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Abstract

The OXYCOAL-AC cooperative research project, presented here, aims at
the development of the main components for an integrated zero-COr
emission power plant process which comprises combustion of pulverised
coal in a mixture of recirculated flue gas (RFG) and oxygen produced from a
ceramic ion transport membrane (ITM). This article focuses on the specifics
of coal combustion in a CO2/O2 atmosphere including flame stability and
related burner design as well as the changes in the heat transfer inside an
oxy-firing utility scale furnace. The membrane-based air separation modules
and their design for oxycoal conditions are reviewed as well.

Introduction

The global mean atmospheric carbon dioxide (CO2) concentration
measured over the ocean surface has increased from about 315 ppm in 1958 to
386 ppm at the end of 2009 [0], thus raising serious concerns on its potential
impact on climate change. Together with transportation, space heating and
industrial processing, the electricity and heat generation sector is a major
anthropogenic source of CO2. Therefore the development of an emission-free,
coal-fired power plant would be an important step towards the reduction of
human-made greenhouse gas emissions into the atmosphere. Recently, Carbon



Capture and Storage (CCS) technologies applied to the coal-based electricity
and heat generation sector have gained huge interest as a promising option
which has the potential to reduce CO2 emissions drastically. This concept is
usually divided into three different approaches, namely post-combustion capture,
pre-combustion capture and oxyfuel techniques. The current work is focused on
the oxyfuel as an promising near-term option for significant reduction of
emissions from coal-fired power generation.

Oxycoal is a process of burning coal in a mixture of oxygen and recirculated
flue gas (RFG), thus eliminating the presence of atmospheric nitrogen in the flue
gas as depicted schematically in Fig. 1. The resulting flue gas is comprised
primarily of carbon dioxide and water vapour along with some N2, O2 and trace
gases like SO2 and NOX. The flue gas can be further processed (e.g. through
rectification or distillation) to enrich the CO2 content in the product gas further to
values of 96- 99%. The purified CO2 stream is then compressed and condensed
to produce a manageable effluent of liquid CO2, which can be sequestrated for
storage or for use in subsequent processes. The purification and compression of
CO2 requires approx. 130 kWh per ton CO2 thus reducing the efficiency of a
power plant. This reduction, however, may be acceptable given the
environmental effects of CO2 emissions. To provide the oxygen necessary for an
oxycoal process, currently two main technologies are under consideration:
cryogenic air separation (an energy-intensive process that involves liquefying
air) - a method which can be easily implemented as it is already well established
in industry. The energy demand for oxygen production, however, is about 240
kWh per ton O2 resulting in an overall efficiency drop of a power plant of around
8-10 % - points [0]. The second method for oxygen supply is based on high
temperature oxygen ion transport membrane (ITM) that due to the reduced
auxiliary power required for oxygen productions, appears to be the more cost-
and energy-effective alternative to the cryogenic process [0]. Calculations show
that the use of an ITM technique in an oxycoal process for large scale plants will
lead to 5-6% - point reduction of efficiency compared to a conventional air firing
power plant [0]. Furthermore, by achieving good combustion performance at low
oxygen concentrations in the CO2/O2 mixture, the investment and operational
cost of an ITM based oxycoal plant can be additionally reduced [0], Therefore
the development of the core technology and the system integration of an oxy-
firing process that is based on membrane oxygen separation becomes a key
issue on the way to reduce significantly the energy penalty related to all CCS
technologies. Thus, the oxycoal technology will become commercially attractive
which will be important if carbon capture is going to become mandatory in a
future regulatory framework.
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Fig. 1. Oxycoal combustion scheme with wet and dry recycle of the flue gas [0]

This paper presents the OXYCOAL-AC cooperative research project,
aiming at the development of the main components for an integrated zero-
CO2-emission power plant process which comprises combustion of
pulverised coal in a mixture of RFG and oxygen produced from a ceramic
ITM. Special attention is given on the specifics of coal combustion in a
CO2/O2 atmosphere, providing measures for oxy-flame stabilisation as a
function of flue gas recycling ratio (O2 content) and on the development of a
swirl burner able to operate in both air and oxy-firing.

Combustion in CO2/O2 Atmosphere

Combustion of pulverized coal in a CO2/O2 atmosphere, as it occurs in
the OXYCOAL-AC process, is different from combustion in air. Several
experimental investigations with oxy-firing pulverized coal burners report that
flame temperature and stability are strongly affected [0-0]. CO2 features
pronounced differences of thermophysical (higher cp) and optical (higher
emissivity) properties compared to air; therefore, it is of vital importance to
account for the effects of CO2 properties on heat transfer and chemical
reactions during pulverized coal oxy-combustion [0].

100 kW Test Facility
Experiments were performed in the oxycoal test facility of the Institute of

Heat and Mass Transfer (WSA) at RWTH Aachen University schematically
shown in Fig.3. It is composed of: a vertical, cylindrical furnace with a
combustion chamber length of 2100 mm and an inner diameter of 400 mm, a
flue gas recirculation line; a flue gas cleaning device (ceramic filters) for particle
remove; and a flue gas recirculation fan. The burner is axially movable, thus
detailed information of the burning process can be obtained by optical and in-
flame measurements at different distances from the burner orifice. The coal



used for tests was pre-dried Rhenish lignite. The burners tested were swirl type
burners. First experiments showed that replacing air with a CO2/O2 mixture that
has the same O2 concentration as air (21 vol.-%) led to a lifted, dark flame with
poor burnout and reactions somewhere in the middle of the furnace. The higher
heat capacity of the CO2/O2 mixture [cPico2 is 70 % higher than cp,m at 900 °C)
delays the heating of the pulverized coal-gas mixture thus influencing particle
devolatilization, ignition, and combustion. Therefore, the following measures for
oxycoal swirl flame stabilization with O2 concentration in the CO2/O2 mixture
equal or lower than those in air were considered:

• compensation for higher molar heat capacity of the gas mixture by
increasing the heat supply to the burner quarl;

• maintaining constant velocities at the burner by stabilizing the CO-
production from the heterogeneous reactions (including the
endothermic Cs + CO2 = 2 CO).

This can be obtained by modification of the burner's aerodynamics in
such a way that stronger recirculation of the hot combustion products is
induced which will provide the necessary heat to compensate for the cp and
the enthalpy of the endothermic heterogeneous reactions. CFD was
intensively used as a design tool finding the optimum geometry and
operating conditions. For this, a numerical model for oxy-combustion of
pulverized coal was developed [0]. As a result, a new burner that provides
fast particle ignition and flame stabilization near the burner quarl was
designed. This burner was built and tested experimentally under oxycoal
conditions (Fig.2b,c). Detailed numerical and experimental results have
been reported by Toporov ef a/. [0]. The flame remained stable and full
burnout was kept up to an O2 content of 18 vol.-%. Furthermore, the burner
was able to operate in air operation as well (Fig. 2a).

a b e
Fig. 2.80 kW pulverised coal flames obtained at the test facility at RWTH Aachen,

with a) air-firing; and oxy-firing with 21% vol. O2 content in b) O2/CO2 mixture and c)
O2/RFG mixture



Utility Scale Furnace
A direct scale up of the 100 kW burner described above to an industrial

scale oxy-firing burner in the range of several MWth is not possible. Instead,
modifying of a conventional air-firing utility scale burner according to the
measures for oxycoai swirl flame stabilization described by Forster et al. [0]
is recommended. Following this approach, a CFD based design of a 70
MWth swirl burner able to operate in air as well as at a wide range of O2
concentrations under oxycoai conditions was carried out. Further, numerical
simulations of a 1210 MWth state-of-the-art furnace equipped with 18
burners oxy-firing bituminous coal were performed [0] (Fig. 4). The changed
gas radiation properties inside the furnace were considered by non-grey
implementation of the Exponential Wide Band Model [0]. Calculations
showed that a significant increase of oxygen concentration in the RFG/O2
mixture (around 27 % for wet recycle and 30 % for dry recycle) is necessary
for compensation of the higher molar heat capacity of CO2 and thus for
obtaining the same flame temperatures as those in air-firing.

Fig. 3. Scheme of the 100 kW oxycoai test
facility at RWTH Aachen University (1-
furnace;2-hot FG filtration; 3-oxygen
addition; 4-FG cooler; 5-FG fan; 6-FG

reservoir; 7-control valves; 8-gas mixer; 9-
coal feeder; 10-flue stack; 11-air fan;12-

start-up stack)
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Fig. 4. Temperature distribution at the
middle vertical plane of a 1210 MWth
furnace burning bituminous coal in a

mixture of 27 vol. % O2 and wet recycled
flue gas (dimensions in m) [0]



However, this will lead to a 16 % increase of the incident radiation to the
furnace walls in case of wet recycle and 5 % for dry recycle. This effect is
due to an increased CO2 and water vapor content in flue gas that alters the
optical density of the flue gas inside the furnace. Accordingly, the authors
suggested that a heat flux to the furnace walls similar to that in air operation
can be achieved under oxycoal operation when oxygen concentrations in the
RFG/O2 mixture are about 24 vol. % for wet and 29 vol. % for dry recycling.

Air separation unit concepts for OXYCOAL-AC

The ITM oxygen process uses nonporous, mixed-conducting, ceramic
membranes that have both electronic and ionic conductivity when operating
at high temperature, typically 800° to 900° C. The mixed conductors are
inorganic mixed-metal oxides (e.g. perovskites or fluorites). Oxygen from the
high pressure air feed adsorbs onto the surface of membrane, where it
dissociates and ionizes by electron transfer from the membrane. The
resulting oxygen anions pass the structure by leaping from vacancy to
vacancy powered by the difference in oxygen partial pressure on opposite
sides of the membrane. At the permeate surface of the membrane the
oxygen ions release their electrons, recombine, and desorb from the surface
as oxygen molecules. An electronic countercurrent accompanies the oxygen
anion transport, eliminating any need for an external circuit. As the
membrane is a dense, impermeable ceramic, no gas can pass through, so
the separation efficiency will be 100 % for oxygen.

Basically, there are two different concepts for including the membrane
air separation unit into the OXYCOAL-AC process. In the first concept, the
membrane will be heated and kept at its operating temperature by
recirculation of flue gas that enters the membrane module at temperature of
around 850 °C. Since the ceramic membrane is susceptible to dust the flue
gas has to be cleaned in a hot gas filtration upstream of the membrane.
Thus, the "cleaned" flue gas enters the membrane module, where it is
enriched with oxygen, see Fig. 5 (left).

However, membrane materials having the highest permeation rate at
the conditions of interest are not resistant to CO2 and SO2. Thus, the use of
such membranes can be suitable only if there is no direct contact between
the membrane material and the flue gas. Therefore, an alternative solution
was considered (see Fig. 5 (right)) that avoids direct contact between flue
gas and the membrane. The oxygen, in this case, is extracted from the
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Fig. 5. Schematic diagrams of oxygen enrichment using ITM with direct contact with
flue gas (left) and without direct contact with flue gas (right) [0]

membrane module by a vacuum pump. In both cases the air from the feed
side flows through a heat exchanger thus being pre-heated before entering
the membrane module. Applying the first concept will lead to lower cost of
O2 production (approx. 46-66 kWh per ton O2) and as a result to higher
thermal efficiency of the OXYCOAL-AC process. However, this requires the
development of new membrane materials which is an ongoing issue [0].
Although the concept of ITM integration without direct flue gas contact leads
to higher O2 production costs (about 70 kWh per ton O2 [0]) it can be applied
already in technical processes and thus providing significant savings
compared to the standard cryogenic technology.

Conclusions

Combustion of pulverized coal using oxygen instead of air, diluted with
recycled flue gas, is a zero-CO2 emission emerging technology with strong
commercial interest. Compared to cryogenic air separation, oxygen supply
by means of an oxygen ion transport membrane (ITM) is said to be more
energy efficient.

In the framework of the OXYCOAL-AC research project, detailed
experimental and numerical investigations of oxycoal swirl flames have been
made. The effects of high CO2 concentrations in the gas mixture during oxy-
firing on volatiles and on particle ignition, flame propagation, flame stability,
emissions and heat transfer in the boiler have been investigated and
analyzed. Measures for oxy-flame stabilization as a function of flue gas
recycling ratio (O2 content) are derived and a swirl burner able to operate in



both air and oxy-firing has been developed. Thus, OXYCOAL-AC became
the first test-plant worldwide where coal can be burnt in a stable flame in a
CO2 atmosphere with oxygen content between 18 and 30 vol. %. In addition,
the development, design, construction and tests of the key components in
the OXYCOAL-AC process, namely ion transport membrane for oxygen
production, hot gas filtration, compressed air-flue gas heat exchangers etc is
an ongoing issue. Thus the experience accumulated from different technical
areas, supported by fundamental research, small scale tests and
engineering design was connected into one process. This provides the
understanding and knowledge to master the core technology and the system
integration as designed for an efficient use of the oxycoal technology.
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