OLRs for the co-digestion of FS, FW, and FVW. The 
daily biogas and methane flow rate started to produce on day 

one after the commencement of the experiment (Fig. 7a), 
while the OLR was kept constant at 1 gVSL−1d−1 for 12 days. 
The pH of the semi-continuous digester dropped rapidly at 
the beginning of an OLR of 1 gVSL−1d−1 , indicating the 
hydrolysing of easily biodegradable organic matter con-
verted into VFAs. After the initial decline, the pH started 
to increase gradually as the VFAs began to be consumed by 
methanogenic bacteria. Then, pH decreased from 7.8 to 6 on 
day 12, coinciding with the increase of the VFAs concentra-
tion. As shown in Fig. 7c, the concentration of VFAs was 
very low at an OLR of 1 gVSL−1d−1(between day 1 and 10) 
because of the high buffering capacity (alkalinity) of the sys-
tem, but showed an increasing trend as OLR was increasing. 
After an OLR of 1 gVSL−1d−1 was increased to 2 gVSL−1d−1 
on day 12, the daily biogas and methane production rates of 
the digester decreased. A collapse of the digester system was 
observed due to the VFA accumulation, which was 4 times 
higher than detected during the first 10 days of operation. 
This collapse was attributed to insufficient adaptation of the 
microbial population to semi-continuous operation. From 
day 12 to day 22 the VFA concentration remained above 
the reported inhibition thresholds of 2.8—4 g L−1 [47, 53].

Stop Feeding to Recover the Digester System

The feeding of the digester was stopped for 6 days between 
day 14 and 20 to recover the system performance, reduce 
the inhibition of methanogens through high VFA concen-
trations, and allow the microorganisms to gradually adapt 
to the feedstock. An appropriate amount of calcium car-
bonate ( CaCO

3
) was added to the digester to resuscitate 

the buffering capacity in the system and increase the pH of 
the digester, which was below 6.5, to an optimal range of 
7.0–7.2 [43]. The biogas and methane production rate started 
to rise significantly again on day 17, corresponding with the 
decrease of VFA concentrations.

Performance of the Semi‑Continuous Digester at an OLR 
of 2 gVSL−1d−1

After recovering the AD system from excessive inhibition, 
the feeding was resumed with an OLR of 2 gVSL−1d−1 on 
day 21, as methanogens were assumed to have been adapted 
to the digester. The daily biogas and methane flow rates 

Table 5   Results of the batch 
pilot-scale versus laboratory 
scale (BMP tests) and model-
predicted values during the 
AcoD process under the same 
mixture conditions

Parameters MD 1 [63%FS:18%FW:19%FVW] MD 2 [40%FS:41%FW:19%FVW]

BMP test Batch 
pilot scale

Model value BMP test Batch 
pilot scale

Model value

SMY, mL CH
4
 gVS−1d−1 384 272 401 492 410 513

SBY (mL gVS−1) 678 540 833 735
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increased stepwise when the digester was fed with an OLR 
of 2 gVSL−1d−1 , with no accumulation of inhibitory sub-
stances. As shown in Fig. 7a, the maximum yields of biogas 
and methane production rates were achieved at an OLR of 2 
gVSL−1d−1 compared to OLR of 1 and 3 gVSL−1d−1 , produc-
ing biogas with an average methane content of 56–60%. The 
concentration of VFAs decreased sharply from 6.2 to 3.4 g 
L−1 between day 23 and day 38 (Fig. 7c), which was below 
the VFA inhibitory threshold concentration of 4 g L−1 [53]. 
It can be seen from Fig. 7b that the pH of the digester at an 
OLR 2 gVSL−1d−1 was above 6.8 from day 22 until the last 
day of feeding with an OLR of 2 gVSL−1d−1 (day 38), which 
was within the optimum range recommended for methano-
genesis and biogas production.

Performance of the Semi‑Continuous Digester at an OLR 
of 3 gVSL−1d−1

After operating the digester at an OLR of 2 gVSL−1d−1 , 
the OLR was then gradually increased to an OLR of 3 
gVSL−1d−1 on day 38 without changing the substrate mix-
ture. When the digester was continuously fed with an OLR 
of 3 gVSL−1d−1 , the biogas and methane production sharply 
declined (Fig. 7a), as well as the methane content and the 
pH, indicating inhibition of the system or imbalance of the 
AD process. The accumulation of VFAs due to overfeeding 
of the digester was evident, which hindered the anaerobic 
bacteria activity and resulted in low methane and biogas 

production [18]. The acetic acid concentration has been 
reported as the best precursor intermediate organic acid for 
methane production, while propionic acid concentration is 
mainly used as an indicator of imbalance of the process sta-
bility system and pH [54]. Other studies have also reported 
that increasing the organic loading above 2.5 or 3 gVSL−1d−1 
was accompanied by lower SMY [33] in line with this study. 
Feeding an anaerobic digester with high OLR decreases the 
retention time, which decreases the substrate biodegradation 
efficiency, resulting in lower amounts of VS organic content 
converted into biogas [55].

The potential applications of the digestate, including the 
FS, FW, and FVW mixture, as well as the relevant laws, were 
not examined in this investigation though its use as fertilizer 
could reduce the use of chemical fertilizers and the GHG 
emissions associated with fertilizer production [56–58]. It 
is essential to know the parameters such as nutrient content, 
salinity, heavy metals, pH, chemical toxicity, and feasible 
pathogens of the digestate before applying on land [59]. The 
suitability of the digestate derived from AD of fish sludge 
for agricultural application depends on the extent of hygieni-
zation and sanitization, its chemical composition, stability, 
and the concentrations of heavy metals in the digestate, 
which should be lower than the recommended levels for bio-
fertilizers [9]. Digestates obtained from digesters operated 
under reduced hydraulic retention time or high organic load-
ing rate may contain a large amount of non-degraded organic 
matter, and its application may result in immobilization and 
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Table 6   Model fitting statistics 
for SMY and PVSR of AcoD 
mixtures

R2 Coefficient of determination, Std. Dev: Standard deviation, ∗ was considered as the best-fitted

Source Std. Dev R2 (%) Adjusted R2 (%) Predicted R2 (%) PRESS

SMY Linear 86.78 0.6831 0.6255 0.4607 1.410E + 05
Quadratic 42.30 0.9452 0.9110 0.8962 27,125.45
Special Cubic 44.59 0.9468 0.9011 0.6510 91,241.24
Special Quartic ∗  4.04 0.9997 0.9992 0.9627 9756.08

PVSR Linear 5.73 0.6565 0.5941 0.5087 516.82
Quadratic 5.72 0.7513 0.5958 0.2317 808.28
Special Cubic 5.72 0.7823 0.5957 2.065 3225.22
Special Quartic ∗  1.06 0.9947 0.9861 0.3634 669.69

Table 7   Regression coefficients 
and p-values for model terms 
for SMY and PVSR (%) 
response

p-value < 0.05 indicates significance

Coefficient Effect on SMY Effect on PVSR

Coefficient Estimate p-value Coefficient Estimate p-value

A-Fish sludge 49.27  < 0.0001 50.08  < 0.0001
B-Food waste 441.32  < 0.0001 40.08  < 0.0001
C-Fruit and Veg 382.27  < 0.0001 60.08  < 0.0001
AB 754.90  < 0.0001 -1.91 0.6252
AC 292.83  < 0.0001 21.00 0.0067
BC 167.65 0.0002 54.08  < 0.0001
A2BC 8683.48  < 0.0001 1199.51  < 0.0001
AB2C 2594.08 0.0013 -1165.33 0.0001
ABC2 -10,060.21 0 < 0001 -577.71 0.0028

increased microbial activity in the environment, which might 
inhibit plant growth and soil fertility [56].

Conclusions

Anaerobic co-digestion (AcoD) of fish sludge (FS) with 
food waste (FW) and fruit and vegetable waste (FVW) was 
conducted in at small-scale batch and pilot-scale batch, and 
semi-continuous digesters. The simultaneous AcoD of FS, 
FW, and FVW increased specific methane yield (SMY) com-
pared to binary mixtures and single-digestion substrates, 
confirming that FW and FVW were suitable co-substrates 
for the AcoD of FS. The optimal mixture ratio obtained con-
sisted of 67%FS:18%FW:19%FVW with C/N ratio of 21 to 
obtain the SMY of 401 mL CH

4
 gVS−1, which was 8 times 

higher than the SMY (48.94 mL CH
4
 gVS−1) of mono-diges-

tion of FS. The low methane production of FS alone was 
primarily due to its low total solids and low C/N ratio (6.11), 
compared to FW and FVW. The batch pilot-scale diges-
tion of AcoD of the optimal mixture proportions exhibited 

a stable process performance with no inhibition detected, 
due to strong buffering capacity alkalinity of 4162–6860 
CaCO

3
 mg L−1 and ammonium concentrations of 996–1000 

mg L−1 ranging below inhibition thresholds. Based on the 
batch pilot-scale digesters results of AcoD of FS:FW:FVW 
the SMY and SBY obtained were 72–80% of the BMP tests 
under the same conditions, due to the expected scale-up 
effects of bioprocesses.

The results of this study revealed that operating a semi-
continuous pilot-scale digester of AcoD of FS with FW and 
FVW at an OLR of 2 gVSL−1d−1 under mesophilic condi-
tions was preferred for biogas and methane production. The 
accumulation of total VFAs to concentrations of 11.2 g L−1 
due to overfeeding at an OLR of 3 gVSL−1d−1 was respon-
sible for the collapse of the semi-continuous digester. 
Therefore, we recommend that future studies should oper-
ate the semi-continuous digester for a long-term period at 
lower OLR to improve process performance and stabil-
ity, allow microbial adaptation to higher OLR, and avoid 
washout of methanogens and inhibition due to high VFA 
concentrations.
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