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ABSTRACT

Inthepresent study, anewly developed VMM (Volumetric M ethane-M easuring I nstrument) for labor atory
scaleanaer obicreactorsispresented. TheVM M| isareliable, inexpensive, easy to construct, easy to
use, corrosion resistant devicethat doesnot need maintenance, can measur eawideflow rangeof gasat
varying pressureand temper ature. Asper theresultsof theerror analysis, theaccuracy of theVMMI is
unilateral,i.e. -6.91%. Thecalibration of VMMI wasinvestigated and alinear variation wasfound;
hence, in situ calibration isrecommended for thistypeof instrument. Asper chromatographicanalysis,
it absorbsalmost 100% of the carbon dioxide present in thebiogas, resultsonly themethane, and thus
eliminatestheneed of cost intensive composition analysisof biogasthrough gaschromatogr aph.
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1. INTRODUCTION

he increasing cost of fossil fuels and increased

pollution due to their combustion, the anaerobic

digestion processes are attending an increasing
interest in industry and government regarding the waste
treatmentsin many countries worldwide. It is because of
their capability to produce renewable energy, appropriate
management of different types of organic wastes and
recycling of important nutrients back to the soil [1-4]. In
order to know the maximum methane potential, various
organic materials are an aerobically degraded in the
laboratory scale anaerobic reactors [5]. Anaerobic
digestion of the put rescible organic material produces
biogas, which is mainly a mixture of methane (55-75%)
and carbon dioxide (30-45%), a ong with smaller quantities
of the other gasesincluding hydrogen, hydrogen sulfide,
nitrogen, oxygen, and carbon monoxide [6-7].

For controlling and monitoring the laboratory scale
anaerobic reactors, the pH of the substrate and volume of
the biogas are most important variabl es. The measurement
of pH is an easy task in comparison to the accurate
volumetric measurement of gas[1]. The most significant
features affecting the accuracy and sensitivity of
volumetric measurement of biogasaretheerrors, generated
due to the variation of temperature, pressure, vapor
content, and solubility of carbon dioxide[8]. Variousbiogas
meters have been discussed in the literature, and define
that the ideal biogas meter must be precise, inexpensive,
capable of automatic measurement, corrosion resistant,
need slight or no maintenance, and can measure a wide
range gasflow at varying pressure and temperature[9-12].
The most widely measurement systems used for the
quantification of biogas for laboratory scale reactors is
the volumetric gas measurement system, based on the
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liquid displacement method [13]. It usually uses water or
brine as the working substance. Use of water or brine
absorb some quantity of carbon dioxide and thus generates
the error in the volumetric measurement of the biogas.
Moreover, ahigher proportion of the carbon dioxideinthe
biogas, dissolved readily into the substrate and resultsin
the decrease of the pH of the substrate, thus result in the
inhibition of the anaerobic digestion process[14].

In the anaerobic digestion process, the degradation of
organic matter isrepresentedin, either asthelossof volatile
solids[15] or asloss of chemical oxygen demand [16]. As
per mass balance analysis, the loss of volatile solids or
chemical oxygen demand is converted into the biogas.
Out of the main components of the biogas, methane is a
combustible gas, thus higher concentration of methane
representsahigher quality of biogas. After measuring the
quantity of the biogas, its composition wastested in agas
analyzer, usually by gas chromatography [17-18], asitis
the best analytical technique for analyzing the different
components of the biogas [19]. The composition of the
biogas throughout the digestion period does not remain
constant, but it varies due to the unbalance of the
acidogenic and methanogenic stages of the degradation
of organic matter [20], thusanalysis of biogasisrequired
frequently. Moreover, the gas chromatography isthe cost
intensive process.

Keepingin view the af orementioned problemsthisresearch
paper isaimed to present anew VMMI for measuring the
methane produced from the laboratory scale anaerobic
reactor. Moreover, the developed VMMI was also tested
experimentally, to measure the quantity and quality of
methane produced from the degradation of organic matter
in a5-liter CSTR anaerobic reactor treating buffalo dung
and crop residue.

2. METHODOLOGY

21 Design of VMMI

The most popular method for measurement of the biogas
generated through the anaerobic digestion is based on
the principle of liquid displacement [10,21]. For the

measurement of thelow volumes of the gas, the substitute
to liquid displacement is the use of manometric methods
[22-23]. In this research work a new gas meter was
developed, whichisbased on both theliquid displacement
and manometric methods as showninFig. 1. It consists of
two concentric shells made of clear acrylic tubing. The
inner shell was opened by both ends, whilethe outer shell
was closed by both ends through clear acrylic cover
sheets. The top cover sheet contains two ball valves for
theinlet and exit of gas. Theinternal diameter of theinner
shell was 4.0 cm. Unlike the gas meters reported in the
literature[11,12,24-25], VMM I doesnot contain any moving
parts. Anaerobic degradation of the organic material
produces biogas, which ismainly consist of methane and
carbon dioxide. The percentage of these gases does not
only vary with the type of organic material, but also
fluctuate throughout the period of digestion. If only the
quantification of the methaneisrequired, then an alkaline
solution can be used to absorb carbon dioxide [ 23, 26]. In
order to measure the volume of only methane through the
VMMI, the acidic carbon dioxide was absorbed through
an alkaline solution of sodium hydroxide (NaOH) [27].

The working principle of the VMMI is based on the
difference of level of alkaline solution between the inner
and outer shells. When the biogas entersinto VMMI, the
carbon dioxidewill be absorbed into the alkaline solution,
whilethe methanewill uplift the alkaline solutioninto the
inner shell. The volume of uplifted alkaline solution is
equal to thevolume of methane. Thevolume of themethane
trapped in the VMMI is to be discharged manually by
opening the exit valve, as it does not contain any siphon
or solenoid valve as reported in the literature [10,28].
However, it is capabl e to measure the volume of methane
at standard temperature (273.15K) and standard pressure
(101.325 kPa) by using Equation (1), whichwas modified
from the equation statesby Veiga, et. al. [29].

z o (h+Hy)[ 27315
VGing = d
4 101325 | (273.15+T)
h+H 132 1
P+M—O.l33xexp 20386 — 22 @
100x1000 (273.15+T)
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Where VG,  isthe volume of gas measured by VMMI at
standard temperature and pressure in mL; VG,  isthe
volume of gas measured by drum gas meter at standard
temperatureand pressurein mL; distheinternal diameter
of theinner shell incm; histheheight of theliquidininner
shell in cm; H, is the height of the liquid in outer shell
before discharge of the gasin cm; H, is the height of the
liquid in outer shell after discharge of thegasincm; T is
the temperature of laboratory in °C; Pisthe atmospheric
pressure in kPa; p is the density of liquid (1000 kg/m®),
and g is the acceleration due to gravity (9.81 m/s?).
Equation (1) not only contains the adjustment of the
standard temperature and volume but also the vapor
pressure of water, which was based on the modified Arden
Buck Equation [30].

Gas Inlet Value

FIG. 1. CROSS-SECTION OF DEVELOPED INSTRUMENT
(VMMI)

2.2  Experimental Setup

Thepictorial view of the experimental setup isshownin
Fig. 2. It contains an air blower, VMMI, and drum type
gasmeter (Ritter TG-05) in series. The VMMI wasfilled
with air through an air blower and after noting the data
required for calculating the volume of gas through
Equation (1), the air was discharged by first passing
through the drum type gas meter. The function of the
drum type gas meter in the experimental setup was the
counter measurement of gas. It containsthe gas pressure
scale and the thermometer. As per calibration certificate
of the manufacturer, the accuracy of the drum type gas
meter by using the air asthe calibration gaswas +0.16%.
The calculation of the gas by using the drum gas meter
was carried out by Equation (2).

P+P
27315 gas
i it (R -
Grym = 1000x|R¢ ~R {(273.15”)}{ 101.325 } @

Where VG

drum

is the volume of gas measure by drum gas
meter at standard temperature and pressureinmL; Riisthe
initial reading of thedrum gas meter inliters; R isthefinal
reading of thedrum gasmeter inliters; T isthetemperature
of laboratory in °C; P isthe atmospheric pressurein kPa;
and P is the pressure of gas measured through built in
pressure scale.

FIG. 2. PICTORIAL VIEW OF EXPERIMENTAL SETUP
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2.3  ErrorAnalysis

The measured values of gas as given in the Table 1 were
validated by estimating the three types of errors between
the gas measured by the drum gas meter (VG, ) and gas
measured by VMMI (VG, ). The errors include RMSE
(Root Mean Square Error), AAE (AverageAbsol ute Error)
and ABE (Average BiasError). The RM SE was estimated
by using Equation (3) [3], where n is the number of gas
measurement readings. The AAE was estimated by using
Equation (4), whereasthe ABE was cal culated by Equation
5 [31-32.

n e .. -G .
RMSE — \/ZI —1(\/ |nstl,q| drum,l)2 (3)
1 n VGdrum,i _VGinsI,i
AAE = FZi:l VG .. <100 @
inst,i
ABE :lzn VGdrum,i _VGinst,i %100 (5)
n&=i-1 VGing,

24  GasChromatographicAnalyss

In order to know the absorption performance of theVMMI,
it was connected to thelaboratory scale anaerobic digester
of 5-litter volume. The anaerobic reactor wastreating crop
residue and buffalo dung. The composition of the gas
was analyzed in the gas chromatograph (GC-2010 plus
SHIMADZU) withaTCD (Thermal Conductivity Detector)
and using thecapillary column (Rt-Q-BOND 30m, 0.53mm
ID, 20 mdf). A sampleof 500 L wascharged into thegas
chromatograph by using the gas tight micro syringe (500
R-GSG, SGE analytical science). The gas chromatograph
was set to inject mode by the split ratio of 18.0, whereas
the injection, column and detector temperatures were
adjusted at 250, 60 and 250°C, respectively. The nitrogen
was used as the carrier gas with the column flow of 8.60
mL.min,

3. RESULTSAND DISCUSSION

The data obtained for calculating the volumes of the gas
through the VMMI, and the corresponding volumes of
the gas measured through the drum type gas meter are
given in the Table 1. The laboratory temperature was in
therange of 28.5-30.5°C, the atmospheric pressurewasin
the range of 100.2-100.4 kPa, VG, _ was in the range of
156.4-459.4mL, whiletheVG,  wasintherangeof 142.6-
430.2 mL. The relation betweenthe VG, , and VG, is
shownin Fig. 3. The vaue of R2 revealsthat both VG,
and VG, . have the strong linear relationship with each
other. As per the result of the error analysis, the RMSE
was26.14 mL, whiletheAAE wasonly 6.91%. Referring to
thevalueof ABE, i.e. -6.91% it isrevealing that the VMMI
overestimates the measured volume of gasby 6.91%, which
is aso reflected from the linear relation between VGinst
and VGdrum asshowninFig. 3 (y=0.931x). The accuracy
of the Ritter Milli Gas Counter meter ishilateral, i.e. + 3%
[33], similarly the accuracy of the volumetric meter
developedby Liuetd. isasobilatera, i.e. + 3.3%[10]. On
the contrary, the VMMI has only unilateral accuracy of -
6.91%. The accuracy of the VMMI is lower than the
accuracy of the gas meters reported in the literature, but
as the VMMI generates unilateral error, thus its reading
can easily be corrected by subtracting the 6.9% from the
measured value.

Moreover, dueto the linear variation of measured gasfor
thistypeof instrument, in-situ calibration isrecommended.
The main reason of error in the VMMI is reading the
heights of inner and outer shells. The smallest measurable
heightin VMMI was0.1 cmfor both inner and outer shells.
Asper Walker, et. d. [21] thevolumetric gasmeter designs,
wheredisplaced water isweighed to determinethe volume
are the most versatile. However, in the weighted gas
meters, the displaced water isto berefilled again, whilein
caseof VMMI, thewater isto befilled onceand can bere-
utilized again after releasing the measured gas. The error
due to the measurement of the height of the shells can be
minimized, if asmaller deviation scaleisused, like0.01cm
or even less. However, for smaller deviations, thereading
of the scale becomes difficult.
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TABLE 1. GAS MEASUREMENT FROM DRUM GAS METER AND CORRESPONDING DATA FROM VMMI

No. h H, H, T P Ve | VG | no. h H, H, T P VG, | ve,,
(cm) (cm) (cm) 0 | kPa) | (m) [ (mL) (cm) (cm) (cm) (O | kPa) | (m) [ (m)

1 34.6 85 29 | 300 | 10035 | 41862 | 38480 | 51 306 8.0 29 285 | 10025 | 375.08 | 34331
2, 37.4 8.9 29 | 300 | 10035 | 45310 [ 41694 | 52, 285 | 78 29 285 | 100.25 | 350.77 | 322.69
3, 36.0 8.7 29 | 300 | 10022 | 43437 | 39768 | 53 273 | 77 29 285 | 100.25 | 336.93 | 316.41
4, 37.4 8.9 29 | 300 | 10035 | 45129 | 41784 | 54, 258 75 29 285 | 100.25 | 319.66 | 302.07
5, 33.2 8.4 29 | 300 | 10032 | 40228 | 37041 | 5. 317 82 29 285 | 100.25 | 387.89 | 364.82
6. 381 [ 90 29 | 300 | 10032 | 459.36 | 43021 | 6. 30.3 8.0 29 285 | 100.25 | 37161 | 345.10
7. 204 | 79 29 | 300 | 10032 | 35841 | 33203 | 57 258 75 29 285 | 100.25 | 319.66 | 302.97
8. 35.8 8.7 29 | 300 | 10032 | 43248 | 40968 | s8. 23 | 72 29 285 | 100.25 | 279.62 | 260.84
9, 284 7.8 29 | 300 | 10032 | 346,94 | 31864 | 0. 315 | 82 29 285 | 100.25 | 38557 | 35137
10. 319 8.2 29 | 300 | 10032 | 387.22 | 35345 | 60. 26.6 75 29 285 | 100.25 | 328.83 | 317.31
11 33.8 85 29 | 300 | 1002 | 40876 [ 38244 | 61 319 83 29 285 | 100.25 | 390.25 | 364.82
12, 37.3 8.9 29 | 300 | 10032 | 45000 | 41325 | 62. 305 | 80 29 285 | 10025 | 37392 | 338.82
13, 35.0 8.6 29 295 | 10032 | 424.36 | 39873 | 63 15.2 6.1 29 285 | 10025 | 199.21 | 188.24
14, 27.0 76 29 205 | 100.32 | 331.84 | 31470 [ 64, %55 | 75 29 285 | 10025 | 316.23 | 300.28
15, 24.4 7.3 29 295 | 10032 [ 30211 | 28162 | 5. 36.8 8.8 29 285 | 100.25 | 44756 | 41950
16. 36.9 8.8 29 | 300 | 10032 | 44530 | 409.68 | 6. 339 85 29 285 | 10025 | 41357 | 397.98
17. 3.4 8.6 29 295 | 10032 | 429.01 | 396.05 | 67 304 8.0 29 285 | 100.25 | 372.77 | 346.89
18, 204 | 79 29 205 | 100.32 | 350.43 | 334.36 [ 6. 29.7 7.9 29 285 | 10025 | 364.64 | 34151
19. 31.2 8.1 29 295 | 10032 | 380.21 | 35850 [ 69 29.6 7.9 29 285 | 100.25 | 363.49 | 338.82
20, 35.6 8.7 29 295 | 10032 [ 431.38 | 40052 | 70. 33.8 85 29 285 | 100.25 | 412.40 | 380.06
21. 27.0 7.6 29 295 | 10025 [ 33160 | 309.12 [ 71 85 | 84 29 285 | 100.25 | 408.87 | 383.64
22, 323 83 29 | 290 | 10022 | 30368 | 35784 | 72 318 82 29 285 | 100.25 | 389.05 | 35854
23, 36.6 8.8 29 | 290 | 10022 | 44385 [ 41510 | 7. 33.2 8.4 29 285 | 100.25 | 405.38 | 383.64
24, 21.0 6.9 29 | 290 | 1002 | 263091 | 23792 | 74 32.9 83 29 285 | 100.25 | 401.86 | 37557
25, 24.6 7.3 29 | 290 | 1002 | 30487 | 29248 | 75 295 | 79 29 285 | 100.25 | 362.33 | 339.72
26. 27.2 7.7 29 | 290 | 1002 | 33469 | 31305 | 78 316 82 29 285 | 100.25 | 386.73 | 363.03
27. 28.2 7.8 29 | 290 | 1002 | 34618 | 31663 | 77. 35.2 86 29 285 | 100.25 | 428.76 | 396.19
28, 30.0 8.0 29 | 290 | 1002 | 366.94 | 32826 | 78 293 | 79 29 285 | 100.25 | 360.03 | 328.07
29, 335 8.4 29 285 | 100.2 | 40867 | 38345 [ 79. 310 8.1 29 285 | 100.25 | 379.74 | 353.17
30. 37.2 8.9 29 285 | 1002 | 45206 | 42645 | 0. 26.4 75 29 285 | 100.25 | 32654 | 299.38
3L 33.8 85 29 295 | 1002 | 409.91 | 38308 | 81 | 300 8.0 29 285 | 10025 | 368.14 | 333.45
32. 310 8.1 29 295 | 1002 | 377.45 | 34825 | 82 274 | 77 29 285 | 100.25 | 338.08 | 327.17
33. 258 75 29 205 | 1002 | 31772 | 30718 [ 83 | 372 8.9 29 285 | 100.25 | 452.29 | 425.77
34, 285 7.8 29 295 | 1002 | 34865 | 32050 | 84 238 | 72 29 285 | 100.25 | 296.71 | 274.29
35, 19.0 6.8 29 205 | 100.2 | 24064 | 22770 [ 5. 24.9 7.4 29 285 | 100.25 | 309.33 | 28952
36. 268 | 76 29 295 | 1002 | 320.15 | 31521 | 6. 32.1 83 29 285 | 100.2 | 39237 | 368.22
37. 26.7 76 29 205 | 100.2 | 328.01 | 30360 [ 7. 26.4 75 2.9 285 | 1002 | 326.37 | 31357
38. 29.9 8.0 29 | 300 | 1002 [ 36374 [ 32717 | 88 | 317 82 29 285 | 100.2 | 387.70 | 354.78
39, 311 8.1 29 | 300 | 1002 | 37753 | 35027 | so. 298 | 79 2.9 285 | 1002 | 365.61 | 327.90
40, 115 58 29 | 300 | 1002 | 15644 | 14264 | 90. 34.2 85 29 285 | 100.2 | 416.85 | 397.79
41, 174 | 65 29 | 300 | 1002 | 22200 | 20504 [ o1 311 8.1 2.9 285 | 1002 | 380.71 | 356557
42, 233 [ 72 29 | 300 | 1002 [ 28842 | 26388 | 92 193 | 68 29 285 | 100.2 | 245.38 | 223.98
43, 27.0 7.6 29 305 | 1002 [ 32955 | 31150 | 93. 230 [ 72 29 285 | 100.2 | 287.45 | 267.88
44, 32.9 8.3 29 305 | 1002 [ 397.17 | 37113 | 94 29.8 8.0 29 285 | 100.2 | 365.65 | 336.86
45, 28.9 7.8 29 305 | 1002 [ 35123 | 32485 | 95 325 83 29 285 | 100.2 | 397.01 | 364.64
46, 30.2 8.0 29 285 | 10025 | 37045 | 336.13 | 96. 124 | 58 29 285 | 100.2 | 167.78 | 154.10
47. 23.2 7.2 29 285 | 10025 | 289.87 | 27429 | 97. 210 [ 69 29 285 | 100.2 | 264.64 | 241.90
48, 37.3 8.9 29 285 | 10025 | 45346 | 41501 | 98. 27.6 7.7 29 285 | 100.2 | 340.21 | 316.26
49, 3.1 8.4 29 285 | 10025 | 40422 | 37557 | 99 26.2 75 29 285 | 100.2 | 324.08 | 310.88
50. 34.0 85 29 285 | 10025 | 41473 | 387.23 | 100. | 366 838 29 285 | 100.2 | 444.99 | 419.29
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The main disadvantage of the manometric method isthat
deviation in the pressure of the headspace of the anaerobic
reactor, which increases the absorption of the carbon
dioxideintheliquid phase of thereactor and thus alter the
pH and affect the experimental conditions [13]. This
shortcoming was overcome in the VMMI by using the
akaline solution of NaOH, which absorb the carbon dioxide
and thus eliminates the variation of pH due to the
absorption of the carbon dioxide. Additionally, the
composition of the biogas was aso analyzed in the gas
chromatograph. As per theresults, the gas sample contains
about 98-99% of methane, 1-2% of hydrogen sulphide
and 0% of carbon dioxide. Usually, in the composition of
the biogas, only methane and carbon dioxide are
considered, and smaller quantities of other gases are
neglected [34-35]. Thus, the developed VMMI eliminates
the need of biogas analyze for its composition, and
consequently does not require cost intensive gas
chromatograph.

The VMMI is made from the acrylic plastic, which not
only has high clarity but also has a very good resistance
to chemicals, heat, impact loads and high pressures.
Further, theacrylic plasticis solvent bondable, and highly
rigid [36]. These characteristics of acrylic plastic arealso
reflected in VMMI, and thus make it suitable for biogas
measurement. Besides, the VMM I doesnot contain moving
parts, which makes it virtually maintenance free. The
material cost of the gas metering system for measurement

200 y=0.931x
450 - | R*=0.991
400 -
350 F
5 3001
E 250 -
S 2001
150 |-
100 -
50 -
0 | | | | | | | | | |
0 50 100 150 200 250 300 350 400 450 500

G, (mL)

FIG. 3. RELATION BETWEEN GINST AND GDRUM

of low gas rates from laboratory reactors as given by the
Angelidaki, et. a. [9] wasUS $100. The cost of the drum
type gas meter use to calibrate the VMMI in the present
study (Ritter TG-05) isUS$5000, and for the small sizewet
gas meter (Ritter MGC) is US$2000. On the contrary, the
cost of the VMMI is only US$20. Thus VMMI is
inexpensive volumetric gas measuring meter.

TheVMMI istheversatile methane measuring instrument
that can not only be used at varying temperature and
pressure situations, but also adjust the gas measuring
errors due to the absorption of the carbon dioxide [13].
Additionally, during calcul ation of the gas, vapor pressure
of the water can also easily be compensated. The VMMI
can be scaled up and scal ed down to measure the gasflow
ratesranging from 10-4000 mL/day or even more. Another
exciting optionisthe connecting two VMMI inthe series.
Thefirst VMMI will belarge and contains anon-absorbent
material, while the second will be relatively smaller and
contain absorbent material. This configuration will not
only measure both biogas and methane, but also be useful
to understand the degradation of the organic material.
Moreover, VMMI can be upgraded to measure methane
and carbon dioxide automatically using digital datastoring
and processing.

4. CONCLUSIONS

In this piece of work, a newly developed volumetric
methane measuring instrument for laboratory scale
anaerobic reactor is presented, which is based on the
combined water displacement and manometric methods.
From the results, it is concluded that newly volumetric
methane measuring instrument isareliable, inexpensive,
easy to construct, easy to use, corrosion resistant device
that does not need maintenance, can measure awiderange
of gas flow at varying pressure and temperature and
adequately accurate to measure the volume of methane
generated from the laboratory scale anaerobic reactors. It
iscapableto calculate the methane at standard temperature
and pressure and almost eliminates the need of cost
intensive composition analysis of biogas through gas
chromatograph or in any other gas analyzer.
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