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Abstract

A variety of natural and anthropogenic sources of hydrocarbon gases make a
significant contribution to the global emission of greenhouse gases. Reducing
the anthropogenic emission of industrial hydrocarbon gases is impossible
without new technologies that would allow their cost-effective utilization.
The paper describes a number of new promising technologies based on
autothermal gas-phase processes of partial oxidation and oxidative cracking of
various hydrocarbons, such as associated petroleum gases, coalbed methane,
refinery gases, and biogas, which open up prospects for a significant reduction
in their flaring or emission into the atmosphere. Among the technologies under
consideration are those involving their processing for subsequent use in the
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energy sector and low-tonnage production of various demanded chemicals.

1. Introduction

Natural gas is the most affordable, mobile, and
environmentally friendly energy resource on our
planet, with which neither renewable energy sourc-
es [1] nor hydrogen [2] can compete on the global
scale. Its widespread use in petrochemistry and for
the production of energy raises the issue of its reli-
able sources, including those in remote regions, as
well as the rational use of its diverse unconventional
resources, such as associated petroleum gas (APG),
coalbed methane, refinery gases, biogas and others.
In addition, the high greenhouse impact of hydro-
carbon gases, primarily methane, which is 28 times
higher than that of CO, [3], and the possibility of
their serious climate feedback [4] require maximum
utilization of all potential sources of their emission
into the atmosphere. This is not an easy task, giv-
en that hydrocarbon gases of various compositions
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are formed in many natural geological and biological
processes, as well as in various industrial and agri-
cultural processes.

In contrast to CO, emissions, the anthropogenic
contribution of which is still two orders of magni-
tude lower than the natural, for methane emission
the picture is the opposite. In the 2008-2017 de-
cade, the global CH, emissions constituted 576 Tg/
yr, with ~60% of it being of anthropogenic origin [3].
For this decade, the global mean emissions from fos-
sil-fuel-related activities, including transport, were
estimated as 128 Tg/yr, which accounts for 35% of
the total anthropogenic emissions [3]. Although its
proportion is lower than global emissions from ag-
riculture and waste over this period, which adds up
to 206 Tg/yr constituting 56% of total anthropogenic
emissions [3], it is very significant. Thus, the devel-
opment of methods for the utilization of hydrocar-
bon gases to prevent their emission into the atmo-
sphere is an important part of the global problem of
reducing greenhouse gas emissions.
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Note, however, that the problem is complicated
by the fact that the vast majority of natural and an-
thropogenic sources of hydrocarbon gases have a
low flow rate, a factor that makes their accumula-
tion, transportation or processing by existing large-
scale industrial methods unprofitable. This is the
main reason for the ongoing flaring of APG [5, 6], the
global volume of which, despite all the efforts made,
has not been reduced in the last decade, remaining
at the level of ~140 billion m3/yr (Fig. 1).

Until now, a significant part of valuable petro-
chemical raw materials, such as refinery gases, con-
taining, in addition to alkanes, a significant concen-
tration of unsaturated hydrocarbons and hydrogen
has not been used. Only a few countries in the world
(USA, China, Canada, Australia, and India) practice
a large-scale industrial production of coalbed meth-
ane, the resources of which are practically not in-
ferior to those of traditional natural gas [9]. Thou-
sands of small natural gas fields with reserves of less
than several billion cubic meters, located far from
consumers, remain unused due to the low profitabil-
ity of the existing gas transportation methods and
technologies for their conversion into chemicals.
The biogas production and productivity of individual
plants are still too low to talk about any industrial
use of it, in addition to energy production for local
consumption.

The main problem on the way to a more com-
plete utilization of limited sources of hydrocarbon
gases of both anthropogenic and natural origin is
the lack of cost-effective low-scale technologies for
their processing. A number of our previous works
were devoted to the prospects of developing such
technologies [10, 11]. Nevertheless, the problem
still remains acute and requires constant attention.

2. Energy generation from APG

At present, the most important and large-scale
problem in reducing the anthropogenic emission of
hydrocarbon gases is the cessation of APG flaring at
numerous small producing fields both on land and
offshore platforms. In this regard, various possibili-
ties of APG use and processing are analyzed [5, 6].
Among possible methods for gas transformation
are gas to hydrate (GTH), gas to liquid (GTL), gas to
wire (electricity) through combined heat and power
(CHP) systems, compressed natural gas (CNG), lig-
uefied petroleum gas (LPG) recovery, and liquefied
natural gas (LNG) [5]. Other possibilities, such as
compression and reinjection of gas into oil wells to
enhance oil production, NGL refinery, fuel produc-
tion, production of chemicals, for example, metha-
nol and dimethyl ether (DME), and power genera-
tion are also considered [6].

None of these technologies is universal and suit-
able for all gas sources, almost all of them being un-
profitable for sources with a flow rate of less than
several million cubic meters per year. According to
[5], the CNG with LPG recovery alternative provides
the highest net profit. The LNG technology is the
least economically beneficial option. GTH and GTL
technologies, due to their high estimated costs, do
not compete economically with the CNG + LPG or
CHP alternatives.

The most economically reasonable use of APG
could be associated with energy generation to cover
the needs of the oil field. Estimates show that up to
30% of the flared APG can be used for this, which
would significantly increase the share of its utiliza-
tion. However, the possibility of using APG, a mix-
ture of methane with heavier hydrocarbons, for the
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Fig. 1. Oil production and global gas flaring in 2011-2021 (according to data from BP Statistical Review of World

Energy 2022 [7] and The World Bank [8]).
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Fig. 2. (a) Conversion of alkanes during their selective oxycracking on the number of carbon atoms Nc in the molecule
(according to [14]). (b) Results of pilot testing for the conversion of the typical APG (C;Hg (m), n-C,H,, (A ), n-CsHy, (@),
n-CgHi4 (#)). The composition of gas (mol %): CH, — 81.0; C,Hs — 1.22; C;Hg — 17.0; 2C,H,o — 2.81; 2CsHy, — 1.50; n-CgHy,
—1.83. The amount of added air was 15%, t, ~1 s (according to [13]).

generation of electricity based on modern gas-pis-
ton or gas turbine power plants, remains a serious
technical problem. Even a small admixture of heavi-
er methane homologues in gas fuel dramatically in-
creases the formation of soot and tars in the power
generation equipment, which increases its wear and
leads to rapid failure. In addition, even a small ad-
mixture of C,+ alkanes in methane, at a level of just
above 1%, reduces the time of autoignition delay
of gas fuel several times, that is, reduces its resis-
tance to detonation [12], and does not allow oper-
ating the power plant at its rated power. Note that
the detonation characteristics of the gas fuel do not
strongly depend on the actual composition of C,—C;
alkane admixtures in APG, being largely determined
by their total concentration [12].
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The usual methods for extracting heavy compo-
nents from hydrocarbon gases require sophisticated
equipment and high energy. Therefore, they are not
suitable for small (up to 10 MW) power plants. A rel-
atively simple and economical method for reducing
the content of heavy methane homologues in APG
can be their selective oxidative conversion (selective
oxycracking) into lighter high-octane compounds
[13-15]. The possibility of deep conversion of meth-
ane homologues by selective oxycracking with the
production of conditioned gas fuel was demonstrat-
ed on the laboratory scale [14, 15] and during pilot
tests with an incoming gas flow of up to 20 m3/h [15]
(Fig. 2).

Selective oxycracking provides an increase in the
methane number MN of gas and a decrease in its
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Fig. 3. Dependences of the methane number MN and lower calorific value Q, for the oxidation of a gas mixture
containing (vol.%) 71.9 CH,, 2.5 C,H,, 22.5 C;Hg, and 3.1 C,Hy, with air and oxygen on the oxygen content at the
reactor inlet. The pressure is 30 bar, with the maximum oxidation temperature ranging from 450 °C (at 4 vol.% O,) to

640 °C (at 16 vol.% 0O,) (according to [14]).
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lower calorific value (LHV) QL [14], which is neces-
sary to meet the requirements for fuel gas of gas-pis-
ton engines manufacturers (Fig. 3).

Therefore, a relatively simple process of selective
oxycracking of APG allows converting 90-95% of C,+
alkanes and, thus, meets the requirements of man-
ufacturers of gas-piston power plants. This opens up
an opportunity for using small sources of APG or nat-
ural gas to generate electricity for the needs of oil
and gas producers.

3. Production of chemicals from APG in oil fields

Note, however, that, because most of the oil pro-
ducing fields are located in remote regions with low
energy consumption, the use of APG for electricity
generation does not completely solve the problem
of stopping its flaring. Since the pipeline transpor-
tation of small volumes of APG, even over short dis-
tances, can be economically justified in some rare
cases, technologies are needed to cost-effectively
process small volumes of APG, from 10 to 50 min m?
per year, into more demanded or easily transported
products. Ideally, these should be products required
immediately in the areas of oil and gas production,
such as methanol, used in gas production as an in-
hibitor of hydrate formation, formaldehyde, or lig-
uid motor fuels.

Although large-scale industrial processes of con-
version of gas phase hydrocarbons into these prod-
ucts have become mature long ago [16, 17], their
complexity and high specific capital costs practical-
ly exclude their economically justified use for low-
scale APG processing. An alternative method of
small-scale conversion of APG to methanol can be a
relatively simple autothermal process of direct oxi-

dation of methane to methanol (DMTM) [18], which
does not require a complex and energy-intensive
stage of preliminary conversion of APG to syngas.
The process occurs under relatively mild conditions
(T <550°C, P<80atm) at an absolutely safe concen-
tration of oxygen [0,] < 5%, which can be supplied
in the form of atmospheric or oxygen-enriched air.
Using oxygen-enriched air in a flow sectioned reac-
tor with gas recycling makes it possible to obtain a
sufficiently high methanol yield (Fig. 4). The DMTM
process is very well combined with the production
of electricity, by using for the power generation a
nitrogen-diluted purged gas, which significantly re-
duces NOx emissions.

An important advantage of DMTM from the point
of view of APG processing is that, unlike the known
catalytic processes of natural gas conversion, which
require preliminary conversion of methane homo-
logues under milder conditions (pre-reforming) [19],
their presence favorably influences the DMTM, mak-
ing its conditions milder and thereby increasing the
yield of methanol [18]. The main disadvantage of
this process is a relatively low methanol yield, but
its simplicity, low capital and operating costs, as well
as compatibility with power generation make it pos-
sible to consider it as a real way to process APG in
remote oil fields, especially if there is demand for
methanol, as an inhibitor of hydrate formation.

However, a more universal method of process-
ing APG and other low-yield sources of hydrocar-
bon gases is their conversion into synthetic liquid
hydrocarbons and motor fuels based on the Fisch-
er-Tropsch process. The main obstacles to this re-
main high complexity, high energy consumption,
and significant capital costs of modern processes of
conversion of hydrocarbon gases into syngas, which
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Fig. 5. (a) General view and (b) the scheme of the matrix reformer for hydrocarbon gases conversion into syngas
by their oxidation with enriched air and oxygen: (1) — core vessel; (2) — flange; (3) — discharge nozzle; (4) — mixing
chamber; (5) — combustion chamber; (6) — matrix; (7) — radiation screen; (8) — inlet aperture. Gas flow rate was up

to 10 m3/h [21].

account for up to 2/3 of the cost of the final prod-
ucts obtained [20]. Since the existing technologies
for the conversion of hydrocarbon gases into syn-
gas are mature industrial processes, it is difficult to
expect substantial progress in their improvement.
Therefore, serious attempts are continuing to devel-
op simpler technologies economically efficient even
at a low-scale capacity. It is worthwhile to mention
some popular trends in recent years, such as the use
of ceramic oxygen-transmitting membranes, micro-
channel reactors, short time catalysis, and syngas
production based on energy technologies. Unfor-
tunately, despite strenuous efforts, none of these
technologies have found their way into industry.

One of the most promising technologies for low-
scale conversion of APG and other hydrocarbon gases
into syngas may be their matrix conversion [21]. The
underlying idea of matrix conversion is the recuper-
ation of the heat of produced syngas for preheating
the incoming hydrocarbon-oxidant mixture by con-
vective and radiative heat transfer from the combus-
tion products to the porous matrix, which transfers
this heat to the incoming mixture. The stabilization
of the flame zone in the near vicinity (~1.5-2 mm) of
the matrix surface facilitates the heat transfer from
the flame zone to the surface (Fig. 5). This internal
preheating of very rich gas mixture ensures their sta-
ble conversion, providing a high syngas yield.

The non-catalytic autothermal process of matrix
conversion makes it possible to convert hydrocar-
bon gases of practically any composition at a very
high volume rate, at least tenfold exceeding that for
steam reforming, and provides a very high produc-

tivity and low operation cost. Any type of oxidizer
can be used, for example, air, enriched air or oxy-
gen. Combining matrix conversion with subsequent
catalytic water gas shift reaction (WGSR) allows ob-
taining syngas with any desired H,/CO ratio, includ-
ing the production of hydrogen.

The possibility of oxidation by air ensures a safe
and profitable small-scale field operation, for exam-
ple, the processing of small flows of APG or any oth-
er local gas resources directly on the site [22]. The
partial oxidation of natural gas with air, followed by
the conversion of the nitrogen-containing syngas
into liquid synthetic hydrocarbons, methanol, DME,
or other products can be a good solution for the uti-
lization of any small resources of hydrocarbon gases.
The use of nitrogen-containing syngas at the stage
of its conversion into liquid products requires a high
conversion per pass to eliminate the recycling of the
diluted residual gas. At present, about 90% degree
of conversion is achieved in the synthesis of dimeth-
yl ether over combined Cu-Zn—Al zeolite catalysts.
For various reasons, the conversion to methanol or
hydrocarbons (Fischer—Tropsch synthesis) proceeds
with a lower degree of conversion and requires a
cascade of two or three successive reactors. How-
ever, the dilution of syngas with nitrogen reduces
the specific heat release in the catalyst bed, thereby
allowing the use of shell-and-tube Fischer-Tropsch
synthesis reactors with an increased diameter.
Therefore, the capital costs for the construction of
two reactors optimized for nitrogen-containing syn-
gas may not be higher than for a single reactor oper-
ating on the syngas without nitrogen [22].
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Fig. 6. Schematic diagram of the conversion of coalbed methane and coal wastes into methanol-coal fuel:
(1) — separator for enriching methane-air mixture; (2) — stages of compressor for enriched methane-air mixture;
(3) — recuperative heat exchanger for heating methane-air mixture; (4) — two-step reactor for methane-air mixture
oxidation with an inter-sectional heat exchanger; (5) — steam generator, (6) and (8) — heat exchangers; (7) — air
cooler; (9) — separator; (10) — turbo expander; (11) — adsorber for residual oxidation products from the exhaust gas;
(12) — cavitation mixer of liquid and solid products; (13) — gas turbine; (14) — electric generating unit [23].

4. Utilization of coalbed methane

Coal mining is one of the main sources of constant
methane emissions into the atmosphere. According
to estimates, methane reserves in coal deposits are
not inferior to the resources of traditional natural
gas [1]. In the USA, coalbed methane accounts for a
significant share of natural gas production. In most
countries, however, when coal is mined, methane is
simply released into the atmosphere. During mining,
methane is emitted from ventilation wells, when
large volumes of air are pumped into the mine to
keep the CH, concentration below 0.5% to avoid ac-
cidental ignition. Estimates of global CH, emissions
from coal mining range widely, from 29 to 61 Tg/yr
for 2008-2017 period [3].

The problem with using coalbed methane is the
low flow rate of ventilation wells during the natu-
ral degassing of coal seams and very strong dilu-
tion with air in the case of forced ventilation of coal
seams with air. The paper [23] considers the possi-
bility of a combined utilization of coalbed methane

and another type of environmentally problematic
coal mining waste — a large amount of coal waste
accumulated during mining and concentrating. Fine
coal sludge accumulates in enormous amounts and
creates a substantial ecological problem in coal min-
ing regions.

The proposed process is schematically shown in
Fig. 6. Coalbed methane containing an admixture
of air enters the oxidation section, where it is com-
pressed to a pressure of 6-7 MPa, heated in the
heat recuperation unit, and admitted into the reac-
tor. The liquid oxidation product (methanol prod-
uct) containing up to 40% methanol and up to 5-8%
other organic products is released after cooling the
partially oxidized vapor mixture, and then it is trans-
ferred, together with crushed and concentrated coal
waste, without any treatment or rectification, to the
preparation of methanol-coal suspension fuel. The
outlet gas containing methane with a concentration
of not less than 25% can be supplied to the ener-
gy plant to produce power for coal mining facilities.
One of the major advantages of this process is the
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possibility to use the produced liquid crude metha-
nol directly without any preprocessing or rectifica-
tion to prepare methanol-coal fuel.

The process of obtaining crude methanol
through methane oxidation by atmospheric oxygen
is almost identical to the conventional flowchart of
methanol production by the direct methane oxida-
tion to methanol [18], except for the absence of the
necessity to supply compressed air, because, as a
rule, coalbed methane already contains it in a suf-
ficient amount. The flow process, which is the sim-
plest technology, allows the production of metha-
nol with a specific yield of up to 16 kg/1000-m3 of
methane. In this case, the exhaust gas meets all the
requirements to fuel gas for gas piston engines and
to combustible gases for industrial and household
purposes.

5. Processing of refinery gases

Methane emissions from the oil industry (e.g. re-
fining) and charcoal production are estimated as a
few teragrams of methane per year [3]. Increasing
the efficiency and extent of utilization of the hydro-
carbon feedstock remains a topical problem of the
petrochemical industry. Along with target commer-
cial products, hydrocarbon-cracking installations
produce large amounts of saturated C,+ gases, which
are typically burnt for heat production [24-26]. Such
utilization of these gases is not efficient because of
the need to pretreat the cracking feedstock (drying,

desulfurization) and of a relatively low calorific value
of such mixtures.

Since the saturated hydrocarbons present in oil
refinery gases strongly differ in reactivity, and oil re-
finery gases have varied compositions, the process-
ing of such gases without separation is a complex
problem. In [27], a demonstration unit with a capac-
ity of 5 m3/h was used to examine the possibility of
the processing of refinery gases based on their se-
lective oxidative cracking according to the scheme
shown in Fig. 7.

Experiments on this demonstration unit aimed
at producing ethylene and CO by oxycracking of
ethane, propane-butane mixture, and ethane—pro-
pane-butane mixture (all diluted with methane)
were performed. The major products of the oxida-
tive cracking of oil refinery gases were ethylene, CO,
and hydrogen; their total yield can exceed 90%. The
ranges of parameters within which further optimi-
zation of the processes should be performed were
determined [27].

The ethylene yield increases with the tempera-
ture of the initial hydrocarbon mixture. However,
at temperatures above 650 °C, the contribution of
ethylene conversion processes with the formation of
condensation products increases; thus, the optimum
temperature for performing oxycracking of C,—C, al-
kane mixture is 600-650 °C. The ethylene yield is de-
termined by the total concentration of C,+ alkanes
in the mixture.
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syngas [28].

The addition of oxygen results in a significant in-
crease in the total process rate relative to that of
the thermal cracking but insignificantly affects the
hydrogen yield. At the same time, the hydrogen
concentration decreases considerably with an in-
crease in the alkane chain length. The CO concen-
tration monotonically increases with the addition
of oxygen, while its yield is determined by the to-
tal content of C,+ components in the mixture. The
demo unit showed high efficiency in the production
of ethylene, CO, and hydrogen by oxidative cracking
of oil refinery gases.

6. Conversion of biogas

In their contribution to greenhouse gas emis-
sions, the anthropogenic sources of biomethane are
practically not inferior to the industrial sources, rep-
resenting 56% of the total anthropogenic emissions.
The total emissions from enteric fermentation and
manure management for this period are estimated
to be 111 Tg/yr, which is about one-third of the to-
tal global anthropogenic emissions [3]. In processing
various biowaste, methane, as a rule, is released in
the form of biogas, which is a mixture of methane
with carbon dioxide and nitrogen. Biogas is pro-
duced by methane fermentation of biomass under
the influence of several types of bacteria. Typical

biogas contains from 50% to 87% of methane and
13-50% of CO, with minor impurities of N,, H, and
H,S. At present, it is widely used as a low-cost re-
newable source for local power.

Low energy density in agricultural or biotechno-
logical raw materials dictates the necessity for their
local processing. Small-scale agricultural products or
waste processing plants cannot profitably use tech-
nologies commonly met in large-scale petrochem-
istry, including the complex and expensive process
of biogas steam reforming into syngas for its sub-
sequent conversion to liquid fuel. It was suggested
[28] to use small-scale sources of inexpensive and
easily obtained biogas and other renewable hydro-
carbon gases for the production of liquid biofuel
through their air conversion on matrix reformers
[21] into low-cost carbon dioxide and nitrogen dilut-
ed syngas, followed by Fischer-Tropsch synthesis in
a cascade of sequential reactors. Autothermal ma-
trix reformers are very compact, simple in design,
with a specific volume capacity several times that of
traditional technologies. They allow the processing
biogas with a high concentration of CO, and N,. The
advantages of conversion of thus obtained low-cost
syngas partly diluted with chemically inert gases into
Fischer-Tropsch products, methanol or DME were
discussed in [22] and in Section 3.
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The high conversion of CO on the Co—Pt-ZrO,/
Al,O; catalyst [29] in combination with high selectiv-
ity for liquid hydrocarbons makes it possible to im-
plement the process flowchart without syngas recy-
cling, using instead two or three successive reactors
(Fig. 8). The main advantage of the matrix conver-
sion of biogas with air to CO, and N, containing lies
in the significant reduction of capital and operating
costs at this stage.

7. Conclusions

Natural and anthropogenic sources of hydrocar-
bon gases contribute significantly to the global emis-
sion of greenhouse gases. Among them, a significant
share is made up of low-debit sources, such as APG,
coalbed methane, refinery gases, and biogas, for the
processing and disposal of which modern technol-
ogies based on complex catalytic processes are in-
applicable. Reducing the emission of these gases re-
quires fundamentally new technologies that would
allow their cost-effective use in the local energy sec-
tor and the production of various petrochemicals for
local use.

One of the most effective approaches to creating
a new generation of such low-tonnage processes for
the utilization of small sources of hydrocarbon gases
can be relatively simple non-catalytic technologies
based on autothermal processes of their partial ox-
idation or oxidative cracking. Several examples of
such technologies were considered in this paper.
All of them require no additional external energy
sources because of the use of the energy of pro-
cessed hydrocarbon gases, being characterized by a
high volumetric capacity, low capital and operating
costs, easy manageability, and a relatively straight-
forward production. An important advantage of all
such non-catalytic technologies based on oxidative
conversion is their low sensitivity to the composi-
tion and volume flow rate of processed gases, which
is very important in view of significant fluctuations
in the composition and productivity of most small
sources such as APG or biogas.

It can be expected that the use of such relative-
ly simple technologies not only opens up prospects
for a significant reduction in the emission in the at-
mosphere or flaring of anthropogenic hydrocarbon
gases but will also make it possible to more econom-
ically use local natural hydrocarbon resources in the
energy sector and for low-tonnage production of de-
manded chemicals.
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