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bstract

Biogas is considered as a valuable source of renewable energy. Indeed, it can be turned into useful energy (heat, electricity, fuel) and can
ontribute to reduce greenhouse gas emissions. Knowledge of its safety characteristics is a very important practical issue. Experimental investigation
f synthesised biogas explosion characteristics was conducted in a 20-L sphere at various temperatures (30–70 ◦C) and at atmospheric pressure.
he studied biogas was made of 50%1 methane (CH4) and 50% carbon dioxide (CO2). It was also saturated with humidity: this composition is
requently met in digesters during waste methanisation. There are two inert gases in biogas: water vapour and carbon dioxide. Its vapour water
ontent rises along with temperature. The presence of these inert gases modifies considerably biogas characteristics compared to the ones of pure
ethane: explosion limits are lowered and beyond 70 ◦C, water vapour content is sufficient to inert the mixture. Furthermore, explosion violence

estimated with the maximum rate of pressure rise values, (dp/dt)max) is three times lower for biogas than for pure methane at ambient temperature.
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. Introduction

Biogas results from the anaerobic digestion of organic matter
domestic waste, purification water treatment sludge, agricul-
ural effluents, . . .).

There are two main types of biogas: “landfill gas”, which is
ormed spontaneously in domestic waste landfills and “digester
as”, which is induced in bioreactors or digesters.

For environmental reasons waste methanisation has been
rowing for the last years to upgrade domestic solid waste:
utput biogas is clean (when sulfur compounds are removed)
nd useful. Organic matter undergoes a step-by-step degradation
hydrolysis, acidogenese, methanogenese), and thus becomes
ore easily assimilable by micro-organisms.
According to thermal conditions, different micro-organisms
re responsible for the methanisation process: psychophilic
elow 20 ◦C, mesophilic between 20 and 45 ◦C or thermophilic
eyond.

∗ Corresponding author. Tel.: +33 3 44 55 66 46; fax: +33 3 44 55 65 65.
E-mail addresses: laurent.dupont@ineris.fr (L. Dupont),

ntoinette.accorsi@ineris.fr (A. Accorsi).
1 All gas and vapour concentrations are given in vol.%.
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So, there is a great variability in biogas composition. How-
ver, it is mainly composed of methane (CH4) and carbon diox-
de (CO2).

Due to the presence of methane, biogas is a combustible
as. Thus, its handling can cause fire and explosion hazards.
hese hazards can be found not only nearby waste discharges
r digesters but also at remote distances because of lateral
igration. Hence it is fundamental to know biogas explosivity

haracteristics in order to undertake adequate risk assessment
nd to run biogas plants safely.

Today biogas characteristics are assumed to be similar to
hose of methane [1]. This assumption can hardly complicate
xplosive atmospheres prevention and protection measures: for
xample, it is sometimes impossible to apply reasonable explo-
ion vent sizing when methane explosive characteristics rather
han those of biogas are used.

The aim of this study is to measure experimentally explo-
ion characteristics (explosion limits LEL and UEL, maximum
xplosion pressure pmax and maximum rate of pressure rise
dp/dt)max) of quiescent synthesised biogas/water saturated air

ixtures at atmospheric pressure and from ambient temperature

p to 70 ◦C in a 20-L sphere device.
The detailed knowledge of the explosivity region as a func-

ion of the fuel, air and diluent ratios is fundamental for



zardous Materials B136 (2006) 520–525 521

t
fl
m
e

r
a
c

2

2

S
p
s
a
t
r

h
w
s
t
w
p
t
t
T
a
s

p

5

Table 1
Water vapour concentration (%) of the tested mixtures

20 ◦C 2.3
30 ◦C 4.2
40 ◦C 7.4
50 ◦C 12.3
55 ◦C 15.7
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he prevention of explosion and fire hazards: the triangular
ammability diagram helps to determine for which ratio a
ixture is flammable. This diagram shows the flammability

nvelope.
Maximum explosion pressure and maximum rate of pressure

ise are both useful, either for sizing protection systems such
s vents or to estimate the required structural resistance of a
onfined enclosure in which a deflagration can occur.

. Experimental

.1. Experimental apparatus and procedures

Fig. 1 shows a schematic diagram of the experimental 20 L
pherical Explosion Vessel (20-L sphere) in accordance with
rEN 14460 and EN 1839 [12,13]. This stainless steel 20-L
phere was purchased from Adolf Kühner AG. It can withstand
maximum pressure of 40 bar. Test mixtures were prepared by

he mixing flows method: methane, carbon dioxide and air were
eleased by means of three mass flow controllers.

Glass evaporator tube is surrounded by an helical electrically
eated steel tube. The gas mixture carries water into the tube,
here it is vaporised. The saturated mixture is then fed into the

phere. The 20-L sphere is heated up at the required tempera-
ure with a water jacket. The entire sphere is isolated to prevent
ater condensation. Before each test the sphere is emptied and
urged 10 times with the saturated mixture. The ignition sys-
em is an electrical arc generated by a fusing wire located at
he centre of the sphere. It delivers an ignition energy of 20 J.
his energy level is sufficient to ignite all potentially explosive
tmosphere and to avoid any effect of pressure rise inside the

phere.

Pressure is recorded during the tests with two independent
iezo-electrical pressure transducers.

The explosion criterion is a measured pressure rise above
0 mbar after the ignition in accordance with EN 1839.

r
i

i

Fig. 1. Schematic diagram of th
0 ◦C 19.9
0 ◦C 31.2

.2. Gas composition

Biogas composition depends considerably on waste nature
nd processes and also varies in time. However, it is mainly
omposed with methane (CH4) and carbon dioxide (CO2) [1] in
ariable proportions between 50–60% of methane and 50–40%
f CO2.

It also contains traces of many other compounds, especially
ydrogen sulfur (H2S) or/and organosulphur (mercaptans) in
mall contents that do not significantly influence explosivity
haracteristics of biogas.

The studied synthesised biogas is composed of 50% of CH4
nd 50% of CO2 and is water saturated. The vapour concen-
ration matches the saturated vapour pressure. It is therefore
rowing along with temperature. Table 1 shows water vapour
oncentration in the mixtures over the temperature range.

Beyond carbon dioxide and water vapour, nitrogen in the
ir also contributes to inert the mixture. These inert gases can
onsiderably lower the biogas explosivity.

The presence of multiple inerting agents hinders the predic-
ion of the whole flammability envelope [2] since each inert gas
as its own inerting power when mixed with methane.

Nowadays, no model is universally recognised to predict cor-

ectly the flammability envelope of such mixtures. Therefore, it
s crucial to experimentally determine these data.

Inert gases are responsible for lowering explosivity character-
stics by decreasing flame temperature below a certain threshold

e 20-L sphere apparatus.
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Table 2
Thermal capacity Cp at 50 ◦C from diluent gases

Diluent gas Thermal capacity Cp

at 50 ◦C (J/mol/K)

CO 38.3
H
N
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centration. So, except the nature of the inert gas, compositions of
both mixtures are identical at each test temperature. One should
2

2O 33.7

2 29.1

alue [3]. Their inerting ability depends on their heat capac-
ty [4]. The inerting efficiencies of these diluents is as follow:
O2 > H2O > N2 (Table 2). To compare and investigate the effect
f the different inert gases on the explosivity characteristics,
xperiments were conducted with dry synthesised biogas at dif-
erent temperatures. For each temperature level, CO2 was added
o the dry biogas/air mixture at a concentration equivalent to that
f water vapour for saturated mixtures.

In this study, dry oil-free synthesised air was used. Commer-
ial carbon dioxide and methane were used as inert gases. Gases
urity was above 99.8%.

. Results and discussion

.1. Explosion limits and limiting oxygen concentration

The lower explosion limit (LEL) and the upper explosion
imit (UEL) of methane, dry biogas, and vapour-saturated biogas
ere studied.
Most authors from the literature agree with Le Chatellier’s

heory [4], which postulates that explosion limits rely on intrin-
ic mixture parameters. From this theory, flame propagates
hrough a flammable mixture by thermal diffusion, heating the
nburned gas up to a critical temperature, Tinf. Tinf corresponds
o the ignition temperature of the mixture. Below this tempera-
ure unburned gases are too cold to allow the flame to propagate.

Explosion limits of the dry and the water-saturated biogas are
hown in Fig. 2.
At 20 ◦C, the presence of CO2 did not raise significantly
he lower limit of pure methane: 5.2% in methane for water-
aturated biogas versus 4.6% for pure methane. However, the
pper limit is drastically reduced by the presence of CO2: 11.4%

ig. 2. Influence of temperature and humidity on the flammability limit of the
iogas (50 vol.% methane and 50 vol.% CO2) at atmospheric pressure.

n
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F
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ersus 16.8%. At this temperature the moisture influence is neg-
igible.

As for methane [3] within this temperature range, an increase
n temperature widens very slightly the explosion range of dry
iogas. With increasing temperature, the moisture influence on
he lower limit remains negligible while the upper limit is dras-
ically reduced. On one hand, it is well known that explosion
ange widens with increasing temperature by reduction of LEL
nd by increase of UEL [4]. This influence of temperature varia-
ion on explosion range of methane/air mixture was extensively
tudied by Coward and Jones [3].

On the other hand, it is also well known that addition of inert
ases shortens LEL and UEL of fuel–air mixture [3] by reducing
he burning velocity.

In our case, the presence of CO2 in biogas cools the
ethane/air flame. Furthermore, as the temperature increases,

he water vapour concentration rises. These conditions should
horten the explosion range. In opposition temperature rise can
ounterbalance this decrease. Thus, temperature rise has a dou-
le and contradictory influence on explosion limits.

In water-saturated biogas/air mixture there are simultane-
usly three inert gases, N2 from the air, water vapour and CO2
ontained in the biogas.

These contradictory effects of inert gases and temperature
ise are illustrated in Fig. 2.

There is a progressive dilution of the biogas-air mixture with
ater vapour or CO2. When oxygen concentration is less than
critical value, known as the limiting oxygen concentration

LOC), the reaction cannot generate enough energy to heat up
he surrounded gas mixtures to allow the propagation of a self-
ustained flame [5,6].

Fig. 3 shows the influence of temperature rise on explosion
imits for water-saturated biogas and dry biogas with added CO2.
s mentioned before, for a given temperature, the added CO2

oncentration is equivalent to the saturated water vapour con-
ote that the dry biogas with added CO2 corresponds to a simple
H4/CO2 mixture.

ig. 3. Explosion diagram of vapour-saturated biogas and dry biogas/CO2 mix-
ures at atmospheric pressure for various temperatures.
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Table 3
Experimental LOC of vapour-saturated biogas and dry biogas/CO2 mixtures

Vapour-saturated
biogas/air
(CH4/CO2/H2O/air)

Dry biogas/air/CO2

(CH4/CO2/air)

This work Zabetakis

LOC (%) 11.1 13.2 13.4
Corresponding

◦
70 65 20
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temperature ( C)
quivalence ratio 1.0 1.0 1.1

Coordinates of both axis from Figs. 2 and 3 represent tem-
erature versus volumetric percentage of the methane content in
iogas or the added inert gas (H2O or CO2) in the whole mix-
ure. The dashed line in Fig. 3 corresponds to the stochiometric

ixtures.
The vapour-saturated biogas mixture is not flammable

eyond 70 ◦C, which corresponds to a water vapour concen-
ration of 31.2%. At this temperature, only a 6% in methane
f biogas mixture is flammable with a small explosion pressure
max (2.5 bar). Results are presented in Table 3.

Carbon dioxide is clearly more effective in inerting the mix-
ure than water vapour. Beyond 24% CO2 none of the mixtures
re flammable whatever the fuel content.

Table 3 shows the LOC for the two studied mixtures. The
OC for the dry biogas/air/CO2 mixture is compared with liter-
ture data reported by Zabetakis [7]. Data were obtained using
he explosion burette method of US Bureau of Mines. The LOC
etermined in this study agrees well with there results.

.2. Maximum explosion pressure (pmax) and maximum
ate of explosion pressure rise (dp/dt)max

Figs. 4 and 5 show, respectively, explosion pressure (pex)
nd rate of pressure rise curves (dp/dt)ex for the water-saturated
iogas at studied temperatures. These curves go through a max-
mum which corresponds to pmax and (dp/dt)max. These peak

alues are obtained for the same concentration, slightly above
tochiometry.

We did not use the deflagration index KG, often used in similar
tudies: KG is deemed to be a normalised volume-independant

ig. 4. Explosion pressure of vapour-saturated biogas at different temperatures.
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Fig. 5. (dp/dt) for vapour-saturated biogas at different temperatures.

xplosion pressure rise value. Based on experimental measures,
t is calculated from the following formula:

G =
(

dp

dt

)
max

V 1/3

However, some authors [8,9] recently found that KG values
ncrease with vessel size. Consequently, (dp/dt)max is solely used
n this study to compare explosion violence among mixtures. We
an note that KG is still referred in international standards (NFPA
8 and prEN 14994) for gas deflagration venting.

Mashuga and Crowl [10] demonstrated that (dp/dt)max is very
ensitive to parameters like relative humidity or turbulence: they
onducted experiments at 25 ◦C in a 20-L vessel with near sto-
hiometric mixtures of methane and humidified air and found a
ifference of 52 bar m/s between the dry mixture (276 bar m/s)
nd the moist mixture (224 bar m/s at 90% relative humidity),
hile pmax was almost not affected by humidity.
Turbulence can be responsible for a very significant

dp/dt)max rise: (dp/dt)max of turbulent pure methane is almost
0 times higher than those of quiescent pure methane [11].
his influence emphasises the need to adequately control tur-
ulence in test vessels before ignition. Effect of turbulence
s not taken into consideration into current standards (prEN
4994).

Shift between the curves comes from the stochiometric evolu-
ion of mixtures when adding water vapour. Explosion violence
as considerably reduced when increasing water vapour content

long temperature rise as shown in Fig. 4. It should be noted
hat the total initial moles number in the sphere decreases with
ncreasing temperature: it also contributes, but to a small extent,
o the reduction of the explosion violence.

At temperature close to ambient, we measured a low
dp/dt)max value compare to that of pure methane. Such a low
dp/dt)max value illustrates a low and moderate explosion vio-
ence. Besides, illustrates a rapid and important decrease in
dp/dt)ex along with temperature rise. Beyond 55 ◦C (dp/dt)max
s down to a value as low as 4 bar m/s. Trends of (dp/dt)max

ecrease is much more pronounced than decrease in pmax along
ith temperature increase.
Figs. 6 and 7 illustrate pmax and (dp/dt)max variation ver-

us temperature for pure methane, dry biogas, dry biogas
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Fig. 6. pmax for pure methane, dry biogas, dry biogas with added CO2 and
vapour-saturated biogas at studied temperatures.

Fig. 7. (dp/dt)max of pure methane, dry biogas, dry biogas with added CO2 and
v

w
t

i
a
s
c
m

t
(

s
b
b

4

c

t
i
i
t
t

(

(

(

(

(

T
l
a
s
v

A

d
(

R

apour-saturated biogas at studied temperatures.

ith added CO2 and vapour-saturated biogas at different
emperatures.

Dry biogas is far less explosive than pure methane: (dp/dt)max
s almost three times lower when CO2 is added and pmax is
pproximately 1 bar lower. These parameters are crucial for vent
izing: when water saturated biogas is handled vents surface
an be much smaller for protecting enclosures than when pure
ethane is handled.
Increase in temperature reduces slightly pmax (1 bar over

he studied temperature range) and has practically no effect on
dp/dt)max for the dry biogas.

The addition of inert gases (water vapour or CO2) causes a
ignificant fall in explosion violence compared with pure dry
iogas as shown in Figs. 6 and 7. This is particularly noticeable
eyond 40 ◦C.
. Conclusions

This paper reported experimental study results on explosion
haracteristics (explosion limits, LOC, pmax, (dp/dt)max) of syn-
ous Materials B136 (2006) 520–525

hesised biogas at atmospheric pressure between 20 and 70 ◦C
n a 20-L sphere. Composition of synthesised biogas was 50%
n methane and 50% in carbon dioxide. Water vapour content of
he studied mixture increases along with temperature according
o the saturated water vapour pressure curve.

The following conclusions have been reached:

1) At ambient temperature whereas the LEL of the methane
content in studied biogas is comparable to that of methane
(5.1% versus 4.8% for pure methane), its UEL is signifi-
cantly lower (11.4% versus 16.8% for pure methane).

2) When temperature increases whereas biogas LEL remains
nearly unchanged, biogas UEL decreases rapidly along with
temperature rise.

3) Beyond 70 ◦C, water vapour content is sufficient to inert the
studied biogas. It becomes non-flammable. Since CO2 is a
better inert gas than H2O the test mixture containing CO2
is already inerted at 60 ◦C.

4) Methane induces more violent explosions than biogas:
(dp/dt)max is three times higher for methane than for bio-
gas at ambient temperature.

5) Finally, increase in temperature reduces considerably pmax
and (dp/dt)max values for biogas.

his study demonstrated that biogas is responsible for less vio-
ent explosions than pure methane. As shown, explosion char-
cteristics strongly decrease with temperature rise. These two
afety characteristics are fundamentals for risk assessment and
ents sizing.
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