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Abstract— The first part of this work is focused on the determination of the Biochemical Methane Potential (BMP) of a wide range of 
substrates that are largely available in Madagascar in order to determine the amount of methane (CH4) that could be produced from their 
treatment (by monodigestion and by co-digestion) in an anaerobic reactor. Then a simple and easy technique to determine the CH4 
content of biogas is presented in the second part. The experiments from BMP tests from the treated substrates showed results between 
108mL.CH4/g.VS and 399mL.CH4/g.VS in monodigestion and a highest methane production increase of 22.13% was observed from co-
digestion of mixture of substrates compared to the sum of BMP that can be obtained from each substrate constituting the mixture. The 
comparison of results from the syringe method used in this work to determine the CH4 of the biogas and the results from gas 
chromatography analyzer shows good accuracy with values of R² higher than 0.84. This simple technique can be applied at any case gas 
chromatography analyzer is not available. 

Keywords— Keywords: Biochemical Methane Potential (BMP), biogas, Co-digestion, coefficient of determination R², Syringe method.   

——————————      —————————— 

1 INTRODUCTION                                                                     
ccording to a study commissioned by the Antananarivo 
City Development Office included in one of Gevalor's 
projects [1], the daily amount of household waste to be 

collected was estimated at 665 tons for the Urban Municipality 
of Antananarivo in 2005, of which 62% is biodegradable or-
ganic waste. The majority of this waste, generally landfilled 
without control, consists of agricultural waste (vegetable and 
fruit waste from major markets) but also household and live-
stock waste. In suburban areas, cow dung is abundant and 
available for free all year, but it is only used as fertilizer for 
agriculture [2]. On the other hand, the invasion of water hya-
cinth clogs the flow into several sewage channels of the city 
[3]. Apart from the landfilling of these solid wastes, neither 
treatment nor energy recovery system are yet available to 
manage them. Pollution of water, air and soil as well as related 
visual and olfactory nuisances represent health risks for urban 
dwellers [4–7]. In addition, the higher water content and rapid 
biodegradability of the abovementioned green wastes result in 
high leachate production related to their eventual landfilling 
and other problems associated with their eventual incineration 
[8].  

These solid wastes represent considerable energy resources 
if they undergo biological treatments such as anaerobic diges-
tion which is not only one of the best ways to treat various 
types of organic waste, be it liquid or solid waste but also con-
tributes greatly in reducing environmental pollution. Moreo-
ver, biogas resulting from anaerobic treatment of biodegrada-
ble organic waste can be valorized and used as a source of 
green energy and can be an alternative source of energy to 
replace fossil fuel [9–12]. It is worth noting that anaerobic di-
gestion has taken an important place in the research field in 
recent decades. Anaerobic co-digestion which is the simulta-

neous digestion of two or more organic wastes in the same 
reactor became more and more attractive these last decades 
due to its numerous advantages including, for example, me-
thane production improvement, substrate biodegradability, 
and stability of the anaerobic digestion process [13,14].  

The characteristics of agricultural wastes, in particular fruit 
and vegetables, having higher content of volatile solid (VS) 
and lower total solid (TS) value, facilitate their hydrolysis and 
promote large accumulation of acid within the digester, result-
ing in the inhibition of the phase methanogenesis [15,16]. Sev-
eral authors [17–19] recommended the co-digestion of these 
agricultural wastes with other types of substrates to improve 
the performance of the anaerobic digestion process.  

In this study, we focused on the anaerobic treatment of 10 
types of substrates which are widely available in the City of 
Antananarivo, Madagascar. Thus, the first part of this work 
concerns the anaerobic treatment of these organic wastes in 
order to determine their BMPs and the advantages of their co-
digestion while the second part consists of the use of a simple, 
rapid and low-cost technique to determine the CH4 content of 
a biogas. 

2 MATERIALS AND METHODS 
2.1 Substrates 
10 types of waste were used as substrates for the anaerobic 
treatment in this study: cow dung, carrot, potato, tomato, 
green cabbage, banana (peel, pulp and whole banana), and 
water hyacinth (roots and leaves). Before BMP experiments, 
each substrate was chopped and milled into small particle size 
using a laboratory mill, then mixed and stored at -20°C before 
use. Thereafter, the samples were characterized by determin-
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ing their total solids (TS) and volatile solids (VS) concentration 
respectively at 105°C and at 550°C. 

2.2 BMP Test 
The BMP Test protocol was based on the adaptation of dif-

ferent methods [20–22]. A known amount of organic matter 
and inoculum taken from the effluents from a sugar refinery 
were introduced in a plasma bottle of 500mL of volume. The 
content of the bottle were then flushed with N2 to remove the 
oxygen and immediately closed. Once closed, the bottle was 
placed in an agitator for homogenization of its content under 
mesophilic condition (35±1°C). Another bottle containing only 
inoculum and another bottle containing microcrystalline cellu-
lose were also placed with the other bottles to respectively 
measure the amount of methane that can be produced by en-
dogenous respiration and to allow validation of the gas meas-
urement procedure. Each batch anaerobic test was carried out 
in triplicate. 

The BMP was evaluated by determining the amount of me-
thane that can be produced by each substrate until degrada-
tion, usually after 30 days [23]. Gas chromatograph analyzer 
(Perkin Elmer Clarus 480) and a manometric method using a 
Mano2000 LEO2 KELLER were respectively used to determine 
the biogas composition and to measure the amount of biogas 
produced from each bottle. The pressure data from manome-
ter were subsequently converted to biogas volume according 
to the ideal gas law: 

      (1) 

In which P, V, T and n are respectively the pressure (Pa), the 
volume (m3), the temperature (K) and the mole number of 
biogas (mol) while R denotes the constant of the ideal gases 
(8.3145J/mol.K). 
  

2.3 Anaerobic reactors for Co-digestion  
Co-digestion experiments were performed in double-walled 
glass reactors of 6 L effective volume. Each reactor was kept at 
mesophilic condition using a thermostat bath. Agitation of 
each reactor was done using magnetic stirring system and the 
volume of biogas production from each reactor was measured 
online by a Milligascounter flow meter MGC-1 V3.1 PMMA 
which is connected to a computer for data collection. 

2.4 Method for estimating the instantaneous amount of 
produced biogas 

Several methods enable to estimate the instantaneous amount 
of produced biogas during the anaerobic degradation of an 
organic matter. The simplest model, given by equation (2) and 
developed by Boshoff [24], was used in this work. 

      (2) 
Where yt (mL) is the amount of biogas at the time t (d) while 
ym (mL) represents the total amount of biogas that can be 
produced and k is the biogas production rate constant (day-1). 
Method for estimating the instantaneous amount of produced 
biogas 
2.5 Syringe method for assessing the CH4 content of 

biogas 
A simple and low cost technique which has already been de-

veloped by Bassard et al., [25] and is based on the works of 
Harris, Mittweg et al., Rao and Baral and Raposo et al., [26–29] 
is used in this study to determine the CH4 content of a biogas. 
This technique focuses on the reaction of a strong solution of 
NaOH with biogas CO2. More precisely, it consists in captur-
ing the amount of CO2 of a biogas sample by a solution of 3M 
NaOH according to the following chemical reaction. 

  (3) 
500mL of flask, butyl rubber stopper, syringe of 10mL and 3M 
NaoH solution were used in this technique.  
The first step of this technique consists of sampling a biogas 
from an anaerobic reactor using a syringe of 10mL. The vol-
ume of biogas inside the syringe is the noted at the level of its 
piston. The biogas sample is then injected into the flask con-
taining the NaOH solution and the syringe is removed before 
vigorously shaking the content of the flask during about 30s to 
capture the biogas CO2. The syringe is then reconnected by its 
needle to the flask bottle and the non-CO2 of the biogas push-
es the piston of the syringe up. Once again, the level of the 
piston is noted as it corresponds approximately to the volume 
of the CH4 of the biogas sample. All the operation was done at 
ambient temperature. 

3 RESULTS AND DISCUSSION 
3.1 Characteristics and BMP of substrates 
The substrates investigated in this work are in general green 
and vegetable wastes. Solid content (TS (%), VS (%) and TS/VS 
(%)), average CH4 content of the biogas, and the BMP 
(mL.CH4/g.VS) of each substrate compared to BMPs from oth-
er sources are given in Table 1. The average VS/TS for all the 
10 substrates in this study is 89.8%. The lowest BMP was that 
of water hyacinth roots with 108mL.CH4/g.VS while the high-
est was observed from the whole banana yielding 399 
mL.CH4/g.VS. 
Cow dung is one of the most studied organic matters in terms 
of anaerobic treatment. Its BMP is widely different from one 
study to another. Cow dung from literature [30–33] was be-
tween 21.7 and 242.7 mL.CH4 while 172mL.CH4/g.VS was ob-
served in this study. BMPs respectively were 355, 359, 380, and 
325mL.CH4/g.VS for carrots, tomato, potato and cabbage. 
These results are quite similar to the average BMP from the 
other studies as referenced in Table1. From water hyacinth 
roots and leaves, BMPs respectively were 108 and 
240mL.CH4/g.VS. Results from other previous studies show 
BMP between 143 to 320mL.CH4/g.VS (non-separated water 
hyacinth). 
The BMPs for banana pulp, banana peel and whole banana 
obtained in this study respectively were 322, 340 and 
399mL.CH4/g.VS. Pisutpaisal [34] found a BMP of 
77mL.CH4/g.VS  for banana peel while a maximum of 
331mL.CH4/g.VS was observed by Sanjaya  [35].
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Table 1. Characteristics of substrates (TS, VS, TS/VS and BMP profile) 

 
 
 

Substrate TS 
(%) 

VS 
(%) 

VS/TS 
(%) 

CH4 
(%) 

BMP from this work 
(mL.CH4/g.VS) 

CH4 yield (mL.CH4/g of 
raw material) 

BMP from literature 
(mL.CH4/g.VS) References 

Cow dung 15.9 14.5 91.2 66.3 172 24.9 21.7, 150, 51, 242.7 [30], [31], [32], [33] 

Carrots 12.6 11.3 89.7 63.2 355 40.1 388, 309, 319 [36], [37], [38] 

Tomato 4.7 4.1 87.2 64.3 359 14.7 277, 347, 387 [39], [37], [38] 

Potato 19.2 18.9 98.4 63.9 380 71.8 334.5, 267, 390, 322 [33], [40], [36], [38] 

Green cabbage 7.9 7.1 89.9 63.7 325 23.1 305, 277, 347, 256.5 [37], [41], [38],[33] 

Water hya-
cinth 

Roots 4.3 3.7 86.0 62.9 108 4.0 
267, 190-320, 193-143, 185 [42], [43], [44], [18] 

Leaves 5.5 4.6 83.6 62.6 240 11.0 

Banana 

Pulp 21.3 20.5 96.2 60.6 322 66.0 

289a, 268-331b, 77b, 361a, 342b [36], [45], [34], [37], [35] Peel 8.5 7.2 84.7 61.9 340 24.5 

Whole 16.5 15.4 93.3 60.5 399 61.4 IJSER
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3.2 BMP curves 
Biogas production curves can have different shapes depending 
on the nature and characteristics of the organic substrates. 
Figure 1 shows ten methane production curves from the an-
aerobic treatment of the ten substrates in this work during 30, 
40 and 45 days of BMP test in monodigestion. The evolution of 
methane that can be obtained from easily-degradable sub-
strates (respectively banana pulp, whole banana, banana peel, 
carrot, tomato, green cabbage, water hyacinth leaves and pota-
to) is depicted in Figure 1A, 1B, 1C, 1E, 1F, 1G, 1I and 1J while 

the others (1D and 1H) depict the methane yield from cow 
dung and water hyacinth roots which are slowly-degradable 
substrates. Comparison of the observed result and the model 
from the equation (2) was made for each data. We can assert 
from Figure 1 that theoretical curves roughly fit the experi-
mental ones for each BMP test. The difference that is generally 
observed between these curves mostly during the first twenty 
days can be explained by the insufficiency of the opted model 
parameters in equation (2) as well as the lack of knowledge of 
the constituent fractions of each tested substrate. 

 

 
 
 

Figure 1. Comparison between experimental and theoretical curves of the cumulative methane volume of some substrates 
 

3.3 Co-digestion of substrates 
Characteristics of the substrates mixtures Mj, (j=1,…,5) with 
their respective proportion ((%) per g.VS/L) are shown in Ta-
ble 2. Results and comparison of methane potential test ob-
served from co-digestion of cow dung with other co-substrates 
are shown in Figure 2. Each BMP result obtained from each 
mixture of substrates was compared to the sum of the BMP 

(BMPsum) that can be obtained from each substrate constituting 
it. 

  (5) 
Where BMPk and VSk are respectively the BMP and the volatile 
solid content of the substrate k (k = cow dung, carrot, banana peel, 
green cabbage, potato, tomato, water hyacinth (roots, leaves)) 
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Table 2. Characteristics of the substrate mixtures 

Substrate mixtures 
Concentration 

(g.VS/L) Proportion (% per g.VS/L) 

 

Cow dung, carrot, banana peel, green 
cabbage, potato, tomato.  

1 
{16.7:16.7:16.7:16.7:16.7:16.7} 

 

Cow dung, carrot, banana peel, green 
cabbage, potato, tomato. 

1 
{25: 16.7: 16.7: 16.7: 16.7: 8.3} 

 

Cow dung, carrot, banana peel, green 
cabbage, potato. 

1 {33.3:16.7:16.7:16.7:16.7} 

 

Cow dung, carrot, water hyacinth 
roots. 1 

{33.3:33.3:33.3} 

 

Cow dung, water hyacinth leaves, 
water hyacinth roots, tomato. 

0.5 
{33.3:16.7:16.7: 33.3} 

 
The results of the co-digestion tests on these 5 mixtures of sub-
strates show the significant role of co-digestion for increasing the 
amount of produced biogas. Co-digesting cow dung (33.3%) with 
water hyacinth (leaves, 16.7% and roots 16.7%) and tomato 
(33.3%) in M5 allows to get the highest increase of methane pro-
duction of 22.13% (287mL.CH4/g.VS) compared to the sum of 
BMP from each substrate (235mL.CH4/g.VS) constituting M5 
while an increase of 5.66% of methane yield (224 mL.CH4/g.VS) 
was observed by treating cow dung and water hyacinth (leaves 

and roots) at the same proportion of 33.3% (per g.VS added) in 
M4. 

The increases of methane production when mixing cow dung 
with other co-substrates in M2 and M3 respectively were 8.67% 
and 3.82%. The mixture M1 containing the same proportion of 
cow dung, carrot, banana peel, green cabbage, potato and tomato 
shows no significant change in methane yield compared to the 
sum of methane that can be achieved from the sum of the BMPs 
from each of its substrates.  
 

 

Figure 2. Comparison of the BMP by co-digestion of some substrates and the sum of the BMP of each substrate constituting each mix-
ture Mi 

 
Evolution of the biogas production for the series of co-digestion of 
multiple substrates is shown in Figure 3 including a comparison 

with the theoretical biogas production using equation (2). Mixture 
M1, M2, M3 and M5 (figure 3A, 3B, 3C and 3E) show good rate of 
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biogas production during the first 100 hours of the experiment 
before reaching an asymptote. At that level, the biogas rate de-
creases slowly before being negligible at a certain time. 
Biogas production, for the M4 (Figure 3D), however still evolves 
but the operation stopped before the first 200 hours of experiment 

due a technical problem. Nevertheless, there is good agreement 
with both theoretical curves and the observed data for all the 5 co-
digestion experiments. 
 
 

Figure 3. Cumulative produced biogas volume from co-digestion of the considered substrates mixtures (A – M1, B – M2, C – M3, D – M4 
and E – M5). 
 
3.4 Results of biogas content analysis from syringe 

method 
Anaerobic treatment of organic waste produces biogas con-
sisting mainly of CH4 and CO2 with some traces of H2S and 
other elements. Several devices are available to determine 
the proportion of these biogas elements. The analysis on a 
gas chromatograph is the best known and the most used 
method as it allows obtaining results with very good accu-
racy. However, it has drawbacks mainly on its high cost 
and the duration of each analysis of gas sample. 
Measurement of methane content of the biogas using this 
syringe method was carried out on 4 reactors each treating 
only one substrate and, on a reactor, treating a mixture of 

substrates. Analysis of each biogas sample using this tech-
nique took less than 2 minutes while it took 5 minutes with 
the gas chromatography analyzer. The results from this 
method were validated by comparing them with those ob-
tained by chromatographic analysis of the same biogas 
samples [25]. The results presented in the figure 4 indicate 
that the method used has acceptable results with values of 
the coefficient of determination R2 greater than 0.84 for the 
two sets of data. It is worth noting that the 3M NaOH solu-
tion can be used several times up to a certain limit of its 
neutralization. 
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Figure 4. Comparison of the methane content of biogas respectively obtained from the syringe method and gas chromato-
graphic analysis (A – Banana pulp, B – Whole banana, C – Banana Peel, D – Cow dung, E – Co-digestion) 
 
4 CONCLUSION 
The BMP tests are a good way to assess the methane produc-
tion from the anaerobic treatment of organic wastes. Sub-
strates from this study give good potential in terms of bio-
methane production being between 107 and 399mL.CH4/g.VS. 
The co-digestion of multiple substrates together allows to in-
crease the methane production when compared to the sum of 
the methane that can be produced from each substrate in sin-
gle digestion.  The syringe method used in this work to dis-
criminate the CO2 of the biogas show acceptable results with 
values of R² around 0.9. This technique is very helpful and can 
be used without having a specific tool for biogas analysis. 
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