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anaerobic digestion while avoiding inhibitions of the pro-
cess. The drawback is therefore the massive use of water 
for the anaerobic digestion of the vinasse. This is why this 
study focuses on the anaerobic digestion of raw vinasse on 
a laboratory scale.

Before the industrial treatment of a specific waste, the 
process must be studied on a laboratory and pilot scale. 
Indeed, biochemical potential test (BMP) are broadly used 
for evaluating the methanogenic potential of organic materi-
als. The protocol of this test have been recently standardised 
because the outcome can vary significantly between labo-
ratories [8]. Nevertheless, a key parameter of this test, the 
ratio of volatile solid (VS) from inoculum to VS from the 
substrate (I/S ratio) depends on the substrate [8]. The ratio 
should be between two and four for most applications [8]. 
However, for less degradable substrates, a ratio less than or 
equal to one can be applied, and only if two ISRs lead to the 
same BMP, one can assume that there was no overload or 
inhibition [8]. Concerning unknown substrates, the authors 
recommend to test several ratios [8]. Thereby, in this study, 
different ratios were tested in order to evaluate the methane 
yield of the sugarcane vinasse.

There is no standardised method for the pilot experi-
ments. Studies have recently been carried out on pilot tests 
on sugarcane vinasse, mainly in co-digestion. Among these 
studies, we find the work led in 2015 on start-up strategies of 
anaerobic co-digestion of sugarcane filter cake and bagasse 
[9]. At the beginning of the pilot start-up phase, the load 
increase is done gradually and the steady conditions were 
obtained after 70 days [9]. The effect of total solid (TS) was 
studied with the addition of water [10]. The result showed 
that vinasse/water ratio of 1/3 (TS 7.015%) produced the 
maximum total biogas (37.409 mL  gCOD

−1) however vinasse/
water ratio of 1/2 (TS 9.310%) had the biggest chemical 
oxygen demand (COD) removal (23.580%) than others [10]. 
Moreover, in a study published in 2015, the authors said 
that biogas production failed when sugar beet vinasse alone 
was fed to the reactor [11]. For this reason, they studied 
the addition of cow manure during digestion, which has the 
consequence of increasing the C/N ratio, which is low in 
the case of vinasse substrate [11]. Anaerobic digestion was 
the most stable when cow manure was supplied to diges-
tion of vinasse [11]. The steady conditions were obtained 
after 50 days [11]. Another study has been carried out on 
vinasse in 2016 in order to evaluate the anaerobic conver-
sion of vinasse into biomethane with gradual increase in 
organic loading rate (OLR) in two up flow anaerobic sludge 
blanket (UASB) reactors of 21.5 L (R2) and 40.5 L (R1), in 
mesophilic conditions [12]. The OLR values applied in the 
reactors were 0.2–7.5  gCOD  L−1 day−1 in R1 and 0.2–11.5 
 gCOD  L−1 day−1 in R2 [12]. The average COD removal effi-
ciencies ranged from 49 to 82% [12]. In 2017, co-digestion 
of sugarcane press mud with vinasse was studied in order to 

improve the digestion of press mud [13]. The methane yield 
was 64% higher in case of co-digestion compared to mono-
digestion of press mud and the process was more stable [13]. 
All these studies show that co-digestion of vinasse improves 
yields and stabilises the process. Nevertheless, in this study, 
we will not carry out experiments in co-digestion. We pre-
sent the outcomes for the case of vinasse in mono-digestion 
and slowly increase the OLR to avoid destabilisation of the 
process as [11].

Furthermore, these studies previously mentioned pre-
sented examples of pilot start-up. We retain from these 
articles that the pilot digester must be started with inocu-
lum (such as manure or sludge), followed by the micro-
organisms acclimation and then a gradual increase in load. 
In this paper, we present the methodology and outcomes 
for the vinasse and sludge characterisation especially the 
BMP test of raw vinasse, the pilot start-up and the monitor-
ing of experimentation over a period of 130 days. The aim 
of this study is firstly to propose a protocol for start-up a 
pilot with raw vinasse as substrate. Secondly, we study the 
increase of OLR of the pilot while following the physico 
chemical properties of the medium to avoid dysfunctions of 
the process in case of an increase of OLR too fast. Finally, 
we study the pilot in steady-state conditions while following 
the physico chemical properties. In this work, we choose not 
to add chemicals to adjust the physico-chemical parameters, 
and not to dilute the vinasse. Indeed, we want to obtain data 
without interfering with the process and let the process sta-
bilise alone. This case has not been studied yet. The data 
produced will allow us to create an experimental database 
to study the impact of mechanical agitation on the anaerobic 
digestion of raw vinasse in further studies.

Methodology

Substrate and Inoculum

The vinasse and the sludge come from the active meso-
philic biogas plant of the sugarcane distillery Rivière du 
Mât (Saint-Benoit, Reunion Island). The sludge is used as 
the inoculum in the biochemical potential (BMP) tests and 
the start-up of the pilot digester. It is then stored at ambient 
temperature and incubated at 37 °C before the BMP tests, 
which is the process temperature (mesophilic conditions). 
Regarding the vinasse, it is stored in cold storage at 4 °C 
before the tests in order to avoid the degradation of the sub-
strate before the digestion in the pilot. The vinasse is stored 
in the cold storage for a maximum of two months before 
being used. In this study, the vinasse is not frozen because 
the freezing has the effect of breaking up the cells, which 
improves the digestion of the latter.



Physicochemical Analysis and Biochemical Potential 
Tests (BMP)

The substrate and inoculum are homogenised with the 
Ultra turrax IKA T25 digital at 12,000  rpm for 10 min 
before the BMP tests. We carried out TS, VS, pH, COD, 
total organic carbon (TOC), volatile fatty acids (VFAs), 
ammonium (Am), alkalinity (Alk) and Kjeldahl nitrogen 
(Ni) measurements. The TS content is obtained after dry-
ing 20 g of the samples for 24 h at 105 °C and the VS con-
tent after burning the dried samples for 4 h at 550 °C. The 
chemical tests were conducted on the Hach Lange DR5000 
Spectrophotometer, using the Hach Lange tests LCK 914 
(COD), LCK 381 (TOC), LCK 365 (VFA), LCK 303 (Am), 
LCK 362 (Alk) and LCK 338 (Ni). The physico-chemical 
characteristics of the vinasse and the sludge are given in 
the Table 1.

The BMP tests are carried out using the Automatic Meth-
ane Potential Test System II (AMPTS II—Bioprocess Con-
trol). We refer to the last recommendations for the BMP 
test organisation [8]. The tests are carried out in mesophilic 
conditions in 50 days. As the substrate is unknown, we must 
test different inoculum to substrate ratios [14]. The ratios of 
COD from the substrate to VS from the inoculum tested are 
1, 2, 2.5 and 3, which corresponds to a ratio of VS from the 
inoculum to VS from the substrate of 1.8, 0.9, 0.7 and 0.6. 
The total volume of the digesters is 650 mL. The operating 
volume is 400 mL. The digesters volume are adjusted with 
distilled water in order to have the same test working vol-
umes. The experiment includes substrate tests, the positive 
tests and the blank tests. All the tests are carried out in tripli-
cates. The BMP value is expressed in the volume of methane 
produced per gram of organic matter which is expressed in 
COD as the vinasse is liquid.

The Biodegradability and the COD Removal

The biodegradability of the substrate in the BMP test is esti-
mated by the following equation:

where 350 represents the theoretical maximum biodegrada-
bility of methane expressed in liters of methane per kilogram 
of removal COD at normal temperature and pressure.

The COD removal is calculated by the following equation:

where  MCOD,added is the cumulated mass added in terms of 
COD,  MCOD,digested is the cumulated digested mass in terms 
of COD and the  MCOD,pilot is the COD measured on the sam-
ple collected from the pilot.

Kinetic Models

First‑Order Model

According to Kim et al. (2003), anaerobic degradation after 
initial lag-phase time is limited by the terms associated with 
substrate and kinetics, which are generally represented by 
a first order kinetic law [15]. According to the approach 
reported by Llabres-Luengo and Mata-Alvarez (1987), the 
first order model is expressed by [16]:

where Y  is the volume of produced methane ( NLCH4
kg−1

COD
 ) 

at digestion time t (s), Ymax is the maximum volume of meth-
ane accumulated at an infinite digestion time ( NLCH4

kg−1
COD

 ) 
and k the kinetic constant  (day−1). Nielfa et  al. (2015), 
assumed that k is the specific microorganisms growing speed 
[17]  (day−1).

Modified Gompertz Model

It has been shown that the BMP fits with the modified 
Gompertz equation in case of mono-digestion [15, 18]. This 
model assumed that the biogas production is proportional to 
the microbial activity [17, 18].
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Ymax
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,

(2)
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)]

,

Table 1  Physico-chemical characteristics of vinasse and sludge

Characteristics Sludge Vinasse

TS (%) 1.99 6.64
VS (%) 0.72 4.04
TSS (g L−1) – 10.0
pH 7.57 4.84
COD ( gO2

L−1) 11.60 86.70
TOC (mg  L−1) – 29,875
VFA (g  L−1) 16.34 19.36
Am (mg  L−1) – 37.40
Alk ( mgCaCO3

L−1) 2361.9 1080.6
N (mg  L−1) 1070 1120
Phosphorus (mg L−1) – 190
Alk/COD 0.204 0.013
VFA/Alk 6.92 17.91
C/N ratio – 26.67





Mixing Conditions

During the start-up of the pilot, the mixing is minimal: 
15 min at 20 rpm before the taking of sample in order to 
homogenise the medium. This choice is made in the aim 
to homogenise the medium before taking a sample without 
destabilising the process or the bacterial centers. Indeed, 
opening the pilot and allowing oxygen to enter necessar-
ily disrupts the process that can cause the death of metha-
nogenic archaea, and so the reduction of the population of 
micro-organisms. Moreover, as the growth of methanogenic 
populations is slow, we must preserve them.

Then the minimal mixing was maintained during two 
weeks before modification. Indeed we then tested inter-
mittent agitation: 10 h day−1 at 20 rpm. As it revealed an 
absence of biogas production, the mixing was stopped and 
returned to minimal agitation for the rest of the experi-
ment. We supposed that the continuous stirring prevented 
the micro-organisms from digesting the substrate. Conse-
quently, the OLR was changed, in order to recover initial 
physicochemical parameters and biogas production. Indeed, 
according to Vavilin et Angelidaki (2005), during the start-
up of the digester, the methanogenesis is the limiting-step, 
consequently, vigorous agitation must be avoided to prevent 
the dissipation of methanogenic centers [19].

Organic Load (OLR)

The Table 2 shows the OLR used in literature for vinasse in 
case of mono and co-digestion. The maximum OLR in terms 
of VSs is 3.0 and 11.5 in terms of COD. During the diges-
tion of the sugar beet vinasse and press mud, the authors 
make the choice to dilute the vinasse with water. In addition, 
recirculation makes it possible to reduce the dilution of the 
vinasse [12]. Moreover, press mud is used as co-substrate 
for the digestion of vinasse [13], or cellulose and straw for 
additional carbon source [11]. Vinasse having a pH lower 
than the optimal pH of the anaerobic digestion, the authors 
alkalise the vinasse by adding NaOH solution [13].

With this pilot test, we chose to study the vinasse in 
mono-digestion, in that respect, no addition of carbon source 
was made. Moreover, we also chose to not dilute the vinasse 
as we want to study the anaerobic digestion without con-
suming water. As these actions would help to stabilise the 
process, the organic load was increased very gradually to 
avoid inhibitions of the process.

The organic load and the feeding frequency used in 
this study are recapitulated in the Table 3 for the whole 
study. The initial feeding is 13.5 L of sludge and 0.5 L of 
vinasse, which corresponds to 14.28  gCOD  L−1. During the 
first study phase, the digester is fed with 500 mL of vinasse 
every 2 days. The biogas is produced in two days when 
adding 500 mL, which corresponds to an OLR of 0.85  gVS 
 L−1 day−1 and 1.51  gDCO  L−1 day−1. A low initial OLR is 
chosen because inhibitions due to an accumulation of VFA 
occur during an excessive OLR during the anaerobic diges-
tion of the vinasse. The latter having a low C/N ratio, the 
inhibitions are frequent in the case of mono-digestion of 
vinasse.

The feeding frequency is then changed in order to open 
the digester less often, to reduce the oxygen input into the 
digester. Thus 750 mL of vinasse are added every three days, 
then 1000 mL every 4 days. During the next phase, the OLR 
is increased from 0.25 to 0.38 L  day−1.

In case of a drop in biogas production, 250 mL of vinasse 
and 250 mL of sludge are added instead of 500 mL of 
vinasse. Sludge is introduced to input micro-organisms.

Results and Discussions

Biochemical Potential Test Performance

The methane production of the vinasse and the blank are 
represented in Fig. 2. The maximum production is reached 
in 12 days for the vinasse and in 43 days for the inoculum. 
The biochemical potential of vinasse measured with the 
ratios in terms of VS 0.9, 0.7 and 0.6 are almost the same 

Table 2  Organic load in literature

Source Substrate Remark OLR range

gVS  L−1 day−1 gCOD  L−1 day−1

[20] Molasses Mono-digestion – 1.5–7.5
[11] Sugar beet vinasse Dilution of vinasse

Addition of cellulose and straw
2.0–3.0 –

[9] Sugarcane filter cake and bagasse Co-digestion
Addition of water

2.0–3.0 –

[12] Vinasse Dilution with water, then recirculation
Addition of NaOH

– 0.2–11.5

[13] Press mud and water
Vinasse and press mud

Mono-digestion with addition of water
Co-digestion

0.5–2.2 –





standard deviation is at least five times more important for 
ratio 1 than for the other ratios The maximum standard 
deviation for the ratio 1 is 53.49 NLCH4

kg−1
COD

 (38%), which
is upper than 10%, thus this test result must be rejected. 
Since the standard deviation for the ratio 1 is important, this 
means that the dispersion of the BMP results for this ratio is 
important, the average BMP results for this ratio is therefore 
not representative. We interpret this result as follows, for 
this ratio we put a sample mass too small to be representa-
tive of the substrate. Indeed, vinasse being heterogeneous, 
it requires a sufficiently large sample to be representative of 
the substrate in terms of methanogenic potential. We free 
ourselves from the heterogeneity of the vinasse by increasing 
the ratio S/I, allowing to obtain representative results with 
standard deviation less than 10%. A second explanation is 
that inhibitions occur at this ratio, which would explain that 
the production of some BMP is lower. Concerning the other 
tested ratios, the average standard deviation is lower than 
6%, thus the BMP results are acceptable.

Modelling the Kinetics of Methane Production

The coefficients for the first-order kinetic and the modified 
Gompertz models for each ratio are given in the Table 5. 
The first-order kinetic model provides the kinetic constant 

of hydrolysis. The highest value of 0.61 day−1 is obtained 
with the S/I ratio 1. However, the kinetic constant for the 
ratio 1 is rejected because this BMP was rejected. Then, 
the kinetic constant decreases with the increasing of S/I 
ratio. The kinetic constant is 0.32 day−1 for S/I ratio 2. The 
lowest value is therefore obtained with the S/I ratio 3 with 
a value of 0.25 day−1. Thereby, despite the fact that the 
kinetic constant is higher for the ratio S/I 1 (I/S of 1.8), the 
maximum methane production is the lowest. Thus, lower 
kinetic coefficients led to higher methane yields. Moreo-
ver, the average kinetic constant, rejecting the value of the 
ratio 1, is 0.29 day−1. The kinetic constant values obtained 
are similar, with a standard deviation of 0.04 day−1 (12%). 
The kinetic constant will be used in biochemical model as 
the hydrolysis constant. As the hydrolysis phase is consid-
ered as the rate-limiting step, this coefficient is crucial in 
the anaerobic digestion modelling. The correlation factor 
is between 0.97 and 0.99 and the RMSE between 3.98 and 
4.77 NLCH4

kg−1
COD

 . The modified Gompertz model provides
the methane production rate and the lag-phase time. The 
methane production rate decreases with the increasing of S/I 
ratio from 56.16 to 27.43 NLCH4

kg−1
COD

day−1 . The correla-
tion factor is between 0.97 and 0.98 and the RMSE between 
4.06 and 6.29 NLCH4

kg−1
COD

.

Table 4  Methane yield and standard deviation

Ratio S/I B Methane yield Standard deviation ( NLCH4
kg−1

COD
) Standard deviation

(%)

gCOD  gVS
−1

NLCH4
kg−1

VS
NLCH4

kg−1
COD

NLCH4
L−1
sample

Min Max Average Min Max Average

1 0.44 180.53 152.95 8.81 19.51 53.49 42.51 15 38 28
2 0.52 219.93 181.72 16.14 3.80 9.17 5.33 2 13 3
2.5 0.53 251.86 181.59 12.35 7.36 11.10 10.11 5 12 6
3 0.52 322.95 181.91 15.72 0.61 9.19 4.61 1 6 3

Table 5  First-order kinetic and modified Gompertz model coefficients

a Average of BMP (ratio 2, 2.5 and 3)

Parameters Units Coefficients

Ratio S/I gCOD  gVS−1 1 2 2.5 3 Aa

I/S gVS  gVS−1 1.8 0.9 0.7 0.6
First-order kinetic model Kinetic constant k day−1 0.61 0.32 0.29 0.25 0.29

Maximum methane production  Ymax NLCH4
kg−1

COD
152.9 181.7 185.6 182.5 183.3

Correlation factor  R2 – 0.97 0.99 0.98 0.99 0.99
RMSE NLCH4

kg−1
COD

4.60 4.01 4.77 3.98 4.25
Modified Gompertz model Methane production rate Rm NLCH4

kg−1
COD

day−1 50.39 28.54 25.44 22.01 25.33
Lag-phase time λ D 0.866 1.483 1.598 1.967 1.683
Maximum methane production  Ymax NLCH4

kg−1
COD

150.4 181.2 184.8 181.0 182.3
Correlation factor  R2 – 0.97 0.97 0.97 0.98 0.97
RMSE NLCH4

kg−1
COD

4.06 5.65 6.29 5.53 5.83



The Figure 3 shows the comparison between measured 
data, calculated data with the first order kinetic and the 
calculated data with modified Gompertz model for cumu-
lative methane production at different S/I ratios. The cor-
relation factor of the first-order kinetic is between 0.97 and 
0.99. It is similar to the correlation factor of the modified 
Gompertz model, which is between 0.97 and 0.98. Con-
cerning the RMSE, it is between 3.98 and 4.77 for the first-
order kinetic, and between 4.06 and 6.29 for the modified 
Gompertz model. The first-order kinetic and the modified 
Gompertz model fit well with the measured data.

In the Table 6, we present the comparison of kinetic con-
stant (first-order kinetic) with literature. In this paper, we 
retain the range 0.25–0.32 day−1. In addition, we exclude 
the value 0.61 day−1 because the methane production of this 
BMP has a standard deviation upper to 10%. The average 

value is therefore 0.29 day−1. Compared to literature, the 
kinetic constant found in this study is similar to the kinetic 
constant of vinasse with a value of 0.30 day−1 [13] and 
vinasse with press mud with a range of 0.23–0.33 day−1 [13].

Pilot Tests Performance and Physico‑chemical 
Analysis

The Specific Biogas Production and COD Removal

The Figure 4 shows the specific biogas production in liters 
per kilogram of COD added in the digester and the OLR. 

 

Fig. 3  Comparison between 
measured data (full line), 
calculated data with the first 
order kinetic (triangles) and 
calculated data with modified 
Gompertz model (points) for 
cumulative methane production 
at different S/I ratios (cumula-
tive methane production in 
NLCH4

kg−1
COD

 in function of time 
in days)
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Table 6  Comparison of kinetic constant (first-order kinetic) with lit-
erature

Source Substrate Kinetic 
constant range 
(day−1)

This paper Vinasse 0.25–0.32
[13] Vinasse + water 0.30

Press mud 0.16
Vinasse + press mud 0.23–0.33

[21] Vinasse + rumen 0.073–0.210
Vinasse + rumen + urea 0.087–0.206 0
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Fig. 4  Specific biogas production in NLkg−1
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 and organic load-
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The graph illustrates two phases, the start-up phase from day 
0 to 45 and the steady conditions phase from day 46 to 130. 
The steady conditions phase begins when the production 
of biogas stabilises. The duration of the start-up phase is in 
the same order of magnitude as the duration that the study 
[11] which is 50 days. During the continuous agitation test
(day 43), the production of biogas stopped, so we only tested
this stirring for a period of 10 h and then return to minimal
agitation that we maintained until the end of the experiment.
Thus, this agitation was tested just before the end of the
pilot start-up period. However, as the production of biogas
stabilises during the recovery of minimum agitation, we still
consider that the steady-conditions phase starts on day 46.
We conclude from this test that continuous agitation stops
the production of biogas, this may be due to the fact that
there is no longer sufficient contact between the microor-
ganisms and the substrate. Stirring the medium only during
the filling of the pilot is enough in the case of the treatment
of a liquid waste for the studied volume (16 L). However, it
would be interesting to study other intensities of agitation.

During the period 113–130 days, the production of biogas 
per kilogram of COD is three times higher than in the pre-
vious period. It seems that the micro-organisms concentra-
tion is larger and the micro-organisms are better acclimated, 
which would explain this consequent increase in produc-
tion. In fact, the TS and the VS of the sludge and the liquid 
phase increase over this period, which means that the bio-
mass concentration increases within the digester. Thus, the 
physico-chemical conditions at this time are conducive to 
the anaerobic digestion of the raw vinasse.

The Table 7 shows the COD removal, the specific meth-
ane production (SMP), the specific biogas production (SBP) 
and the degradation index. The biogas production during 
the start-up phase is more important than the production 
during the steady conditions phase. It goes from an aver-
age of 182.69 NLCH4

kg−1
COD

 during the period 29–42 days 
(start-up phase) to an average of 37.79 NLCH4

kg−1
COD

 during
the period 43–53 days (beginning of the steady-conditions 

phase). Indeed, during the start-up phase, the production of 
methane is due to the digestion of the vinasse but also to the 
digestion of the sludge initially introduced into the digester. 
This is consistent with the BMP blanks assays where only 
vinasse sludge is inserted into the digesters, we note that 
the maximum production of methane is reached after days 
around 45 days, the same duration as the start-up phase.

The average production of biogas during the start-up 
phase is 281.17  NLbiogas  kgCOD

−1 and during the steady 
conditions phase is 104.93  NLbiogas  kgCOD

−1. During 
the steady conditions phase, the minimum and maxi-
mum biogas production are respectively 37.90  NLbiogas 
 kgCOD

−1 at day 54 (OLR is 0.85  gCOD  L−1  day−1) and 
298.10  NLbiogas  kgCOD

−1 at day 130 (OLR is 2.26  gCOD 
 L−1 day−1). We observe that the production of biogas per 
kilogram of COD added tends to increase: with an aver-
age of 58.13  NLbiogas  kgCOD

−1 over the period 43–53 days, 
61.68  NLbiogas  kgCOD

−1 over the period 54–63 days, 66.89 
 NLbiogas  kgCOD

−1 over the period 69–72  days, 82.74 
 NLbiogas  kgCOD

−1 over the period 73–112 days, and 232.31 
 Lbiogas  kgCOD

−1 over the period 113–130  days. In  the 
Table 7, for the calculation of the production of methane, 
we assume that the percentage of methane in the biogas is 
65% in the results following the analysis of biogas on some 
samples, all samples must be analysed by chromatogra-
phy to obtain the proportion of gases for the entire study. 
Thereby, the specific methane production has an average of 
37.79 NLCH4

kg−1
COD

 over the period 43–53 days and 151.00 
NLCH4

kg−1
COD

 over the period 113–130 days (Table 7). The 
maximum biogas production is obtained with the maxi-
mum OLR tested of 2.26  gCOD  L−1 day−1.

The Table 7 shows also the percentage of COD removal 
and the degradation index for each period delimited by a 
change in OLR. During the start-up phase (the first two 
periods of the Table 7), the COD removal has an average 
of 50%, and during the steady conditions phase, the COD 
removal gradually increases from 64 to 85% with an aver-
age of 73%. Concerning the degradability index, it varies 

Table 7  COD removal, 
specific methane production, 
specific biogas production and 
degradation index

a COD, r: removal COD

Period (days) COD removal SMPa SMP SBP Dindex

% NLCH4
kg−1

COD,r
NLCH4

kg−1
COD

NLbiogas  kgCOD−1

1–28 51 – – – –
29–42 49 – 182.69 281.07 –
43–53 64 59.64 37.79 58.13 0.20
54–63 68 58.59 40.10 61.68 0.22
64–68 75 40.65 30.32 46.65 0.16
69–72 74 58.50 43.48 66.89 0.23
73–112 79 69.06 52.60 82.74 0.28
113–130 84.3 179.40 151.00 232.31 0.81
Steady conditions 46–130 73 87.54 68.21 104.93 0.37





acetogenesis reactions. Indeed, under ideal digestion condi-
tions, AGV production rates are compensated for by the rates 
of consumption and thus there is no accumulation of AGV. 
Nevertheless, certain conditions can cause imbalances: an 
organic overload, the presence of organic or inorganic tox-
ins, or temperature fluctuations [22].

The ammonium concentration (A) decreases during the 
start-up phase from 511 to 314 mg  L−1, and stabilises dur-
ing the steady-conditions phase with an average value of 
310.45 mg  L−1. The VFA (A) increases during the start-
up phase from 1980 to 5270 mg  L−1, and stabilises during 
the following phase with an average value of 4279.00 mg 
 L−1. Sludge was added in the digester between days 55 and 
65, we note that the VFA decreases from 4310 to 3230 mg 
 L−1. Thus, the addition of sludge has the effect of reducing 
the VFA concentration. The VFA and ammonium concen-
trations stabilised over the period 46–112 days. However, 
when we increase the OLR from 1.88 to 2.26  gCOD  L−1 day−1 

(113–125 days), we note an increase in VFA concentration 
from 4570 to 7260 mg  L−1 and a decrease in ammonium 
concentration from 298 to 217 mg  L−1. This may lead to 
inhibitions of digestion, we stop the increase of the OLR 
until these concentrations stabilise. Despite the increase in 
the VFA concentration and the decrease in the ammonium 
concentration, the biogas production increases significantly 
over this period, from 73.67 to 285.29  NLbiogas  kgCOD

−1. We 
conclude that these concentration variations do not lead to 
inhibitions of the process, but on the contrary, favour the 
production of biogas. However, inhibitions may occur if the 
VFA concentration continues to increase and ammonium to 
decrease. Indeed the acclimation of the microorganisms and 
the selection of the populations makes it possible to have a 
better resistance to the high contents of AGV for a stability 
of the processes [22]. Compared to literature, the VFA was 
between 3570 and 7850 mg  L−1 in the case of the digestion 
of vinasse [11].

The alkalinity (B) globally increase over the test period. 
It varies between 5594 to 7691 mgCaCO3

L−1 . The VFA/Alk
ratio (B) varies from 0.49 to 0.87 with an average value
of 0.65 over the period 46–72 days. Then, it varies from
0.56 to 0.65 with an average value of 0.59 over the period
73–112  days. Next, the ratio increases over the period
113–130 with the augmentation of the OLR, the ratio varies
from 0.65 to 0.87 with an average value of 0.73. The mini-
mum value follows the addition of sludge from day 54 to
63. The VFA/Alk ratio above 0.8 may inhibit methanogenic
archaea, of 0.3–0.4 indicates an unstable system, and a ratio
of 0.1–0.2 is appropriate [12, 23]. Compared to the ranges of
literature, we have an unstable system. However, the digester
is only started for 130 days and the ratio decreases so we
could be in appropriate conditions.

The anaerobic digestion process occurs in the pH range 
of 6.0 to 8.3 [24]. Most methanogens have an optimal pH 

Table 9  Maximum, minimum and average values of physico-chemi-
cal analysis of the effluent during the start-up period

Parameters Units Start-up: 0 to 45 days

Min Max Average

Ammonium mg L−1 314 511 425.4
VFA mg L−1 1980 5270 3751.8
Alkalinity mgCaCO3

L−1 5594.4 5947.2 5770.8
VFA/Alk – – – –
pH – 7.10 7.50 7.32
COD g L−1 7.66 17.90 14.38
COD removal % 36.25 62.65 50.96
TS % 1.69 2.18 1.96
VS % 0.48 0.80 0.64
VS/TS – 0.25 0.37 0.32

Table 10  Maximum, minimum 
and average values of physico-
chemical analysis of the effluent 
at different OLR

a Average value

Parameters Units 46–72 days 73–112 days 113–130 days

1.51  gCOD  L−1 day−1 1.88  gCOD  L−1 day−1 2.26  gCOD  L−1 day−1

Min Max Aa Min Max Aa Min Max Aa

Ammonium mg L−1 297 380 325.6 284 313 297.6 217.0 298 260.0
VFA mg L−1 3230 5570 4037 3890 4350 4108 4510 6290 5123
Alkalinity mgCaCO3.L−1 5645 6653 6300 6602 7691 6931 6854 7268 6996
VFA/Alk – 0.49 0.87 0.65 0.56 0.65 0.59 0.65 0.87 0.73
pH – 7.35 7.51 7.46 7.40 7.59 7.54 7.46 7.60 7.53
COD g L−1 14.9 18.7 16.9 16.0 21.2 17.8 16.8 19.5 17.9
Total COD removal % 62.5 76.5 68.5 71.3 82.3 78.8 82.7 85.0 84.3
TS % 2.25 2.34 2.29 2.42 2.53 2.47 2.51 3.01 2.79
VS % 0.75 0.98 0.88 0.89 0.96 0.93 0.82 1.19 1.05
VS/TS – 0.33 0.42 0.38 0.37 0.38 0.38 0.33 0.43 0.38



 

between 7 and 8 while acid-forming bacteria often have a 
lower optimum [24]. The pH (Fig. 5c) of the influents were 
7.57 for the sludge and 4.84 for the vinasse. Then, the pH of 
the medium varies between 7.10 and 7.50 during the start-up 
phase with an average of 7.31. It varies between 7.35 and 
7.60 during the next phase with an average of 7.49. Accord-
ing to the graphic, we see that the pH stabilises during the 
steady conditions phase. The pH remains stable over the 
period 113–130 days despite the increase in VFA concentra-
tion during this period. Thus, the alkalinity of the digestion 
medium is sufficiently important to guarantee the stability of 
the pH. In most digesters, a neutral condition, as indicated 
by an average pH of 6.8–7.2, is considered normal [23].

Concerning the COD concentration (C), the initial con-
centration of COD is 14.28 g  L−1. During the start-up phase, 
small amount of vinasse was added, thus, the concentration 
of COD in the pilot is mainly brought by the sludge. As 
in the BMP tests, the maximum methane production of the 
blanks assays (sludge only) is reached in 43 days, we make 
the assumption that the COD of the sludge is fully consumed 
after 45 days (steady conditions phase). It slowly decreases 
between days 1 and 17 from 14.28 to 8.95 g  L−1. Then, the 
COD concentration globally increases during the rest of 
the test from 8.95 to 19.5 g  L−1 with a maximum value of 
21.20 g  L−1 at day 73. We deduce from this outcomes that 
the vinasse has a recalcitrant COD which will accumulate 
in the digestion medium, unlike the sludge. However, this 
accumulation of organic matter does not seem to affect the 
production of biogas since it increases over the test period.

In terms of the variation of TS and VS (D), both increase 
during the assay period. The TS of the samples varies from 
1.69% (day 5) to 3.01% (day 125) and the VS from 0.52 to 
1.18% (day 125). The averages of TS and VS during start-
up phase are respectively 1.96% and 0.64%, and during the 
steady conditions phase are 2.45% and 0.92%. The ratio VS/
TS (E) ranges from 0.25 to 0.42 with an average of 0.32 for 
the start-up period and ranges from 0.31 to 0.43 with an 
average of 0.38 for the steady conditions period. The TS and 
the VS increase on the period 113–130 days, respectively 
from 2.51 to 3.01% and 0.82 to 1.19%, and the VS/TS ratio 
remains constant. As previously said, it is the period with the 
maximum biogas production, which means that this augmen-
tation of TS is due to the micro-organisms growth. Measures 
of biological oxygen demand could confirm this hypothesis.

As we see on the graphic (Fig. 5a), the VFA and ammo-
nium concentrations do not stabilise on the last period. 
Therefore, we need to continue the test until the stabilisa-
tion of these parameters.

Perspectives

In this work we obtained the results (biogas production and 
physicochemical analysis) in the case of mono-digestion of 

vinasse without any pre-treatment and with constant stirring. 
Thus, we have data on the physicochemical properties of the 
digestion medium with the biogas yields. We now have a 
working pilot. We can vary a selectable parameter to assess 
its impact on yields and properties of the digestion medium. 
Thereafter, we will continue the increase of the OLR up to 
a value of 3  gVS  L−1 day−1 as did the authors cited in this 
article during their pilot studies. The broader perspectives 
will be to study a pre-treatment of vinasse to improve the 
biogas yields obtained without diluting the vinasse. The 
major interest is to limit water consumption in anaerobic 
digestion plants. In addition, a study will also be performed 
on different modes of agitation including intermittent agita-
tion and the variation of the stirring intensity.

Conclusion

The study showed that the first-order kinetic and the modi-
fied Gompertz model fit well with the BMP test curves with 
a correlation coefficients respectively upper to 0.98 and 
0.97. Concerning the I/S ratio, the outcomes demonstrated 
that a ratio in terms of VSs lower than 1 (0.9, 0.7 and 0.6 
ratios) gives the maximum methane yield with a value of 
185.59 NLCH4

kg−1
COD

 (I/S ratio of 0.7). Moreover, we retain
a value of 0.29 days−1 for the kinetic constant of the sugar-
cane vinasse. This parameter is useful for the modelling of 
the anaerobic digestion process based on reactions kinetics.

In the present study, the biogas production and physico-
chemical analysis are given for the pilot test over a period 
of 130 days. The results showed that the start-up period 
with vinasse sludge from the same distillery as the vinasse, 
lasted 45 days. Then the physicochemical parameters and the 
biogas production were stabilised for each OLR. That said, 
although the physicochemical parameters have stabilised, the 
production of biogas continues to increase. Indeed, with the 
increase of the pilot’s age, the biogas yield improves. The 
BMP of the vinasse was 185.59 NLCH4

kg−1
COD

 and the average
specific biogas production of the last period (OLR of 2.26 
 gCOD  L−1 day−1) of the test was 151.00 NLCH4

kg−1
COD

 (232.31
 NLbiogas  kgCOD

−1), which gave a degradability index of 0.81. 
The maximum COD removal is 84.3%, it was obtained during 
the steady-conditions phase (OLR of 2.26  gCOD  L−1 day−1). 
We emphasise that the experimental results show that biogas 
production can be optimised by varying the OLR. It would 
have been interesting to be able to compare the biogas yields 
with different pilot start-up strategies, notably by increasing 
the OLR more or less quickly in order to study the impact of 
the pilot’s loading rise in the start-up phase.

As the biogas yield gradually increased in pilot test, 
the OLR will be further increased progressively in future 
studies; in order to avoid inhibitions. The objective is the 
creation of a database for mesophilic mono-digestion of raw 



vinasse. The next step will be to test different mixing condi-
tions and pre-treatment on vinasse.

Acknowledgements This work was supported by the Region Reunion 
(France) as part of the funding of a Research Thesis in the PIMENT 
(Physics and Mathematical Engineering for Energy, Environment and 
Building) Laboratory at the University of Reunion Island.

References

1. Bastide, G.: Fiche technique-méthanisation. Service Prévention et 
Gestion des Déchets Direction Consommation Durable et Déchets, 
ADEME Angers (2015)

2. Farinet, J.-L.: La méthanisation à la Réunion. Compte rendu de
mission du 15 au 23 septembre 2010: perspectives et enjeux de
recherche. Appui technique au programme PILMO (2010)

3. Chowdhury, Z.Z., Hamid, S.B.A.: Preparation and characteri-
zation of nanocrystalline cellulose using ultrasonication com-
bined with a microwave-assisted pretreatment process. Biore-
sources 11:3397–3415 (2016). https ://doi.org/10.15376 /biore 
s.11.2.3397-3415

4. Chowdhury, Z.Z., Chandran, R.R.R., Jahan, A., Khalid, K., Rah-
man, M.M., Al-Amin, M., Akbarzadeh, O., Badruddin, I.A.,
Khan, T.M.Y., Kamangar, S., Hamizi, N.A.B., Wahab, Y.A.,
Johan, R.B., Adebisi, G.A.: Extraction of cellulose nano-whisk-
ers using ionic liquid-assisted ultra-sonication: optimization and
mathematical modelling using Box-Behnken design. Symmetry
11, 1148 (2019). https ://doi.org/10.3390/sym11 09114 8

5. Abd Hamid, S.B., Chowdhury, Z.Z., Karim, Md.Z., Ali, Md.E.:
Catalytic isolation and physicochemical properties of nanocrys-
talline cellulose (NCC) using HCl–FeCl3 system combined with
ultrasonication. Bioresources 11:3840–3855 (2016). https ://doi.
org/10.15376 /biore s.11.2.3840-3855

6. Ramos-Vaquerizo, F., Cruz-Salomón, A., Ríos-Valdovinos, E.,
Pola-Albores, F., Lagunas-Rivera, S.: Anaerobic treatment of
vinasse from sugarcane ethanol production in expanded granular
sludge bed bioreactor. J. Chem. Eng. Process Technol. 9, 3 (2018).

7. Cruz-Salomón, A., Ríos-Valdovinos, E, Pola-Albores, F., Meza-
Gordillo, R., Lagunas-Rivera, S., Ruíz-Valdiviezo, V.M.: Anaer-
obic treatment of agro-industrial wastewaters for COD removal
in expanded granular sludge bed bioreactor. Biofuel Res. J
4:715–720 (2017). https ://doi.org/10.18331 /BRJ20 17.4.4.3

8. Holliger, C., Alves, M., Andrade, D., Angelidaki, I., Ast-
als, S., Baier, U., Bougrier, C., Buffiere, P., Carballa, M., de
Wilde, V., Ebertseder, F., Fernandez, B., Ficara, E., Fotidis,
I., Frigon, J.-C., de Laclos, H.F., Ghasimi, D.S.M., Hack, G.,
Hartel, M., Heerenklage, J., Horvath, I.S., Jenicek, P., Koch,
K., Krautwald, J., Lizasoain, J., Liu, J., Mosberger, L., Nistor,
M., Oechsner, H., Oliveira, J.V., Paterson, M., Pauss, A., Pom-
mier, S., Porqueddu, I., Raposo, F., Ribeiro, T., Rusch Pfund,
F., Stromberg, S., Torrijos, M., van Eekert, M., van Lier, J.,
Wedwitschka, H., Wierinck, I.: Towards a standardization of
biomethane potential tests. Water Sci. Technol. 74, 2515–2522
(2016). https ://doi.org/10.2166/wst.2016.336

9. Janke, L., Leite, A.F., Nikolausz, M., Radetski, C.M., Nelles,
M., Stinner, W.: Comparison of start-up strategies and pro-
cess performance during semi-continuous anaerobic diges-
tion of sugarcane filter cake co-digested with bagasse. Waste
Manag. 48, 199–208 (2016). https ://doi.org/10.1016/j.wasma
n.2015.11.007

 10. Budiyono, B., Syaichurrozi, I., Sumardiono, S.: Effect of total
solid content to biogas production rate from vinasse. Int. J. Eng.
(2014). https ://doi.org/10.5829/idosi .ije.2014.27.02b.02

 11. Moraes, B.S., Triolo, J.M., Lecona, V.P., Zaiat, M., Sommer, S.G.: 
Biogas production within the bioethanol production chain: use of
co-substrates for anaerobic digestion of sugar beet vinasse. Biore-
sour. Technol. 190, 227–234 (2015). https ://doi.org/10.1016/j.
biort ech.2015.04.089

 12. de Barros, V.G., Duda, R.M., de Oliveira, R.A.: Biomethane pro-
duction from vinasse in upflow anaerobic sludge blanket reactors 
inoculated with granular sludge. Braz. J. Microbiol. 47, 628–639
(2016). https ://doi.org/10.1016/j.bjm.2016.04.021

 13. López González, L.M., Pereda Reyes, I., Romero Romero, O.:
Anaerobic co-digestion of sugarcane press mud with vinasse on
methane yield. Waste Manag. 68, 139–145 (2017). https ://doi.
org/10.1016/j.wasma n.2017.07.016

 14. Caillet, H., Lebon, E., Akinlabi, E., Madyira, D., Adelard, L.:
Influence of inoculum to substrate ratio on methane production
in Biochemical Methane Potential (BMP) tests of sugarcane dis-
tillery waste water. Procedia Manuf. 35, 259–264 (2019). https ://
doi.org/10.1016/j.promf g.2019.05.037

 15. Kim, H.-W., Han, S.-K., Shin, H.-S.: The optimisation of food
waste addition as a co-substrate in anaerobic digestion of sewage
sludge. Waste Manag. Res. 21, 515–526 (2003)

 16. Llabres-Luengo, P., Mata-Alvarez, J.: Kinetic study of the anaero-
bic digestion straw-pig manure mixtures. Biomass 14, 129–142
(1987)

 17. Nielfa, A., Cano, R., Fdz-Polanco, M.: Theoretical methane pro-
duction generated by the co-digestion of organic fraction munici-
pal solid waste and biological sludge. Biotechnol. Rep. 5, 14–21
(2015). https ://doi.org/10.1016/j.btre.2014.10.005

 18. Lay, J.-J., Li, Y.-Y., Noike, T.: Influences of pH and moisture con-
tent on the methane production in high-solids sludge digestion.
Water Res. 31, 1518–1524 (1997)

 19. Vavilin, V.A., Angelidaki, I.: Anaerobic degradation of solid mate-
rial: importance of initiation centers for methanogenesis, mix-
ing intensity, and 2D distributed model. Biotechnol. Bioeng. 89,
113–122 (2005). https ://doi.org/10.1002/bit.20323 

 20. Jiménez, A.M., Borja, R., Martı́n A.: Aerobic–anaerobic bio-
degradation of beet molasses alcoholic fermentation wastewater.
Process Biochem. 38, 1275–1284 (2003). https ://doi.org/10.1016/
S0032 -9592(02)00325 -4

 21. Iqbal Syaichurrozi, B., Sumardiono, S.: Kinetic model of biogas
yield production from vinasse at various initial pH: comparison
between modified Gompertz model and first order kinetic model. 
Res. J. Appl. Sci. Eng. Technol. 7:2798–2805 (2014). https ://doi.
org/10.19026 /rjase t.7.602

 22. Bollon, J.: Etude des mécanismes physiques et de leur influence
sur la cinétique de méthanisation en voie sèche: essais expérimen-
taux et modélisation (2012). https ://www.these s.fr/2012I SAL00 
11. Accessed 10 Feb 2017

 23. Zhao, H.: Analysis of the performance of an anaerobic diges-
tion system at the Regina Wastewater Treatment Plant. Biore-
sour. Technol. 95, 301–307 (2004). https ://doi.org/10.1016/j.biort
ech.2004.02.023

 24. Angelidaki, I., Ahring, B.K.: Anaerobic thermophilic digestion of 
manure at different ammonia loads: effect of temperature. Water
Res. 28, 727–731 (1994)




