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Regenerative oxidizers are very useful for combustion of methane-air lean mixtures (<1 vol.% and as low
as 0.15%), as those generated in coal mines (ventilation air methane, VAM). However, the performance of
the oxidizer is unstable, leading to overheating or extinction, when methane concentration varies. We
propose a new procedure for overcoming this problem, using the heat storage concept. Thus, this issue
is addressed by proposing the use of an external sensible heat storage system, added to the regenerative
oxidizer, capable of storing the excess of heat released in the oxidizer during rich concentration periods,
and using it to heat the feed as needed during lean concentration periods. The performance of the heat
storage system has been studied by simulating the behaviour of a regenerative thermal oxidizer designed
to operate at 0.25 vol.% nominal feed methane concentration. It was found that the regenerative oxidizer,
provided with the heat storage system together with a feedback controller that regulates the heat
extracted/introduced in the oxidizers can operate satisfactory, dealing with the variations in methane
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concentration found in ventilations of coal mines.
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1. Introduction

The environmental concern about methane emissions has risen
in the last years, because this gas is the second contributor to glo-
bal warming, after carbon dioxide. The most important sources of
methane emissions are coal mines, natural gas extraction and pro-
cessing facilities, landfills, etc. Among the different technologies for
controlling methane in air emissions, oxidation to carbon dioxide is
the most effective: methane global warming potential is 20 times
higher than that of carbon dioxide, so there is a clear environmen-
tal advantage in oxidizing methane to carbon dioxide before
releasing it to the atmosphere [1-3].

The most appropriate combustion technology depends on the
concentration of methane in the emission. Gas turbines allow
direct production of electricity from the combustion reaction,
but require a high concentration of methane [4]. For lower concen-
trations, autothermal oxidation of methane (e.g., without the need
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of additional fuel) is feasible, but it requires heat exchange
between the inlet and outlet streams. This heat exchange can be
done using recuperative or regenerative devices [5,6]. Recuperative
heat exchange is based on indirect heat exchangers, whereas in
regenerative heat exchange, the heat of the outlet stream is first
stored in a solid bed, which is later used to pre-heat the inlet
stream. Due to the direct gas-to-solid heat transfer, the thermal
efficiency of regenerative heat transfer is higher. For this reason,
regenerative oxidizers are usually the most appropriate devices
to carry out methane combustion at low concentration [7-9].

Regenerative oxidizers operate under forced unsteady-state
conditions, created by periodically reversing the feed flow direc-
tion. Therefore, the heat released by the exothermic reaction is
trapped inside the reactor bed between two consecutive flow
reversals, being used to preheat the cold feed up to the reaction
temperature. Further explanations about this technology and its
applications have been exhaustively reported in recent reviews
and articles cited therein [9-11].

There are two types of regenerative oxidizers, depending on the
type of methane oxidation reaction: regenerative thermal oxidizers


http://crossmark.crossref.org/dialog/?doi=10.1016/j.apenergy.2013.11.070&domain=pdf
http://dx.doi.org/10.1016/j.apenergy.2013.11.070
mailto:sordonez@uniovi.es
http://dx.doi.org/10.1016/j.apenergy.2013.11.070
http://www.sciencedirect.com/science/journal/03062619
http://www.elsevier.com/locate/apenergy

P. Marin et al./Applied Energy 116 (2014) 322-332 323

Nomenclature

a specific surface area (m?/mg,,)

c mole concentration (mol/m”)

Cp heat capacity (J/kg k)

Dax effective axial dispersion coefficient (m?/s)

e error

Sextr fraction of gas extracted (-)

G transfer function (°C/%)

h gas to solid heat transfer coefficient (W/m? K)
k thermal conductivity (W/m K)

Kc proportional constant (-)

Kp process gain (°C)

Tho homogeneous reaction rate of methane (mol/mgéIS s)
t time (s)

T temperature (K)

tsw switching time (s)

u gas superficial velocity (m/s)

y mole fraction of methane (-)

z spatial coordinate (m)

Greek symbols
AH reaction enthalpy (J/mol)
&p bed porosity (-)

0 dead time (s)

p density (kg/m?)

T process time constant (s)

T integral time (s)

Subscripts

0 inlet

cha combustion chamber

G gas

S solid

Acronyms

PID proportional-integral-derivative
RCO regenerative catalytic oxidation
RTO regenerative thermal oxidation
VAM ventilation air methane

VoC volatile organic compound

(RTO) and regenerative catalytic oxidizers (RCO). In RTO methane
oxidation takes place in the gas phase at high temperature,
whereas in RCO methane is oxidized on the surface of a solid cat-
alyst. The use of a catalyst produces a marked reduction of the
methane ignition temperature, and hence of the reactor operating
temperature. As a consequence, the size of the reactor and the need
of insulation are lower. Another important advantage of RCO is the
lower temperature dependence of the combustion reaction, which
results in a better reactor operation, e.g., the reactor extinction and
overheating are easier to control [12-14]. RCO has also disadvan-
tages, the most important ones being the high cost and deactiva-
tion of the catalyst [15]. The latter takes place, depending on the
catalyst, at high temperature and in the presence of other com-
pounds, such as water or sulfur compounds [16].

Regenerative oxidizers have succeeded at a commercial scale in
the treatment of volatile organic compounds (VOC) emissions to
match environmental regulations [17-19].

In industrial applications, regenerative oxidizers have to deal
with changes in feed concentration upon time, as in many emis-
sions methane concentration changes during short periods of time,
even though the day-averaged concentration is relatively constant.
In these situations, the reactor must be designed not only consid-
ering the nominal or time-averaged concentration, but also the rich
and low concentration periods. Thus, during the rich concentration
periods the reactor should be able to drain the excess of heat re-
leased by the reaction; otherwise, there is a risk of overheating,
damaging the catalyst (for RCO), insulation or reactor structure
(RTO) or promoting the formation of nitrogen oxides (RTO). On
the contrary, during the low concentration periods, the reactor
must avoid extinction conditions.

Different control strategies have been proposed in the literature
to deal with these problems, as summarized as follows. Some con-
trol strategies are based on adjusting the switching time according
to the feed concentration [14,20,21]. It was experimentally demon-
strated that this control can deal with moderate changes in
concentration; however, for the case of sharp and sustained
decreases in concentration, the reactor extinction cannot be pre-
vented [14]. Other controllers regulate the excess of heat in the
reactor by withdrawing part of the hot gas from the inside of
the reactor [17,22-26]. Another possibility is the air dilution of the

feed, and the use of electrical resistances or addition of supplemen-
tary fuels for feed fuel concentrations too high or low, respectively,
but in this way the system losses its autothermicity [27,28]. So, the
lack of a control system able of operating autothermically at both
rich and lean concentrations is widely accepted.

In the present work, we propose an alternative approach for
increasing the thermal stability of regenerative oxidizers. This ap-
proach consists of using an additional heat storage system (packed
bed) connected to the reactor. The mission of the heat storage sys-
tem is to store the excess of heat produced in the reactor during
the feed rich concentration periods, and return this heat as needed
during the low concentration periods. While other control systems
are designed only to deal with a type of concentration disturbance
(e.g., a decrease or increase in methane concentration), the pro-
posed control system is able to deal with both of them. Moreover,
this control system maintains the reactor stable operation during
lean concentration periods by using the heat stored in the pro-
posed heat storage system, instead of using a supplementary fuel,
so it is more energy efficient.

The development of novel and more efficient heat storage sys-
tems is an active research field, particularly attractive for solar
power plants [29,30]. Heat storage systems are classified into three
main groups according to the way the heat is stored: sensible,
latent and chemical. Latent and chemical heat storage systems are
the most volume-efficient, as high amounts of heat can be stored
in small volumes. However, these systems are based on the cou-
pling with a phase change (latent) or a reaction (chemical), which
limits their application to a certain, and sometimes narrow, range
of operating temperature. On the contrary, sensible heat storage
systems are very versatile with respect to the temperature range,
the moment and the direction of the heat exchange [31]. This is
particularly important for regenerative oxidizers, where the source
temperature may change upon time, and the charging and dis-
charging cycles of the heat storage system may be of different
duration. In addition, they are very simple and have low cost. For
this reason, a sensible heat storage system, formed by beds of
refractory ceramics, is the option selected in this work.

The performance of the heat storage system has been studied
for the combustion of methane in a regenerative thermal oxidizer,
as RTO are more sensible to variations in the feed concentration.
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