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Abstract: The aim of this study was to evaluate the effect of the inoculum to substrate ratio (ISR) 

and the mixture ratio between organic fraction of municipal solid waste (OFMSW) and sewage 

sludge (SS) on the methane production potential achievable from anaerobic co-digestion (AcoD). 

Biochemical Methane Potential (BMP) assays at mesophilic temperature were used to determine the 

best AcoD configuration for maximizing methane yield and production rate, as well as to address 

possible synergistic effects. The maximum methane yield was observed at ISR of 1 and 60% OFMSW 

:40% SS as co-digestion mixture, whereas the highest methane production rate was achieved at ISR 

of 2 with the same mixture ratio (207 mL/gVS/d). Synergistic effects were highlighted in the mixtures 

having OFMSW below 60%, determining an increase of approximately 40% in methane production 

than the OFMSW and SS digestion as a sole substrate. The experimental data demonstrated that co-

digestion of OFMSW and SS resulted in an increase in the productivity of methane than anaerobic 

digestion using the sole substrates, producing higher yields or production rates while depending 

on the ISR and the mixture ratio. 
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1. Introduction 

In the last decade, the population growth, the increase of urbanization and the eco-

nomic development contributed to an overproduction of the municipal solid waste 

(MSW), which generation is approximately 1.2 kg per capita per day and is expected to 

increase in the coming decade by more than 50% [1]. The overproduction of MSW led to 

environmental problems involving air and water pollution, as well as management con-

cerns linked to the high costs and the lack of understanding over different factors that 

affect the entire management system [2,3]. The organic fraction of municipal solid waste 

(OFMSW) accounted for approximately 45% (w/w) of the MSW and it is considered the 

main source of environmental impact in landfilling [4]. Indeed, the OFMSW is character-

ized by a massive amount of putrescible materials because of the presence of residual food 

waste, kitchen, and restaurant that involve the generation of methane and leachate [5]. To 

mitigate the environmental pressure caused by the disposal of OFMSW in landfill, alter-

native management practices have been implemented in recent years, consisting of anaer-

obic digestion (AD) and/or composting [6]. Anaerobic digestion is a biological process 

that involves the conversion of organic matter in a mixture of methane (45–55%), carbon 

dioxide (35–40%) and minor gases (<10%) in different percentages, called biogas.  
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At the same time, the worldwide increase of the wastewater treatment plants 

(WWTP) coupled to even more severe regulations on the discharge limits led to a signifi-

cant increase in the amount of sewage sludge (SS) to be disposed [7]. Anaerobic digestion 

is often implemented in large WWTPs to produce biogas for heating and for electricity 

generation. Furthermore, AD reduces the amount of sludge to be disposed, stabilizes the 

sludge, destroys the pathogens and limits odour emissions [8]. However, the anaerobic 

digesters at WWTP are often under-loaded or oversized, leading to under-performing 

processes and low methane yields and production rates [9]. Several studies explored the 

possibility to use the free treatment capacity of digesters facilities in WWTP for the anaer-

obic co-digestion (AcoD) of SS with OFMSW [8,9]. AcoD has numerous benefits such us 

improving moisture content, adding micro and macro nutrients and leading to more ap-

propriate C:N ratios [1]. Beside the benefit of boosting the biogas production, it was 

demonstrated that the AcoD enabled to accelerate the digestion process, to increase biogas 

yield and to lead higher degradation rates [9]. Moreover, inhibitory compounds are di-

luted due to blending and often beneficial synergetic effects could be achieved in co-di-

gestion unlike in mono-digestion [10]. Therefore, the AcoD is a suitable route for produc-

ing methane resulting in a source of renewable energy required for a successful transition 

of WWTP to biorefinery concept. 

However, researchers have obtained contradictory results on this topic, thereby sug-

gesting that optimization of the substrate mix ratio is required for achieving stable opera-

tion and high methane yield. Indeed, Kim et al. [11] found that the optimum mixture ratio 

for OFMSW and SS was 50% of volatile solids (VS) for both substrates, whereas Nielfa et 

al. [10] obtained the highest methane yield with 80% of OFMSW and 20% of SS. Similarly, 

Jansen et al. [12] defined an optimum of 80% VS for SS and 20% for OFMSW, whereas 

Bjorn et al. [13] obtained their best results with a mixture corresponding a 3:1 ratio be-

tween OFMSW and SS on VS basis. To estimate the optimum ratios between co-substrates 

when co-digestion is intended, specific preliminary assays should be performed. In this 

sense, biochemical methane potential (BMP) assays are applicable to understand accu-

rately the properties of the substrate to be treated.  

In addition to the composition of the substrate mixture, in previous literature it was 

demonstrated that the methane yield and production rate are affected by the ratio between 

the inoculum and the substrate (ISR) [14]. ISR is considered as the most important factor 

for improving high methane yield and digester stability [15]. Generally, larger inoculation 

doses in AD shorten the start-up time and increase the specific methane production rate 

by providing greater buffering capacity and more methanogens [16]. However, excessive 

inoculum requires more space and decreases the volumetric methane production rate. In 

contrast, very low inoculum doses can induce AD failure. According to Motte et al. [17], 

the S/I ratio effects only the start-up phase, TS content is the main parameter governing 

methane production during the growing phase of AD. Slimane et al. [18] observed that 

the biogas production increased as the ISR value decreased (< 1), whereas Raposo et al. 

[14] suggested that the ISR should be higher than 2 to avoid inhibitory effects. The ISR is 

a crucial operating parameter in AcoD since it is related to the volume of the anaerobic 

digesters or to their free treatment capacity [19].  

To the Authors’ best knowledge, an aspect that has not yet been addressed in the 

literature is the combined effect of the ratio of substrates in the co-digestion mixture and 

the ISR on the methane yield and production rate obtainable from the AcoD between the 

OFMSW and SS. 

In light of this, the objective of this study was to evaluate the effects of the ISR and 

the mixture proportion of sewage sludge with OFMSW on methane production potential 

achievable from anaerobic co-digestion of these two substrates to optimize the above op-

erational parameters for further experiment in continuous operating digesters. More pre-

cisely, BMP assays with ISR equal to 0.05, 0.5, 1, 2, and mixture ratio ranging from 20% to 

80% were carried out to assess the maximum methane yields and kinetics. 



Int. J. Environ. Res. Public Health 2021, 18, x FOR PEER REVIEW 3 of 12 
 

 

2. Materials and Methods 

2.1. Organic Waste, Sewage Sludge and Inoculum  

Synthetic OFMSW was produced in laboratory, in order to make easier the compari-

son between the results of different tests. The different fractions of the OFMSW were cho-

sen in order to best represent the organic fraction of urban waste from door-to-door sep-

arate collection, according to the average composition of the OFMSW in Italy [4]. More 

precisely, the OFMSW was obtained by mixing residues of pasta (10% wt), bread (10% 

wt), vegetables (45% wt), fruits (25%) and meat/cheese (10% wt). The OFMSW samples 

were shredded to obtain an average particle size of 20 mm.  

The sewage sludge was collected from a pre-thickened unit of a municipal WWTP 

located in Palermo (Italy). The sewage sludge was a mixture of primary sludge and acti-

vated sludge from the biological unit, characterized by a total solids (TS) content approx-

imately of 2% TS. The sludge was sieved through a 5 mm mesh-sieve to remove coarse 

particles before each BMP test.  

The inoculum was collected from a bench scale anaerobic digester operating under 

mesophilic conditions (T = 35 °C) that was fed with the thickened sludge collected from 

the above mentioned WWTP and a mixture of acetate and trace elements to enhance the 

growth of methanogenic bacteria [20]. The TS content of the inoculum was close to 1.8% 

on average, whereas the ratio between VS and TS was approximately 0.67.  

2.2. Biochemical Methane Potential Assays 

BMP assays were performed in four experimental phases. In each phase, the BMP 

assays were conducted at different ISR equal to 0.05, 0.5, 1, 2 based on the volatile solid 

(VS) content. Moreover, for each ISR six different mixture between OFMSW and SS were 

evaluated. In all the samples, the percentage of total solids was maintained below 5% TS, 

to simulate a wet anaerobic digestion process. Glass bottles with a working volume of 500 

mL were used for all the assays. The volume of the mixture between OFMSW, SS and 

inoculum added in each bottle was 300 mL, thus the headspace volume was of 200 mL. 

Before starting the anaerobic digestion, each bottle was fluxed by nitrogen gas. In all the 

tests, no pH adjustment was performed because of the high buffer capacity of the sewage 

sludge and to assess the process behavior without any chemical addition [21]. Then, bot-

tles were sealed and connected to a Tedlar bag in which the biogas produced was col-

lected. The bottles were placed within a thermostatic chamber under controlled tempera-

ture (35 °C) on a magnetic plate that ensured their mixing. Hereafter, every 2–3 days, the 

volume of methane accumulated within the bag was measured through a liquid-displace-

ment method, using an alkaline solution (2% NaOH) as barrier-liquid. The BMP assays 

were finished when a daily production of less than 1% of the entire production occurred. 

The results provided by the BMP assays were expressed as the volume of methane per 

gram of VS added (mL/gVSadded).  

2.3. Co-digestion Mixtures 

Six different co-digested mixtures including selected OFMSW and SS were consid-

ered in this study to evaluate the optimum ratio for the co-digestion of these two sub-

strates. More precisely, the percentage of OFMSW and SS was increased from 20% to 80% 

(+20% in each test). Moreover, to assess the potential synergistic effect of combining OF-

MSW and SS, two reactors were started using the sole substrates. The same mixtures were 

replicated for each assay at different ISR (0.05, 0.5, 1, 2). Table 1 summarizes the composi-

tion and the concentrations of the main physical-chemical parameter of each mixture. 

Table 1. Ratio of mixtures and composition for BMP. 

Mixure 

ID 

OFMSW/

SS 

Percentage 

TS 

Moistu

re 
VS TN TP COD PN CS LS 
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– %dw %TS % 
%TV

S 

mgN/gT

S 

mgP/gT

S 

mgO2/gT

S 
%TS %TS %TS 

ISR = 0.05 

Mix 1 0–100 2.82 97.2 72% 6.3 1.98 963.57 75.29 22.40 0.21 

Mix 2 20–80 3.30 96.7 80% 10.9 1.85 1184.55 57.73 32.34 6.51 

Mix 3 40–60 4.88 95.1 82% 12.4 1.90 1256.62 51.83 35.39 9.08 

Mix 4 60–40 5.07 94.9 87% 15.3 1.87 1389.61 41.36 41.53 13.64 

Mix 5 80–20 5.04 95.0 91% 18.2 1.83 1530.44 29.63 47.91 18.83 

Mix 6 100–0 5.81 94.2 95% 20.8 1.96 1644.32 17.67 55.06 23.51 

ISR = 0.5 

Mix 1 0–100 1.51 98.5 74% 6.4 4.33 944.94 63.41 33.21 0.78 

Mix 2 20–80 1.60 98.4 76% 7.8 4.46 1005.77 59.62 36.13 1.61 

Mix 3 40–60 1.72 98.3 77% 9.3 4.60 1071.97 54.92 39.12 3.36 

Mix 4 60–40 1.86 98.1 79% 10.9 4.79 1144.22 49.66 42.43 5.29 

Mix 5 80–20 2.05 98.0 81% 12.8 4.97 1223.82 43.84 46.18 7.34 

Mix 6 100–0 2.31 97.7 84% 14.8 5.17 1311.62 37.47 50.23 9.73 

ISR = 1 

Mix 1 0–100 1.34 98.7 72% 6.4 5.67 917.85 59.44 37.51 0.51 

Mix 2 20–80 1.39 98.6 74% 7.4 5.81 961.80 56.53 39.53 1.57 

Mix 3 40–60 1.44 98.6 75% 8.5 5.94 1008.67 53.41 41.54 2.63 

Mix 4 60–40 1.50 98.5 76% 9.7 6.13 1058.02 50.33 43.88 3.71 

Mix 5 80–20 1.57 98.4 77% 10.9 6.30 1111.29 46.41 46.23 5.06 

Mix 6 100–0 1.66 98.3 79% 12.2 6.50 1167.01 42.67 48.71 6.21 

ISR = 2 

Mix 1 0–100 1.51 98.5 70% 5.2 5.58 719.89 55.96 40.66 0.73 

Mix 2 20–80 1.54 98.5 71% 5.7 5.67 738.02 54.01 41.92 1.32 

Mix 3 40–60 1.58 98.4 71% 6.2 5.75 758.10 52.11 43.22 1.94 

Mix 4 60–40 1.61 98.4 72% 6.8 5.81 780.17 50.16 44.43 2.66 

Mix 5 80–20 1.65 98.3 72% 7.3 5.90 801.54 48.06 45.98 3.31 

Mix 6 100–0 1.69 98.3 73% 7.9 6.01 822.52 45.83 47.44 4.12 

Table legend: OFMSW/SS: ratio between organic fraction of municipal solid waste (OFMSW) and 

sewage sludge (SS); total solids (TS); volatile solids (VS); TN: total nitrogen; TP: total phosphorous; 

COD: chemical oxygen demand; PN: proteins; CS: carbohydrates; LS: lipids. 

2.3. Calculation  

The data of cumulative methane production obtained from BMP assays were inter-

polated using an exponential equation (Equation (1)) [4]: 

𝑃(𝑡) = 𝑃𝑡𝑜𝑡 ∙ (1 − 𝑒−𝑘∙𝑡)    (1) 

where P(t) is the methane production at a generic time, Ptot is the cumulative value of 

methane produced at the end of BMP, k is the rate of methane production and t is the time. 

Ptot and k were estimated using the solver function of Excel (MS Office), by minimizing the 

sum square of errors between the experimental data obtained from BMP assays and the 

results from the model.  

2.4. Assessment of Synergistic Effects 

Anaerobic co-digestion was supposed to provide advantages over AD with mono-

substrate because of the establishment of synergistic effects that increase the biogas pro-

duction. To assess the mutual influence of the ISR and the different mixtures of OFMSW 

and SS on methane production, the synergistic effect (SE) was calculated by the (Equation 

(2)): 

 𝑆𝐸 =
𝐵𝑀𝑃𝑚𝑖𝑥−𝑖

𝐵𝑀𝑃𝑆𝑆,𝑖+𝑂𝐹𝑀𝑆𝑊,𝑖

 (2) 
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where, the BMPmix-i is the cumulative methane production obtained in each co-digestion 

mixture (2–5), whereas BMPSS,i+OFMSW,i represents the theoretical methane production ob-

tainable from the above mixture. The latter was calculated considering the specific me-

thane productivity (mL/gVSadded) of the sole substrate (SS and OFMSW) obtained from the 

assays of Mix1 and Mix6, and the VS of each substrate contained in the co-digestion mix-

tures (2–5). 

A value lower than the unit indicated that the mixture had a competitive effect in the 

final methane production, whereas a higher value indicated that the mixture had a syner-

gistic effect in the final production [10]. 

2.5. Analytical Methods 

The samples of the organic solid waste and sewage sludge were analyzed for the 

content of total solids (TS), volatile solids (VS), chemical oxygen demand (COD), total ni-

trogen (TN), total phosphorous (TP) and moisture, according to Standard Methods [22]. 

The content of proteins, carbohydrates and lipids was analyzed according to the methods 

reported in the literature [23–25]. The characterization of each co-digestion mixtures was 

obtained from the theoretic mixture of the sole OFMSW and SS.  

3. Results and discussion 

3.1. Reduction of VS 

To assess the effectiveness of the anaerobic digestion process, the reduction of VS at 

the end of each BMP assay was calculated as the percentage difference between the initial 

and final content of VS within each co-digestion mixture. Figure 1 depicts the VS removal 

efficiencies obtained with the variation of the ISR and the mixture composition. 

 

Figure 1. Reduction of VS obtained in the six mixtures of OFMSW and SS at different ISR. 

The VS reduction obtained at the lowest ISR (0.05) was significantly lower than the 

other assays. Indeed, the average reduction of VS was close to 55%, while showing an 

increasing tendency with the percentage of OFMSW in the mixture. The highest VS reduc-

tion was obtained in the Mix6 (71%), thereby indicating that the VS reduction perfor-

mances increased with the initial content of VS in the mixture. The low values of VS re-

duction obtained at ISR of 0.05 could be attributed to the scarce biodegradability of the 

activated sludge and to the large volume of solid waste compared to the inoculum that 

could result in accumulation of ammonia or volatile fatty acids that could inhibit meth-
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anogens. Existing reports indicated that a low ISR increases the concentration of fatty ac-

ids and hence reduces the pH [26,27]. Furthermore, another study reported that the inhi-

bition of the AD process could occur in reactors containing a high amount of protein-rich 

material [28]. Indeed, since the SS was characterized by a high content of protein than the 

OFMSW, it was possible to speculate that in the mixtures with a high percentage of SS 

(Mix1, Mix2, Mix3) the decomposition of proteins led to an over-accumulation of ammo-

nium that resulted in AD inhibition. 

The reduction of VS significantly increased in BMP assays performed at ISR higher 

than 0.5. The VS removal was higher than 80% in all the mixtures and even in this case an 

increasing tendency with the percentage of OFMSW in the mixture was noted. The highest 

VS removal was obtained with the Mix6 (OFMSW only) and resulted close to 92% on av-

erage. Therefore, any inhibition was observed at ISR higher than 0.5. Anaerobic digestion 

involves a series of processes including hydrolysis, acidogenesis (acetogenesis), and meth-

anogenesis. Therefore, a build-up of volatile fatty acids could occur if a kinetic uncoupling 

between the acid producers and consumers occur [29]. Thus, if the amount of methano-

gens bacteria is sufficient compared with that of the organic substrate and any other in-

hibiting factors are present the AD process is not limited. The results indicated that a min-

imum ISR close to 0.5 is recommended to prevent any inhibition of the AD process, thus 

ensuring high VS removal efficiency. Moreover, it should be stressed that the above re-

sults were significantly higher than that reported in other studies [10,30]. This was likely 

because the OFMSW used in this study was specifically reproduced in the laboratory and 

did not contain any impurities that might have had in a “real” OFMSW. Besides, the initial 

shredding and the small particle size might had significantly improved the AD perfor-

mances [31].  

3.2. Methane Production Yield 

BMP assays at different ISR and mixture ratio pointed out that both these parameters 

significantly influenced the methane yield and production rate. All the assays were run 

for 25 days, although in many cases the maximum methane yield was achieved in a 

shorter time. Figure 2 depicts the cumulative trends of methane production in BMP per-

formed at ISR of 0.05 (a), 0.5 (b), 1 (c) and 2 (d).  

 

Figure 2. Cumulative methane yields curves of OFMSW and SS at: a) ISR equal to 0.05; b) ISR 

equal to 0.5; c) ISR equal to 1; d) ISR equal to 2. 
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At ISR of 0.05, Mix 1 had the best methane yield (242 mL/gVS). Thus, the highest 

methane production was achieved when the activated sludge as the sole substrate was 

used. The other co-digestion mixtures produced less methane proportionally with the in-

crease of the OFMSW in the mixture. This result was apparently in contrast with the in-

crease of VS removal observed with the increase of the OFMSW in the mixture. Indeed, a 

previous study reported that an increase in the VS removal and a reduction of the methane 

yield were observed at low ISR [32]. In this regard, it is possible that at low ISR, methan-

ogenesis was the limiting step of AD. Indeed, since no limitations in acidogenesis were 

observed, incremental accumulation of VFA occurred as the initial VS of the mixture in-

creased because of the high availability of VS compared to methanogens bacteria. There-

fore, this resulted in a higher removal efficiency of VS as its percentage in the mixtures 

increased, while reducing the methane yield on the other because VFA accumulation re-

sulted in the inhibition of methanogens bacteria [27]. 

At ISR of 0.5, the highest methane yield was obtained with the Mix5 (426 mL/gVS). 

Apart from mix2, all of the mixtures had higher methane productions than the OFMSW 

and SS as sole substrates, thereby suggesting the occurrence of synergistic effects on 

AcoD. Similarly, at ISR of 1 and 2, the highest methane production was equal to 655 

mL/gVS and 565 mL/gVS, respectively, obtained in both cases with Mix 4. Additionally, 

in both the BMP assays, co-digestions increased the methane productivity of the OFMSW 

and SS as sole substrates, thereby suggesting that neither competitive effects nor inhibi-

tion in methanogenesis occurred at ISR higher than 0.5.  

Figure 3 summarizes the cumulative methane production achieved in each BMP as-

says as a function of the ISR. 

 

 

Figure 3. Cumulative methane production obtained in BMP assays at different ISR and mixture 

ratio. 

As was previously discussed, the cumulative methane yield decreased with the in-

crease of the OFMSW fraction in the mixture at ISR of 0.05. In the other assays, the cumu-
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for co-digestion in terms of methane yield was OFMSW (60%) and SS (40%) with ISR 1. 

The existence of a maximum value in correspondence of a precise mixture of OFMSW and 

SS, suggested that the process could be limited for lower and higher values. Indeed, when 

the SS fraction was prevailing in the mixture, it is possible that the lower C:N, and the 

higher concentration of ammonium resulting from proteins dissimilation, as well as the 

higher alkalinity, could result in limitation of the AD process, hence in the methane pro-

duction [1]. On the other hand, although the increase of OFMSW supplemented additional 

nutritional components and stabilize alkalinity, an excessive amount of substrate could 

result in the decrease of biogas yield due to VFA accumulation [33,34]. Therefore, prelim-

inary tests like BMP are necessary when co-digestion is intended to find the optimum 

mixture of the two substrates, thereby avoiding process limitation and inhibition, as well 

as ensuring high methane yields.  

3.3. Evaluation of Synergistic Effects 

Previous literature reported that co-digestion of OFMSW and SS can produce syner-

gistic effects involving additional methane yields if a proper balancing between substrates 

is achieved [9,10]. Nonetheless, lower methane yields are obtained if competitive effects 

arise. Data obtained in BMP assays highlighted that the methane production obtained 

with some mixtures was higher than that achieved with the OFMSW and SS as sole sub-

strates. Figure 4 reports the value of the synergistic effect calculated according to Equation 

2 in each BMP assay.  

 

 

Figure 4. Results of the synergistic effect obtained in co-digestion of OFMSW and SS at different 

mixtures and ISR. 

The results shown in Figure 4 suggested that an antagonism effect was observed in 
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methane production decreased after a certain amount of OFMSW in the co-digestion mix-

ture (see Figure 3). The results obtained in this study were in contrast with those reported 

in another study [10], whereas they were consistent with that obtained by Aichinger and 

co-authors [9]. This difference could be related to a different composition of both the SS 

and OFMSW that might affect the mutual influence of these two substrates in AcoD pro-

cess. This strengthens the need to carry out preliminary BMP assays to optimize the mix-

ture ratio of the substrates and the ISR, according to the specific composition of the sub-

strates to be co-digested.  

 

3.4 Kinetics of Methane Production 

The cumulative methane curves reported in Figure 2 indicated that the kinetics of 

methane production were significantly affected by both the ISR and the composition of 

co-substrates mixtures. Figure 5 reports the maximum production rate (Ptot x k) as a func-

tion of the co-substrate mixture and the ISR.  

 

 

 

Figure 5. Methane production rates obtained in BMP assays. 
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confirmed that high OFMSW at low ISR caused inhibition of methanogens, likely due to 

excessive VFA accumulation. The methane production rates increased with the ISR. In-

deed, the highest values, close to 210 mL/gVS/d were obtained at ISR 2, whereas lower 

values were achieved at ISR 1 (83 mL/gVS/d) and ISR 0.5 (56 mL/gVS/d), on average. 

Moreover, independently of the ISR, the methane production rates showed a maximum 

value in correspondence with a specific co-substrate mixture, thereby indicating that the 

ratio between the OFMSW and SS in the co-digested mixture affected not only the maxi-

mum methane yield but also its production rate. Overall, the maximum methane produc-

tion rate (207 mL/gVS/d) was obtained at ISR 2 in correspondence with a mixture consti-

tuted by 60% OFMSW and 40% SS. 

The above findings indicated that the operating conditions for the maximum cumu-

lative methane yield (655 mL/gVS at ISR 1 and Mix 4), did not provide the highest methane 

production rate (109 mL/gVS/d), which was instead achieved at ISR 2 and Mix 4 (207 
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slightly higher than that reported in other studies on OFMSW with a similar composition 

[4,10], although the latter were obtained with real OFMSW and without a preliminary 

shredding that could significantly affect the methane production kinetics.  

3.5. General Remarks and Considerations for Continuous Mode Operation 

What above discussed indicated that the composition of the co-substrate mixture and 

ISR affected the kinetic of the AcoD process. According to the literature, the methane yield 

should be theoretically independent of the ISR, and this only affects the kinetics of the 

methane production [14,35]. Moreover, it was demonstrated that the use of high inoculum 

concentration required shorter adaptation time (lag phase), ensuring high methane pro-

duction rates in the early stage of the AD process. However, data obtained in this study 

demonstrated that ISR had remarkable influence on both. Indeed, a lower ISR produced 

a higher synergistic effect, although showing a lower methane production rate. Neverthe-

less, as reported in other study, the effect of the ISR on methane productivity should be 

only limited to the start-up phase [17], whereas at steady state its effect is negligible com-

pared to other parameters. Furthermore, it was demonstrated that the use of more inocu-

lum amount in co-digestion process had no significant influence on biogas generation be-

yond certain point. However, excessive use of inoculum leads to an increase in digester 

volume unnecessarily required for the co-digestion [19].  

From an operating point of view, a short lag phase implies the possibility to operate 

in digesters with a smaller volume, since high methane production rate could be achieva-

ble at short time, hence at low hydraulic retention time. Conversely, lower methane pro-

duction rate requires larger digesters volume that could allow producing higher methane 

yield. The reason why higher methane yields at low ISR were obtained in the present 

study, could be due to the higher biodegradability of the OFMSW matrix, since this did 

not contain impurities being constituted by residual food fraction only. This could involve 

that a limited VFA accumulation was obtained at low ISR, in contrast with what reported 

in previous literature [17].   

4. Conclusions 

The results obtained in this study demonstrated that the ISR and the ratio OFMSW:SS 

in the co-digestion mixture significantly affected the methane yield, the production rate 

and the synergistic effect produced during the biodegradation process. If on the one hand 

a lower inoculum concentration (ISR 1) produced the highest methane yield (655 mL/gVS) 

and synergistic effects (+40%), on the other the increase of inoculum (ISR 2) enabled the 

highest methane production rate (207 mL/gVS/d). Moreover, although low ratios of OF-

MSW:SS (< 40%–60%) in the co-digestion mixture resulted in the highest synergistic ef-

fects, as long as the ISR was higher than 0.5, they produced lower methane yields and 

production rates. Similarly, high OFMSW (< 80%–20%) resulted in a decrease of both the 

methane yields and production rates likely due to process inhibition. Overall, referring to 

the composition of the co-digestion mixture an optimum mixture ratio close to 60% OF-

MSW and 40% SS was found, whereas the ISR produced conflicting results. Nonetheless, 

the results obtained in BMP assays should be validated in continuous-mode operation 

anaerobic digesters.  
 

Author Contributions: Conceptualization, Santo Fabio Corsino, Michele Torregrossa and Gaspare 

Viviani; methodology, Santo Fabio Corsino; software, Santo Fabio Corsino; validation, Santo Fabio 

Corsino, Michele Torregrossa and Gaspare Viviani; formal analysis, Santo Fabio Corsino; investiga-

tion, Santo Fabio Corsino; resources, Gaspare Viviani; data curation, Santo Fabio Corsino and Mi-

chele Torregrossa.; writing—original draft preparation, Santo Fabio Corsino; writing—review and 

editing, Santo Fabio Corsino and Michele Torregrossa.; visualization ,Gaspare Viviani; supervision, 

Michele Torregrossa and Gaspare Viviani; project administration, Gaspare Viviani; funding acqui-

sition, Gaspare Viviani. All authors have read and agreed to the published version of the manu-

script. 



Int. J. Environ. Res. Public Health 2021, 18, x FOR PEER REVIEW 11 of 12 
 

 

Funding: This work was funded by the project PON 2015-2020, Specialisation area: Energy – BIO-

FEEDSTOCK”, funded by the Italian Ministry of Education, University and Research. 

Institutional Review Board Statement: Not applicable.. 

Informed Consent Statement: Not applicable. 

Written informed consent for publication must be obtained from participating patients who can be 

identified (including by the patients themselves). Please state “Written informed consent has been 

obtained from the patient(s) to publish this paper” if applicable. 

Data Availability Statement: Data will be available on request to the corresponding author. 

Acknowledgments: Authors truly thank Eng. Martina Guarcello for her valuable contribution dur-

ing laboratory activities. 

Conflicts of Interest: The authors declare no conflict of interest 

References 

1. Tyagi, V.K.; Fdez-Güelfo, L.A.; Zhou, Y.; Álvarez-Gallego, C.J.; Garcia, L.I.R.; Ng, W.J. Anaerobic co-digestion of organic 

fraction of municipal solid waste (OFMSW): Progress and challenges. Renew. Sustain. Energy Rev. 2018, 93, 380–399. 

https://doi.org/10.1016/j.rser.2018.05.051. 

2. Zamri, M.F.M.A.; Hasmady, S.; Akhiar, A.; Ideris, F.; Shamsuddin, A.H.; Mofijur, M.; Fattah, I.M.R.; Mahlia, T.M.I. A 

comprehensive review on anaerobic digestion of organic fraction of municipal solid waste. Renew. Sustain. Energy Rev. 2021, 

137, 110637. https://doi.org/10.1016/j.rser.2020.110637. 

3. Abdel-Shafy, H.I.; Mansour, M.S.M. Solid waste issue: Sources, composition, disposal, recycling, and valorization. Egypt. J. Pet. 

2018, 27(4), 1275-1290. 

4. Alibardi, L.; Cossu, R. Composition variability of the organic fraction of municipal solid waste and effects on hydrogen and 

methane production potentials. Waste Manag. 2015, 36, 147–155. https://doi.org/10.1016/j.wasman.2014.11.019. 

5. De Clercq, D.; Wen, Z.; Gottfried, O.; Schmidt, F.; Fei, F. A review of global strategies promoting the conversion of food waste 

to bioenergy via anaerobic digestion. Renew. Sustain. Energy Rev. 2017, 79, 204–221. 

6. Kumar, A.; Samadder, S.R. A review on technological options of waste to energy for effective management of municipal solid 

waste. Waste Manag. 2017, 69, 407-422. 

7. Guo, W.Q.; Yang, S.S.; Xiang, W.S.; Wang, X.J.; Ren, N.Q. Minimization of excess sludge production by in-situ activated sludge 

treatment processes - A comprehensive review. Biotechnol. Adv. 2013, 31, 1386–1396. 

8. Di Capua, F.; Spasiano, D.; Giordano, A.; Adani, F.; Fratino, U.; Pirozzi, F.; Esposito, G. High-solid anaerobic digestion of sewage 

sludge: Challenges and opportunities. Appl. Energy 2020, 278, 115608. https://doi.org/10.1016/j.apenergy.2020.115608. 

9. Aichinger, P.; Wadhawan, T.; Kuprian, M.; Higgins, M.; Ebner, C.; Fimml, C.; Murthy, S.; Wett, B. Synergistic co-digestion of 

solid-organic-waste and municipal-sewage-sludge: 1 plus 1 equals more than 2 in terms of biogas production and solids 

reduction. Water Res. 2015, 87, 416–423. https://doi.org/10.1016/j.watres.2015.07.033. 

10. Nielfa, A.; Cano, R.; Fdz-Polanco, M. Theoretical methane production generated by the co-digestion of organic fraction 

municipal solid waste and biological sludge. Biotechnol. Rep. 2015, 5, 14–21. https://doi.org/10.1016/j.btre.2014.10.005. 

11. Kim, H.W.; Nam, J.Y.; Shin, H.S. A comparison study on the high-rate co-digestion of sewage sludge and food waste using a 

temperature-phased anaerobic sequencing batch reactor system. Bioresour. Technol. 2011, 102, 7272–7279. 

https://doi.org/10.1016/j.biortech.2011.04.088. 

12. la Cour Jansen, J.; Gruvberger, C.; Hanner, N.; Aspegren, H.; Avärd, Å. Digestion of sludge and organic waste in the 

sustainability concept for Malmö, Sweden. Water Sci. Technol. 2004, 49, 163–169. https://doi.org/10.2166/wst.2004.0634. 

13. Björn, A.; Shakeri Yekta, S.; Ziels, R.M.; Gustafsson, K.; Svensson, B.H.; Karlsson, A. Feasibility of OFMSW co-digestion with 

sewage sludge for increasing biogas production at wastewater treatment plants. Euro-Mediterranean, J. Environ. Integr. 2017, 2, 

1–10. https://doi.org/10.1007/s41207-017-0031-z. 

14. Raposo, F.; Fernández-Cegrí, V.; de la Rubia, M.A.; Borja, R.; Béline, F.; Cavinato, C.; Demirer, G.; Fernández, B.; Fernández-

Polanco, M.; Frigon, J.C.; et al. Biochemical methane potential (BMP) of solid organic substrates: Evaluation of anaerobic 

biodegradability using data from an international interlaboratory study. J. Chem. Technol. Biotechnol. 2011, 86, 1088–1098. 

https://doi.org/10.1002/jctb.2622. 

15. Ma, X.; Jiang, T.; Chang, J.; Tang, Q.; Luo, T.; Cui, Z. Effect of Substrate to Inoculum Ratio on Biogas Production and Microbial 

Community During Hemi-Solid-State Batch Anaerobic Co-digestion of Rape Straw and Dairy Manure. Appl. Biochem. Biotechnol. 

2019, 189, 884–902. https://doi.org/10.1007/s12010-019-03035-9. 

16. Xu, F.; Shi, J.; Lv, W.; Yu, Z.; Li, Y. Comparison of different liquid anaerobic digestion effluents as inocula and nitrogen sources 

for solid-state batch anaerobic digestion of corn stover. Waste Manag. 2013, 33, 26–32. 

https://doi.org/10.1016/j.wasman.2012.08.006. 



Int. J. Environ. Res. Public Health 2021, 18, x FOR PEER REVIEW 12 of 12 
 

 

17. Motte, J.C.; Escudié, R.; Bernet, N.; Delgenes, J.P.; Steyer, J.P.; Dumas, C. Dynamic effect of total solid content, low 

substrate/inoculum ratio and particle size on solid-state anaerobic digestion. Bioresour. Technol. 2013, 144, 141–148. 

https://doi.org/10.1016/j.biortech.2013.06.057. 

18. Slimane, K.; Fathya, S.; Assia, K.; Hamza, M. Influence of inoculums/substrate ratios (ISRs) on the mesophilic anaerobic 

digestion of slaughterhouse waste in batch mode: Process stability and biogas production. Energy Procedia,  2014, 50, 57 – 

63. 

19. Sri Bala Kameswari, K.; Kalyanaraman, C.; Porselvam, S.; Thanasekaran, K. Optimization of inoculum to substrate ratio for bio-

energy generation in co-digestion of tannery solid wastes. Clean Technol. Environ. Policy 2012, 14, 241-250. 

https://doi.org/10.1007/s10098-011-0391-z. 

20. Zhang, L.; Ouyang, W.; Lia, A. Essential Role of Trace Elements in Continuous Anaerobic Digestion of Food Waste. Procedia 

Environ. Sci. 2012,16, 102-111 . https://doi.org/10.1016/j.proenv.2012.10.014. 

21. Sosnowski, P.; Klepacz-Smolka, A.; Kaczorek, K.; Ledakowicz, S. Kinetic investigations of methane co-fermentation of sewage 

sludge and organic fraction of municipal solid wastes. Bioresour. Technol. 2008, 99(13), 5731–5737. 

https://doi.org/10.1016/j.biortech.2007.10.019. 

22. APHA. Standard Methods for the Examination of Water and Wastewater; American Public Health Association: Washington, DC, 

USA, 2012; ISBN 978-0875532356. 

23. Lowry, O.H.; Rosebrough, N.J.; Farr, L.; Randall, R. Protein measurement with the folin phenol reagent. J. Biol. Chem. 1951, 193, 

265–275. https://doi.org/10.1016/0304-3894(92)87011-4. 

24. DuBois, M.; Gilles, K. a.; Hamilton, J.K.; Rebers, P. a.; Smith, F. Colorimetric method for determination of sugars and related 

substances. Anal. Chem. 1956, 28, 350–356. https://doi.org/10.1021/ac60111a017. 

25. Bligh, E.G.; Dyer, W.J. A rapid method of total lipid extraction and purification. Can. J. Biochem. Physiol. 1959, 37, 911–917. 

https://doi.org/10.1139/y59-099. 

26. Achinas, S.; Li, Y.; Achinas, V.; Euverink, G.J.W. Biogas potential from the anaerobic digestion of potato peels: Process 

performance and kinetics evaluation. Energies 2019, 12(12), 2311. https://doi.org/10.3390/en12122311. 

27. Latifi, P.; Karrabi, M.; Danesh, S. Anaerobic co-digestion of poultry slaughterhouse wastes with sewage sludge in batch-mode 

bioreactors (effect of inoculum-substrate ratio and total solids). Renew. Sustain. Energy Rev. 2019, 107, 288–296. 

https://doi.org/10.1016/j.rser.2019.03.015. 

28. Holliger, C.; Alves, M.; Andrade, D.; Angelidaki, I.; Astals, S.; Baier, U.; Bougrier, C.; Buffière, P.; Carballa, M.; De Wilde, V.; et 

al. Towards a standardization of biomethane potential tests. Water Sci. Technol. 2016, 74, 2515–2522. 

https://doi.org/10.2166/wst.2016.336. 

29. Franke-Whittle, I.H.; Walter, A.; Ebner, C.; Insam, H. Investigation into the effect of high concentrations of volatile fatty acids 

in anaerobic digestion on methanogenic communities. Waste Manag. 2014, 34, 2080–2089. 

https://doi.org/10.1016/j.wasman.2014.07.020. 

30. Cabbai, V.; Ballico, M.; Aneggi, E.; Goi, D. BMP tests of source selected OFMSW to evaluate anaerobic codigestion with sewage 

sludge. Waste Manag. 2013, 33, 1626–1632. https://doi.org/10.1016/j.wasman.2013.03.020. 

31. Zhang, Y.; Banks, C.J. Impact of different particle size distributions on anaerobic digestion of the organic fraction of municipal 

solid waste. Waste Manag. 2013, 33, 297–307. https://doi.org/10.1016/j.wasman.2012.09.024. 

32. Zeng, S.; Yuan, X.; Shi, X.; Qiu, Y. Effect of inoculum/substrate ratio on methane yield and orthophosphate release from 

anaerobic digestion of Microcystis spp. J. Hazard. Mater. 2010, 178, 89–93. https://doi.org/10.1016/j.jhazmat.2010.01.047. 

33. Zhang, P.; Zeng, G.; Zhang, G.; Li, Y.; Zhang, B.; Fan, M. Anaerobic co-digestion of biosolids and organic fraction of municipal 

solid waste by sequencing batch process. Fuel Process. Technol. 2008, 89, 485–489. https://doi.org/10.1016/j.fuproc.2007.11.013. 

34. Esposito, G.; Frunzo, L.; Giordano, A.; Liotta, F.; Panico, A.; Pirozzi, F. Anaerobic co-digestion of organic wastes. Rev. Environ. 

Sci. Biotechnol. 2012, 11, 325–341. https://doi.org/10.1007/s11157-012-9277-8. 

35. Filer, J.; Ding, H.H.; Chang, S. Biochemical Methane Potential (BMP) Assay Method for Anaerobic Digestion Research. Water 

2019, 11, 921. https://doi.org/10.3390/w11050921. 

 


