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ABSTRACT
The organic fraction of municipal solid waste (OFMSW) is usually stored under 
variable humidity conditions and extended periods before processing in anaerobic 
digestion plants. Digestate from previous batches is used as inoculum and mixed 
with previously stored (fermented) OFMSW for methane production under different 
substrate (OFMSW) to inoculum (digestate) ratios. Although both the moisture con-
tent during the storage of OFMSW and the inoculum concentration in the feed mix-
ture to the anaerobic reactors are determining factors for the process, no studies 
were found on how these combined parameters affect methane production. This 
research is focused on determining how humidity affects OFMSW during storage 
(fermentation) and how the substrate to inoculum ratio affects the methanisation 
of the previously stored OFMSW. OFMSW with solids concentrations of 10, 20, and 
28% was stored/fermented at 35°C for 15 days. The methanisation of the previously 
fermented OFMSW was allowed at S/I ratios of 0.5, 1.0, and 1.5. The fermentation 
results show that ethanol and acetic acid accounted for 90% of all products (me-
tabolites). The lowest solids concentration allowed the highest fermentation degree 
with the highest VFA and alcohols production. Compared to fresh OFMSW, methane 
from fermented OFMSW increased 32%, and the time required to reach the maximum 
methane production decreased between 11 and 40%. For fermented OFMSW, the 
S/I ratio of 1.0 is the best condition to produce methane. ANOVA shows that, inde-
pendently of solid concentration during storage, the S/I ratio is the main parameter 
to consider for methane production and reducing reaction times.

1. INTRODUCTION
In anaerobic digestion (AD) facilities, temporary stor-

age of the organic fraction of municipal solid waste 
(OFMSW) is a necessary practice due to seasonal changes 
in the type of wastes, collection practices, the distance of 
the sources to the processing facility, limited capacity of 
collection and transport systems, and limited processing 
capacity (Worrell and Aarne, 2011). Storage takes place 
from the moment the OFMSW is produced and placed in 
containers at the generation sites (houses, shops, public 
spaces, among others), where organic material begins to 
decompose. Subsequently, depending on composition, hu-
midity, and other environmental conditions during storage, 
different fermentation processes could occur (Nilsson et 
al., 2018). Within a short time of storage, readily biode-
gradable substances are rapidly transformed into volatile 
fatty acids (VFA) and alcohols, causing their accumulation. 
These processes need to be controlled appropriately to 

avoid inhibition during the subsequent methanogenic step 
(Fantozzi and Buratti 2011). 

To reduce the risk of process failure by acidification 
during anaerobic digestion, controlled storage has been 
proposed as pretreatment. In this stage, the conversion 
of readily biodegradable substances is oriented to ethanol 
production rather than VFA (Wu et al., 2015). Ethanolic fer-
mentation positively affects methane production because 
ethanol production consumes less alkalinity than VFA fer-
mentation (Zhao et al., 2016). The ethanol fermentation 
path allows the methanogenic microorganisms to use 
chemical energy more efficiently (Pipyn and Verstraete, 
1981). As a general concept, acid, and alcoholic fermen-
tations before methanisation enable the control of specific 
process parameters and adjust operational conditions for 
increased subsequent methane production (Schievano et 
al., 2014).

In European countries, where the controlled storage (si-
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lage) of agricultural residues and energy crops to produce 
biogas is a common practice, studies show that controlled 
storage (silage), as a pretreatment before anaerobic diges-
tion, allows the improvement of methane production from 
solid organic substrates (Pakarinen et al., 2011; Wang, 
2010; Herrmann et al., 2011). Lü et al. (2016) consider 
mesophilic food waste storage as pretreatment to enhance 
methane production: They conclude that hydrolysis and 
subsequent methane production improve drastically with 
storage time (up to 12 days). Although OFMSW storage for 
weeks or even months is usual in biogas plants, no stud-
ies related to fermentation processes during storage have 
been found. OFMSW storage before processing in biogas 
plants in Europe, China, and other countries where industri-
al biogas production is standard is mandatory as the initial 
step of the whole process (Stürmer, 2017; Al Seadi et al., 
2008; Qian et al., 2016.

Solids concentration is a critical parameter during si-
lage. OFMSW arrives at the processing facilities under 
different humidity conditions, and the microbial dynamics 
and reaction kinetics depend on the bioavailability of water 
in the environment (Zhou et al., 2018; García-Bernet et al., 
2011). Storage or silage is the previous step to methani-
sation. The concentration of the archaea responsible for 
this step is crucial as they are responsible for consuming 
VFA and avoiding alkalinity to drop below specific limits. 
Higher concentrations of methanogenic microorganisms 
are related to process stability; they can consume the previ-
ously produced VFA without allowing the media to become 
acid or decrease alkalinity beyond recovery (Hosseini et al., 
2019). The main objective of this research deals with the 
effects of OFMSW storage (silage) under different solids 
concentrations and the consequences of silage on subse-
quent methane production.

2. MATERIALS AND METHODS
2.1 OFMSW sampling and characterisation

Three times a week, source-separated OFMSW is trans-
ported to the Coyoacán transfer station in Mexico City, 
where sampling was made according to ASTM D5231-92 
(2016). Approximately 100 kg from 11 trucks were sepa-
rated and thoroughly mixed using a skid-steer loader and 
shovels. Then, the quartering method was applied two 
times to reduce the bulk to approximately 200 kg. Unde-
sired materials, such as plastic bags, stones, and wood, 
were manually separated. The remaining "clean" OFMSW 
was distributed in two-liter freezing bags and frozen at 
-20°C. A sample of fresh OFMSW was characterized for pH, 
total solids (TS), volatile solids (VS), COD, VFA, and ammo-
nia nitrogen (NH4-N). VFA and NH4-N were determined in 
the liquid fraction after centrifugation. All determinations 
were made according to Standard Methods (APHA, 2017).

Table 1 shows the characteristics of fresh OFMSW. 
OFMSW contains 72% moisture and, from the total solids, 
79% corresponds to volatile solids. Fresh OFMSW is natu-
rally acid with a pH value of 5.2 and a VFA concentration 
of 10 gCOD/kgVS. Determined as COD, 40% of OFMSW is 
soluble.

2.2 OFMSW fermentation
Six batch reactors were operated at 35°C for 15 days, 

using 1,000 mL glass bottles with a reaction volume of 800 
mL. Shredded OFMSW was placed in the reactors, and to-
tal solids concentration (TS) was adjusted to 10, 20, and 
28%. The highest TS concentration corresponds to fresh 
OFMSW. To adjust the other solids concentrations, tap wa-
ter was added. Three reactors with different solids concen-
trations were connected to an automated biogas monitor-
ing system (AMPTS II, Bioprocess Control, Sweden), and 
the remaining three reactors were used for sampling. No 
mixing was performed in the reactors connected to the bi-
ogas monitoring system. The fermentation took place with 
the native microorganisms, and the pH was not adjusted at 
any time. In the sampling reactors, the content was mixed 
manually before obtaining samples. For every sample, de-
terminations were made for total solids (TS), volatile solids 
(VS), soluble COD, ethanol, methanol, and VFA. VFA and al-
cohol concentrations were calculated based on the actual 
VS when samples were taken. The degree of acidification, 
or acidification rate (ηa), defined as the fraction of soluble 
COD converted to VFA, was calculated according to equa-
tion 1. To calculate the acidification degree, it is necessary 
to express the different determined VFA as COD equivalent. 
The sum of all VFA COD equivalents was divided by the to-
tal soluble COD of OFMSW.

According to Bolzonella et al. (2005) and Favaro et al. 
(2013), OFMSW contains enough naturally-occurring mi-
croorganisms to perform the anaerobic acid fermentation. 
Under this consideration, it was decided that supplementa-
ry inoculum for the fermentation was not necessary. 

2.3 Adaptation of methanogenic inoculum 
The inoculum used for the methanisation of the OFMSW 

fermentation products was digestate produced in the lab-
oratory and adapted to OFMSW. For 58 days, a reactor 
was semi-continuously operated at 35°C. The reactor was 
fed with the same fresh OFMSW used in the fermentation 
stage and was run under the following criteria: a) Bicarbo-
nate alkalinity to total alkalinity ratio (α index) higher than 
0.6 (Sun et al., 2016); b) VFA concentration was kept under 
1.5 g/kgOFMSW (Saveyn and Eder, 2014) and c) stable bi-
ogas production was considered when methane concen-
tration was consistently over 60% in the biogas (Schievano 
et al., 2008). Before using the digestate for the methane 
production tests, it was kept under the same environmental 
conditions without feed for six days. 

Parameter Unit Value

pH - 5.2 ± 0.1

Humidity % 72 ± 1.0

VS/TS - 0.79

Total COD g/kgTS 1140 ± 13

Soluble COD g/kgTS 445 ± 9

Total VFA gCOD/kgTS 8.0 ± 0.5

NH4-N g/kgTS 1.7 ± 0.1

TABLE 1: Characteristics of the organic fraction of municipal solid 
waste.
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2.4 Methanisation of fermented OFMSW
For the methanisation, the substrate to inoculum (S/I) 

ratio was adjusted to 0.5, 1.0, and 1.5 as volatile solids to 
reach a reaction volume of 300 mL in 500 mL flasks. As 
a reference, another set of nine flasks was also placed in 
the temperature-controlled water bath and fed with fresh 
OFMSW instead of the fermented one (Table 2). Immedi-
ately after filling the flasks, the remaining air was washed 
out with nitrogen to guarantee anaerobic conditions. pH 
was not adjusted, and the experiment ran without buffer. 
Incubation took place at 35°C, without mixing, for 25 days, 
connected to an automated biogas counter (AMPTS II, Bi-
oprocess Control, Sweden). A control containing only the 
inoculum was also monitored to determine endogenous 
methane production. Methane concentration in the biogas 
was determined daily by gas chromatography.

The S/I ratios for this research were selected according 
to articles reporting similar results. Di Maria et al. (2012) 
report that, for industrial OFMSW anaerobic digestion, low-
er S/I ratios are common (0.3 to 0.5, based on TS) in order 
to increase the methane production rates and to reduce 
malfunctioning risks. Karthikeyan and Visvanathan (2013) 
report values for successful batch dry anaerobic digestion 
of 10 to 60% inoculum (digestate from previous batches). 
Motte et al. (2013) conclude that S/I ratios between 2 and 
6 can be managed in lab-operated reactors. Considering 
these reported results, the S/I ratios selected for this re-
search include variations.

2.5 Analytical methods
pH, total COD, total (TS), volatile solids (VS), and ammo-

nia nitrogen (NH4-N) were determined according to Stand-
ard Methods (APHA, 2017). Soluble COD was determined 
by photometry after 0.45 µm filtration. NH4-N was deter-
mined in the liquid fraction after centrifugation with a rela-
tive centrifugal force (RCF) of 4704 x g for 7 minutes (5,000 
rpm, rotor diameter 16.7 mm). Ethanol and VFA (acetic, 
propionic, isobutyric, butyric, isovaleric, valeric, and hexa-
noic acids) were determined using a gas chromatograph 
(HP 5890 GC System) equipped with flame ionization de-
tector (FID), Stabilwax column - DA, with hydrogen as the 
carrier. The sample was previously filtered using 0.22 µm 
cellulose filters. The biogas composition (CO2 and CH4) 
was determined using a gas chromatograph (SRI 8610c) 
equipped with a thermal conductivity detector, stainless 
steel column packed with silica gel (8600-PK1A), helium as 
carrier gas with a 27 mL/min flow rate. The detector tem-
perature was 150°C.

2.6 Statistical analysis
The experimental results of methane production and 

reaction time were analyzed using multiple linear regres-
sion, considering a confidence level of 95%. Regression 
was used to make estimates or predictions for the depend-
ent variables. The statistical analysis tool Solver for Excel 
was used.

3. RESULTS AND DISCUSSION
3.1 OFMSW fermentation
3.1.1 Effects of solid concentration on pH

Figure 1.a shows the pH behavior for the different sol-
ids concentrations. Since pH was not controlled, during the 
first day, in all cases, there was a rapid decrease to values 
near 4 for the two higher TS and slightly under 4 for the 
lowest TS. In reactors with higher TS (20 and 28%), pH did 
not vary significantly during the remaining 14 days. In the 
10%TS reactor, pH dropped to values below 4.0 that can be 
attributed to lactic and formic acid formation, whose pKa 
values are 3.86 and 3.77, respectively (Xu et al., 2012). Af-
ter day 6, pH increased to values slightly over 4, and it re-
mained, with minor changes, until the end of the experiment. 
From those results, it can be concluded that pH decreases 
with decreasing solids concentration, at least during the 
first days. It has been reported that at low pH values, the 
fermentation of highly biodegradable substrates is limited. 
At such low pH values, VFA are in a dissociated form and 
can quickly diffuse through the cell membrane, lowering 
the internal pH and thus inhibiting cell activity (Warnecke 
and Gill, 2005). However, a positive aspect of low pH values 
is that, by inhibiting microbial activity, organic matter and 
energy losses are limited, allowing the preservation of the 
substrate during long periods and preserving the potential 
methane production (Wang, 2010; Jiang et al., 2013). Kalač 
(2012) evaluated the loss of organic matter during fermen-
tation of energy crops, observing that, for total solids con-
centrations between 15 and 30%, the losses were minimal 
when the pH values varied between 4.1 and 4.45.

3.1.2 Hydrolysis
In all cases, on the first day of experimentation, solu-

ble COD decreases (Figure 1.b). The heterogeneity of the 
substrate, together with the multiple and complex reac-
tions during fermentation, makes that COD determinations 
cannot be as precise as desired. However, soluble COD's 
relative stability was observed from day 3 until the end of 
the experiment with average values of 301, 373, and 423 g/
kgVS for solids concentrations of 10, 20, and 28%, respec-
tively. The acid conditions, with pH values between 3.9 and 
4.1, inhibited the hydrolytic and other microorganisms' ac-
tivity. According to Nizami Bern. (2009), effective hydroly-
sis can occur when pH values are between 5.5 and 6.5. At 
pH values lower than 5.0, organic matter solubilization is 
limited (Zhou et al., 2018). In Figure 1.b, no tendency in the 
behavior of soluble COD can be observed. At the end of the 
fermentation, a reduction of volatile solids was observed: 
For the 10, 20, and 28% solids concentrations, the decrease 
was 12, 14, and 5 %, respectively.

S/I ratio
Solids concentration during storage (%TS)

10 20 28

Fermented 
OFMSW

0.5 R1 R2 R3

1.0 R4 R5 R6

1.5 R7 R8 R9

Fresh 
OFMSW

0.5 R10 R11 R12

1.0 R13 R14 R15

1.5 R16 R17 R18

TABLE 2: Experimental arrangement for the methanisation tests.
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3.1.3 Production of fermentation gases
Figure 1.c also shows that the production of gases in-

creased significantly during the first two days before the 
pH values decreased; this can also be compared with the 
sudden COD decrease during the same period. After the 
third day, pH and gases production stabilized because, as 
previously stated, lower pH values inhibited the biochem-
ical activity. The higher gases production corresponds to 
the lower solids concentration.

3.1.4 VFA and alcohols production
Figure 2 shows that, for all three TS, total VFA produc-

tion increased slowly and constantly until day 10, and then 
it continued without significant variations. Figure 2 also 
shows that VFA concentrations increased with decreas-
ing solids concentrations. The highest VFA concentration 
was recorded on day 9 with 133 gCOD/kgVS in the reactor 
with 10%TS while, for the reactors with 20 and 28%TS, the 

highest VFA concentrations were 91 and 56 gCOD/kgVS, 
recorded at days 15 and 13, respectively. The highest total 
VFA concentrations correspond to maximum acidification 
rates of 52, 25, and 15% for TS of 10, 20, and 28%TS, re-
spectively. The acidification rates indicated in Figure 2, cal-
culated at the end of the experiment for the initial soluble 
COD, are only 18% for 10%TS, 14% for 20%TS, and 7% for 
28 TS: Acidification rates are inversely proportional to TS. 
This means that only a small fraction of OFMSW was trans-
formed to VFA. These yields are lower than those reported 
in other articles where low pH is considered the inhibitor of 
acidogenic microorganisms (Wang et al., 2014). Silva et al. 
(2013) determined a maximum OFMSW acidification rate 
of 32% under mesophilic conditions and pH-controlled at 
6.0.

With a different purpose, Moretto et al. (2019) evalu-
ated VFA production from OFMSW under mesophilic con-
ditions and at different pH values, reporting acidification 
rates of 55, 79, and 81% for pH of 5.0, 7.0, and 9.0, respec-
tively. These results confirm that the acidification rate is 
strongly dependent on pH and, to reach a maximum VFA 
yield, the pH needs to be controlled between 5.0 and 6.0 
(Gottardo et al., 2015). At the same time as pH can act as 
an inhibitor, it is also an essential factor to determine the 
VFA composition during fermentation (Jiang et al., 2013), 
especially on the production of acetic, propionic and, bu-
tyric acids, whose formation is more sensitive to pH varia-
tions than other VFA (Liu et al., 2012). In this research, the 
primary acids produced were acetic, propionic, and butyric 
in all cases. The acetic acid in all three reactors represents 
more than 90% of the total VFA determined at the end of 
the experiment. This a positive feature considering that 
acetate is the preferred substrate by methanogens. In the 
reactor with 10%TS (Figure 2.a), greater diversity on VFA 
production was observed as valeric, and hexanoic acids 
were also present. Two phases of fast VFA production 
were identified: The first peak at the end of day 2 resulted 
in an increase of approximately four times the acetic acid 
concentration to the initial value. Ethanol production also 
increased about five times its concentration during the first 
two days. Zoetemeyer (1982) states that lower pH values 
favor the production of long-chain fatty acids. The second 
phase of acetic acid production can be associated with 
two processes: Firstly, acetogenesis from ethanol can be 
observed as acetic acid concentration increases and etha-
nol concentration decreases (reactors with 20 and 28%TS) 
or increased fast during the first two days, as in the case 
of the reactor with 10%TS (Figure 2.a). Secondly, VFA with 
more than three carbons were transformed through ace-
togenesis and made acetic acid concentrations increase. 
Yuan et al. (2006) report that, during anaerobic fermenta-
tion, VFA with more than three carbons are easily degraded 
to form acetic acid. For the two lower TS concentrations, 
acetic acid production increased steadily while, for the 
highest TS concentration, the increase was slower. In all 
three cases, after day 10, acetic acid production practically 
stopped and remained almost unchanged until the end of 
the experiment.

After acetic acid, propionic acid accounted for the most 
significant VFA fraction. As with acetic acid, propionic acid 

FIGURE 1: pH (a), soluble COD (b), and biogas production (c).
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concentration was inversely proportional to TS concentra-
tion. This concurred with another study where propionic 
acid concentration increased as TS decreased, and pH was 
low (4.0 to 4.5) (Wang et al. 2014). Propionic acid accu-
mulated at lower pH values. Thermodynamically, higher 
hydrogen partial pressure inhibits acetogenic microorgan-
isms, and propionate cannot be processed: During anaero-
bic digestion, hydrogen and acetate are consumed to form 
mainly                  and CO2 making that acetogenesis runs 
continuously (Henze et al., 2008). Butyric acid represents 
the third largest VFA fraction. Its concentration did not 
change significantly over time because, as with propionic 
acid, acetogenic microorganisms were inhibited and could 
not process butyric acid.

Ethanol and methanol production was also monitored 
(Figure 2). In all cases, during the first two days of fermen-
tation, a rapid increase in ethanol production together with 
H2 and CO2 production could be observed. The fast gases 
production (Figure 1.c) was also observed during this same 
period. He et al. (2012) report similar results; they studied 
the hydrolysis and acidification of food waste at 35°C with 
18%TS and finding that ethanol and acetic acid constituted 
99% of the metabolites after seven days of fermentation. 
Dogan et al. (2009) report that during OFMSW fermenta-
tion with 25%TS, ethanol and acetic acid were the primary 
metabolites produced when the pH value ranged between 
3.5 and 4.0. Figure 2 shows that the lack of soluble car-
bohydrates can explain the ethanol concentration's relative 
stability after day 3 as the particulate material's hydrolysis 

decreased. Also, lower pH values inhibit the metabolism of 
alcohol-producing bacteria or yeast.

On day 11, the maximum ethanol concentration in the 
reactor with 10%TS (Figure 2.d) was 84 gCOD/ kgVS while, 
for reactors with 20 (Figure 2.e) and 28%TS (Figure 2.f), the 
maximum ethanol concentrations were 58 and 59 gCOD/
kgVS, respectively. The highest ethanol concentration was 
recorded in the reactor with the lowest solids concentra-
tion. For the three reactors, ethanol represents 52% of the 
total concentration of metabolites in terms of abundance. 
The production showed no significant variations over the 
whole experiment (Figure 2). Methanol also was deter-
mined. Methanol is an essential final product from pectin 
metabolism (Schink and Zeikus 1980), which is part of the 
cell walls of most fruits and vegetables found in OFMSW. 
The methanol concentration did not change significantly 
over time, and this can be explained as this metabolism 
product cannot further develop under stress, such as low 
pH values. Also, any other organisms can use it as sub-
strate under these conditions.

3.2 Methanisation of fermented OFMSW
3.2.1 Adaption of inoculum

To produce an adapted inoculum for the methanisa-
tion tests, a batch reactor was operated with a mixture of 
OFMSW and anaerobic granular sludge at a ratio of 0.5 
gVS OFMSW per gram VS of granular sludge. As shown 
in Figure 3.a, in the mixture of OFMSW with the granular 
sludge, both pH and alkalinity ratio (α index) resulted in val-

FIGURE 2: VFA and alcohol production, and acidification rate (ηa). HAc (acetic acid), HPr (propionic acid), HIsoBu (isobutyric acid), HBu 
(butyric acid), HIso-Va (isovaleric acid), HVa (valeric acid), HHex (hexanoic acid).
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ues considered adequate for methanogenesis (Sun et al., 
2016). From the start, the VFA concentration in the reactor 
increased, presenting the highest concentration on day 6, 
but without negatively affecting the methanogenic activity; 
at this time, the methane concentration in the biogas was 
over 60% (Figure 3.b). The highest methane production 
rate was recorded during the first 6 days. After day 25, the 
methane production continued increasing at a slow regular 
rate until the end of the experiment.

The reactor was operated for 48 days until the param-
eters considered adequate for an adapted inoculum were 
met. The digestate used to seed the OFMSW for methane 
production had an α index of 0.8, and total VFA concentra-
tion of 5.0 gCOD/kgVS. The biogas had a methane concen-
tration of 64%, complying with the criteria to be considered 
an adequate inoculum.

3.2.2 Methane production
To evaluate their methane production, every one of the 

OFMSW fermentation products from the experiments at 
10, 20, and 28%TS were inoculated with the adapted meth-
anogenic digestate to adjust substrate to inoculum ratios 
(S/I, as volatile solids) to 0.5, 1.0, and 1.5 (Figure 4). The 
characteristics of the adapted digestate used as inoculum 
were pH = 8.3, humidity = 89%; VS/TS = 0.73; total COD = 
340 g/kgVS; NH4-N = 31 g/kgVS. Fresh OFMSW was used 
as control. Shortly after mixing the different substrates 
with inoculum, the pH stabilized to values near 7 (Table 3). 
Mixing the adapted inoculum (pH 8.3) with fresh and fer-
mented OFMSW caused the overall acidic pH values to in-
crease to values near neutrality. For all cases, the initial pH 
values decrease as the S/I ratio increases, and the reactors 
with fermented OFMSW showed lower pH values than the 
ones with fresh OFMSW. Although the initial pH values de-
creased according to solids concentration, they cannot be 
considered potential inhibitors. During the reaction, pH in-
creased to values slightly alkaline, indicating healthy meth-
anisation. Figure 4 shows the methane production curves 
for all 18 combinations indicated in Table 3.

The initial slopes for fresh OFMSW are slightly higher 
than those for fermented OFMSW and, after several days, 
the final methane production and the reaction times for 
fermented OFMSW are higher than for fresh OFMSW. At 

the reactions' end, the pH values were near 8.0 in all cases, 
meaning that the pH drop at the beginning could have influ-
enced the process. However, methanogenesis consumed 
VFA rapidly, preventing pH from being an inhibitor.

The lower S/I ratios produce methane rapidly during 
the first 3 to 4 days, and then, the reaction reaches an end 
to continue as endogenous methane production (Figure 
4). Fresh OFMSW finishes methane production (359 NL/
kgVS) earlier than fermented OFMSW, and their final values 
are lower than those of fermented OFMSW (410 NL/kgVS) 
(Table 4). The curves corresponding to the S/I = 0.5 (Fig-
ure 4.a) produce methane slower than those with the lower 
substrate concentration: the methane production from fer-
mented OFMSW runs until day 9, and, after day 10, the pro-
duction is caused by endogenous substrates. For S/I = 1.0 
(Figure 4.b) and fresh OFMSW, during the first six days, the 
curves run parallel to those of fermented OFMSW and fin-
ish earlier than those of fermented OFMSW. The methane 
production curves for S/I=1.5 (Figure 4.c) behave different-
ly than the other two cases: Methane production is slower 
and takes more than 15 days to finish; fresh OFMSW with 
the highest S/I requires more than 23 days to complete. In-
dependent of the TS concentration, Figure 4 shows that, for 
S/I=0.5 and 1.0, the initial slopes are practically the same 
for all curves and that the end of methane production is 
different for every one of them. It is important to note that 
all curves display the same performance for S/I=0.5 and 
1.0, with only one stage during methane production. For S/
I=1.5, the curves present similar behavior, but with different 
values; differently than the other two S/I values, for S/I=1.5, 
the highest TS concentrations report the highest methane 
yields where fermented OFMSW produce more methane 
than fresh OFMSW. The curves for S/I=1.5 present two 
stages, where the first and second stages end faster for 
the higher TS concentrations than for the lower ones.

Table 4 shows that fermented OFMSW with 10%TS and 
S/I=1.0 resulted in the most significant difference com-
pared to fresh OFMSW with 99 NL/kgVS (32% more for 
fermented than for fresh OFMSW). The next most signifi-
cant difference is in reactors with 20%TS and S/I=1.0 with 
30% more methane production for fermented than for fresh 
OFMSW. These results conclude that the S/I ratio of 1.0, 
the same amount of fermented OFMSW and inoculum, is 

FIGURE 3: Behaviour of reactor operational parameters during inoculum adaptation.



9M.F. Castellón-Zelaya and S. González-Martínez / DETRITUS / Volume 15 - 2021 / pages 3-12

the best combination of all the ones tested. Methanisation 
at low S/I ratios of fermented OFMSW resulted in reaction 
time reductions between 11 and 40% compared to fresh 
OFMSW. These results show that fermentation of OFMSW 
increases the subsequent methane production and, at 
the same time, decreases the reaction time. Fermented 
OFMSW with the highest S/I ratio of 1.5 reports the lowest 
methane production and the highest reaction time when 
compared to fresh OFMSW: the increase in reaction time is 
proportional to solids concentration with 9, 29, and 56% for 
10, 20, and 28%TS, respectively.

The lowest solids concentration during silage is re-
sponsible for the highest methane production, indicating 
that decreasing VS during silage did not significantly affect 
the subsequent methane production (Table 4). Borreani et 
al. (2018) observed similar behaviour in a system with de-
creasing organic matter; they report VS losses of 20% and 
no decreases in methane production.

Table 4 shows the methane production from fermented 
and fresh OFMSW for the different TS concentrations and 
S/I ratios. According to Holliger et al. (2016), the reaction 
finishes when methane production values do not variate 
more than 1% as an average of three consecutive days. 
The reaction time corresponds to the time needed for the 
reaction to finish. According to Figure 3 and Table 4, meth-

ane production of fermented OFMSW improved between 2 
and 32% compared to fresh OFMSW. In only one case, the 
reactor with 10%TS and S/I=1.5, methane production was 
lower for fermented OFMSW than for fresh OFMSW in 14%. 
Similar results were reported by Schievano et al. (2014); 
they determined an increase between 23 and 43% in energy 
recovery through methane production in the process of an-
aerobic co-digestion of corn silage and fruit and vegetable 
residues in a two-stage process. Liu et al. (2006) observed 
21% increase in methane production from the digestion 
of domestic solid waste in batch reactors operated in two 
stages. On the other hand, Voelklein et al. (2016) recorded 
an increase of 23% when they used food as a substrate for 
digestion in a two-stage methanogenic reactor.

Figure 5 shows the methane production rates (slopes 
from curves in Figure 3) according to the substrate to inoc-
ulum ratio and substrate concentration. The slopes for 20 
and 28%TS for fermented OFMSW are similar without sig-
nificant differences between them, indicating that no dif-
ferences in methane production rate can be differentiated 
from one another (compare with Figure 4). Coincidentally, 
for fermented OFMSW, all three lines cross at a S/I ratio of 
1.0, proving that the previously proposed conclusion that 
the S/I ratio of 1.0 is the best condition to produce meth-
ane. The lowest solids concentration behaves differently: it 

FIGURE 4: Specific methane production of fermented OFMSW (Ferm) and fresh OFMSW (Fresh) for 25 days according to different S/I 
ratios and TS.

%TS S/I ratio
Fermented OFMSW Fresh OFMSW

Initial Final Initial Final

10

0.5 7.0 8.2 7.6 8.2

1.0 6.8 8.1 7.3 8.1

1.5 6.3 7.3 7.2 8.1

20

0.5 6.8 8.2 7.6 8.3

1.0 6.2 8.1 7.3 8.1

1.5 5.8 8.1 7.1 8.1

28

0.5 6.9 8.2 7.6 8.2

1.0 6.3 8.2 7.3 8.1

1.5 6.0 8.0 7.1 8.2

TABLE 3: pH values in the combinations of fermented and fresh OFMSW with adapted methanogenic inoculum.
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has a higher slope, meaning that lower S/I ratios produce 
methane more rapidly than higher S/I ones when the S/I ra-
tio is under 1.0. When S/I ratios and solids concentrations 
are high, methane can be produced less rapidly as solids 
concentrations increase.

Figure 5 indicates that, for fresh OFMSW, the methane 
production rates are different that fermented OFMSW. 
The lines cross at the highest S/I ratio, indicating deficient 
methane production at higher substrate concentrations. 
As expected, the rates increased with decreasing S/I ratios 
and, among the three tested fresh OFMSW concentrations, 
the lowest, corresponding to 10%TS, present higher meth-
ane production rates.

Higher methane production from fermented OFMSW 
can be explained as a function of the acidification rate. 
The higher the acidification rate, the higher is the methane 
production reached under lower substrate concentrations. 
The metabolites produced during fermentation are readily 
available for methanogenic archaea. Fresh OFMSW does 
not have metabolites from fermentation. Similar process-
es are reported by Buffière et al. (2018), who investigated 

the hydrolysis of cattle slurry and corn silage mixtures in 
two-stage systems: They found that, after 48 h of hydrol-
ysis, the methane production increased significantly, and 
concluded that in a two-stage anaerobic digestion process, 
first-stage fermentation improved the substrate availability 
to methanogens. The use of inoculum adapted to the sub-
strate has proven to be a determining factor in achieving 
higher methane yields (Campuzano, 2015; Brown and Mur-
phy, 2013). In this study, the adapted inoculum was respon-
sible for higher methane production rates.

3.3 Regression analysis
The results were analyzed using multiple linear regres-

sion to determine the influence of the operational param-
eters over methane production and reaction time. ANOVA 
significance test for methane production from fermented 
OFMSW shows that, for a p-value higher than 0.05, solids 
concentration, as %TS, does not significantly contribute to 
methane production and reaction times. The results show 
too that, for a p-value lower than 0.05, the substrate to in-
oculum ratio, S/I, is the most critical parameter. This means 

TABLE 4: Methane production and reaction time of fermented and fresh OFMSW.

%TS
S/I

ratio
Methane production (NL/kgVS)

ΔCH4 production (%)*
Reaction time (d)

Fermented OFMSW Fresh OFMSW Fermented OFMSW Fresh OFMSW

10

0.5 410 359 +14 7 9

1.0 408 309 +32 9 15

1.5 306 357 -14 23 21

20

0.5 403 338 +19 8 9

1.0 404 312 +30 10 12

1.5 335 328 +2 22 17

28

0.5 397 363 +9 9 9

1.0 377 336 +12 10 12

1.5 376 337 +12 25 16

*Represents the variation in methane production of fermented OFMSW compared to fresh OFMSW

FIGURE 5: Methane production rates according to the substrate to inoculum ratio, S/I, and TS.
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that, independently of solids concentration during OFMSW 
fermentation, when using high inoculum concentrations 
for methanisation of fermented OFMSW, methane produc-
tion increases, and the reaction time decreases. The low-
est p-value obtained for the reaction time was 0.002, and it 
shows that methanisation of fermented OFMSW at a low S/I 
ratio has more importance than reducing the reaction time.

For fresh OFMSW methanisation, p-value were 0.500 
and 0.898 for S/I and %TS, respectively. When p-values are 
higher or equal to the significance value, then these pa-
rameters have no significant influence over methane pro-
duction from fresh OFMSW. For lower reaction times, the 
analysis shows the p-value for S/I and %TS of 0.000 and 
0.036, respectively. The meaning of these values is that 
lower S/I ratios allow a faster VFA uptake and other me-
tabolites during the methanisation of fresh OFMSW with-
out increasing methane production. Several authors report 
that solids concentration significantly affects methane pro-
duction (Fernández et al., 2008; Dong et al., 2010; Abbas-
si-Guendouz et al., 2012; Campuzano, 2015). However, they 
do not consider the influence of inoculum concentration. 
These authors conclude that higher methane yields can be 
obtained with increasing solids concentration. Uncertain-
ty arises from the results of Forster-Carneiro et al. (2008). 
They also experimented with fresh OFMSW varying the 
concentrations of both substrate and inoculum concen-
trations, concluding that the reactors with lower substrate 
concentrations produce more methane; unfortunately, they 
do not make any comments on the combined effects of the 
two variables.

4. CONCLUSIONS
During OFMSW fermentation, VFA and alcohol produc-

tion increased with decreasing solids concentration. To-
gether acetic acid and ethanol constitute more than 90% of 
all metabolites. OFMSW fermentation allowed 32% more 
methane production for the lowest solids concentrations 
than for fresh OFMSW, indicating that the VS loss during 
fermentation does not affect subsequent methane produc-
tion. For fermented OFMSW, the S/I ratio of 1.0 is the best 
condition to produce methane. Methanisation of ferment-
ed OFMSW at low S/I ratios resulted in reaction times re-
ductions between 11 and 40% than fresh OFMSW. Methane 
production from fermented and fresh OFMSW increased 
substantially with a decreasing substrate to inoculum, S/I, 
ratios. Independently of substrate solids concentrations, 
high inoculum concentrations increase methane produc-
tion and reduce methanisation times.
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