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Abstract: A 0.5 MW class oxy-fuel boiler was developed to capture CO, from exhaust gas. We
adopted natural gas as the fuel for industrial boilers and identified characteristics different from those
of pulverized coal, which has been studied for power plants. We also examined oxy-fuel combustion
without flue gas recirculation (FGR), which is not commonly adopted in power plant boilers. Oxy-fuel
combustion involves a stretched flame that uniformly heats the combustion chamber. In oxy-natural-
gas FGR combustion, water vapor was included in the recirculated gas and the flame was stabilized
when the oxygen concentration of the oxidizer was 32% or more. While flame delay was observed at
a partial load for oxy-natural-gas FGR combustion, it was not observed for other combustion modes.
In oxy-fuel combustion, the flow rate and flame fullness decrease but, except for the upstream region,
the temperature near the wall is distributed not lower than that for air combustion because of the
effect of gas radiation. For this combustion, while the heat flux is lower than other modes in the
upstream region, it is more than 60% larger in the downstream region. When oxy-fuel and FGR
combustion were employed in industrial boilers, more than 90% of CO, was obtained, enabling
capture, sequestration, and boiler performance while satisfying exhaust gas regulations.

Keywords: oxy-fuel combustion; industrial boiler; heat flux; emission

1. Introduction

Increasing atmospheric CO, emissions from burning fossil fuels are a major barrier to
greenhouse gas reduction and global warming control. While the use of renewable and
clean energy sources such as solar and wind energy has increased considerably over the
past decades, owing to the enormous increase in global energy demand, fossil fuels will
continue to be used for decades to come. The use of fossil fuels warrants the incorporation of
carbon capture and sequestration (CCS) technologies—which include oxy-fuel combustion
and pre- and postcombustion carbon capture technologies—into power plants. Oxy-fuel
combustion technology is one of the most promising carbon capture technologies because
it allows minor modifications to be made to existing or new power plants [1,2].

Oxy-fuel combustion is the process of burning fuel in an atmosphere of pure oxygen
or a mixture of oxygen and fuel gases instead of air. The process generates exhaust gas
with a high CO, concentration, facilitating CO, capture after the condensation of water
vapor [3]. The captured CO; is used as industrial raw material or sequestered. Recently,
sequestration techniques including underground injection are being actively studied [4,5].
A review of the use of oxy-fuel combustion in existing combustion systems (including gas
turbines and boilers) and in new oxygen transport reactors is presented in [1].

Before the use of oxy-fuel combustion in existing combustion systems, the following
differences should be examined. First, the mass flow rate of the combustion gas can be
reduced by about 75%, which would decrease the heat loss and equipment volume [6].
However, since the heat transfer characteristics of the combustion chamber and heat
exchanger are different, a system that recycles CO, present in the exhaust gas has been
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frequently attempted. Second, since considerable energy is required for separating oxygen
from air, up to 15% of energy can be used for coal-fired power generation [7]. The use
of chemical looping technology for reducing this energy is being studied. Furthermore,
condensation easily occurs; therefore, CO, can be separated, or the heat of condensation
can be utilized [8,9].

The use of oxy-fuel combustion with pulverized coal and in circulating-fluidized-bed
coal-fired power plants and gas-turbine-based power plants has been studied [9]. In Korea,
coal and gas account for 36.8% and 31.8% of electricity generation, respectively [10]; there-
fore, great effects are expected when CCS are performed. In Korea, CO, emissions from
fuel combustion in the industrial sector account for about 40% of the total CO, emissions,
excluding indirect emissions from electricity consumption. According to manufacturing en-
ergy consumption data, boilers account for the largest share of CO, emissions at 8.8% [11];
therefore, using oxy-fuel combustion in industrial boilers is expected to significantly reduce
greenhouse gas emissions.

In this study, as shown in Figure 1, an industrial boiler that could obtain high-
concentration CO, through oxy-fuel combustion was constructed. In a 50-kW furnace-type
boiler, a small-scale model experiment was performed in the manner described in previous
studies [12,13]. When oxy-fuel combustion was used, the boiler combustion chamber
could be properly heated even with a small flow rate through gas radiation. However, for
long-term operation with oxy-fuel combustion and high flame temperature, the burner
should be properly protected. Analysis of the exhaust gas revealed that maintaining the air-
tightness of the system was crucial to achieve a high concentration of CO, or low nitrogen
oxides (NOy) [13].
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Figure 1. Oxy-fuel flue gas recirculation (FGR) combustion boiler for CO, capture.

In this study, the oxy-fuel boiler was scaled up to 0.5 MW. On the basis of the results
of previous studies [12,13], the gas tightness of the system was improved and CO, recir-
culation, which was not considered in previous studies, was included. A furnace flame
tube-type boiler, which is more widely used compared with the furnace type in [12,13],
was used. An economizer was installed at the outlet to test the heat transfer character-
istics of the flame tube and economizer together. The thermodynamic optimization of
the system considering the heat recovery [14] and the heat transfer characteristics of indi-
vidual components are also very important, but the discussion in this paper is limited to
combustion and heat transfer in the combustion chamber. When oxy-fuel combustion is
used in large-volume boilers, measures are required to stretch the flame and protect the
burner from high-temperature flames. In this study, a coaxial burner was fabricated for
both oxy-fuel air combustion and oxy-fuel FGR combustion (Figure 2), and the volume of
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the flame was secured to achieve an even temperature distribution inside the boiler. The
burner is detailed in Section 2.1.
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Figure 2. Oxy-fuel/air/FGR convertible burner.

In this study, a 0.5 MW class industrial boiler system employing oxy-fuel combustion
was constructed. Previous research on oxy-fuel boilers has been focused on boilers for
coal-fired power generation [9]. Studies on natural gas industrial boilers have been very
rare, except for the authors’ previous studies [12,13,15]. Unlike coal, natural gas generates
a large amount of water vapor in the combustion process; therefore, its combustion and
heat transfer characteristics are different. In this study, the temperature distribution inside
a combustion chamber and the heat flux on the wall of the combustion chamber were
measured; experimental data on the temperature distribution in a combustion chamber are
more scarce compared with flame image data.

In particular, this study examined FGR (flue gas recirculation) combustion, which was
not investigated in a previous study [13]. When the combustion gas—liquefied natural gas
(LNG)—is recycled, a considerable amount of water vapor enters the combustion system,
and the combustion characteristics change. This study investigated the change in com-
bustion characteristics. Furthermore, since the water vapor contained in the combustion
gas changes the gas radiation characteristics, the detailed temperature distribution in the
combustion chamber and the heat flux on the wall were measured and examined. Finally,
while most of the NOy in coal is fuel NOy, in natural gas, most of it is infiltrated thermal
NOy, which was analyzed in this study.

2. Experimental Setup and Methods
2.1. Oxy-Fuel, Air, and FGR Convertible Burner

In this study, a 0.5 MW class oxy-fuel, air, and FGR convertible burner was designed
by referring to the authors’ previous studies [12,13,15] and the concepts of oxy-fuel burners
found in open literature. The position of the nozzle in a 50-kW burner was moved in the
axial direction to cope with the combustion mode [12,13], and the 0.5-MW burner was used
to control the supply passage of the oxidizer to support FGR. Among the oxy-fuel FGR
boiler designs for power generation found in open literature, burners for pulverized coal
(PC) have been mainly referred to.

While oxy-PC burners of the coaxial (Air Liquide [16], Alstom Power [17]), eccentric
duct (Hitachi [18]), and tangential (Doosan Babcock [19]) types have been used as an air
and oxy-fuel FGR convertible burner, the coaxial type has been the most widely used [9].
In this study, a coaxial-type burner was designed to examine the oxy-fuel operation mode
without recirculation.

As shown in Figure 2, natural gas was used as the fuel, and it was supplied to the
central axis and oxidizer through triple coaxial-annular spaces. Valves and dampers were
installed in the triple annular spaces to respond to the combustion mode. In the case of
an oxy-fuel flame, flame holding is better than air combustion [20,21]; hence, oxygen was
supplied through a nozzle to produce a jet flame. The jet flame can effectively heat the
furnace as it extends in the axial direction [22].
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For air and recirculation combustion, the oxidizer was divided into double swirlers
and supplied to control according to combustion conditions. When the swirler is used,
a recirculation zone is created at the center and radial jet flow occurs, stabilizing the
flame in air and recirculation combustion [23,24]. Furthermore, even if the type of fuel or
combustion mode is changed, a similar type of flame can be obtained, and stabilization
and flame length can be controlled by adjusting the momentum ratio of the primary and
secondary flows [25].

2.2. Oxy-Fuel Boiler and Instrumentation

As shown in Figure 3, the experimental setup was designed to obtain a high concen-
tration of CO, when oxy-fuel combustion was used in an industrial boiler. The boiler used
was a 0.5 MW class furnace tube boiler, and FGR and a condensing heat exchanger were
not covered in the 50-kW class model test [12,13].

Figure 3. Experimental setup: (a) a schematic and (b) a photograph.

The fuel was natural gas and supplied through a filter, as shown in Figure 3, to the
combustor at a flow rate of 40 N m3/h at a load of 100%. Oxygen was supplied through
an evaporator, and it exchanged heat with the exhaust gas during oxy-fuel and FGR
combustion. In FGR, a large amount of water vapor is contained in the recycled gas, which
affects the combustion stability. The flame was stabilized when the oxygen concentration
of the oxidizer was 32% or more.

In this study, an oxidizer was supplied; therefore, the dry-based oxygen concentration
was 35% and 40% for FGR. The recirculation rate was defined as the flow rate ratio of the
fuel and CO, contained in the recirculation gas (Equation (1)).

volume flow rate of CO; in the recirculation gas
volue flow rate of fuel (natural gas)

Recirculation rate = @D
The recirculation rate defined in this way is 3.4~3.5 at 35% oxidizer O, and 2.7~2.8 at
40% oxidizer O, depending on the oxygen concentration of the exhaust gas.
In oxy-fuel combustion, the flow rate of oxygen was controlled by an electromagnetic
valve with a mass flow controller. In air combustion, the flow rate of air was adjusted
by controlling the rotation speed of the blower inverter while monitoring the oxygen
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concentration of the exhaust gas. In FGR combustion, the flow rate of the recycle gas was
also controlled by an inverter to match the oxygen concentration of the oxidizer.

In the furnace tube boiler, heat is primarily transferred directly from the combustion
chamber, and the exhaust gas transfers heat through a two-pass structure. In the combus-
tion chamber, a 150 mm-diameter quartz observation window was installed to observe the
flames from the front and sides. A camcorder (SONY TRV-30) was installed in front of the
observation window to obtain flame images.

The temperature inside the combustion chamber was measured to observe the effect
of the high-temperature oxy-fuel flame on the heat transfer characteristics of recirculation.
R-type thermocouples, which can measure temperatures up to 1450 °C, were installed
in the combustion chamber. The tolerance was £2.5 °C at a temperature of 1000 °C. As
shown in Figure 3b, a thermocouple was installed at the central axis of the cylinder-shaped
combustion chamber, and the temperature was measured while moving from the central
axis to the wall to obtain the temperature distribution inside the combustion chamber.

In oxy-fuel combustion, gas radiation is important because the exhaust gas comprises
CO; and water vapor, which cause gas radiation. To verify this, the heat flux distribution
on the wall of the combustion chamber was measured using a heat flux sensor (Vatell,
HFM-6D/H) that could obtain both convective and radiant heat flux by directly measuring
the temperature gradient on the wall.

Gas was collected at the boiler outlet and its components were analyzed with a gas
analyzer. Among the exhaust gas components, CO;, O,, CO, and NO were analyzed, and
two Siemens Ultramat 23 and one Oxymat 61 were used. The CO,, CO, and NO measured
by Ultramat 23 were calibrated before and after the experiment on the basis of a standard
gas with an accredited certificate. O, measured with Oxymat 61 was calibrated using
high-purity air at intervals of 3 h. For determining the concentration of the exhaust gas
component, after setting the combustion conditions, a stabilization time of 10 min or more
was secured and the average value of the measurement result over 3 min was obtained.
The uncertainties listed in the test certificate were £0.2% for the O, and CO, components,
and the maximum uncertainties for the CO and NO concentrations were estimated to be
7.6 and 7.3 ppm, respectively, for the measuring span adopted in the present experiment.

3. Results and Discussion
3.1. Flame

In air combustion, as in the case of previous studies [23,24] that used a swirler, a
recirculation area was created, and the flame spread in the radial direction and was held
near the burner. In the side image of the flame (Figure 4), the flame is located near the
burner; in the front image, the burner tile is glowing. Comparing 50% and 100% loads, the
luminance of the flame is high and the castable refractory is glowing brighter under the
larger combustion load (100%). In air combustion, the change in the flame with the air ratio
is not large in the exhaust gas oxygen concentration range of 1.5% to 3.5%. Consequently,
air ratio and operating load can be determined by energy efficiency or emission control.

In oxy-fuel combustion, oxygen is injected through a nozzle to extend the flame in the
flow direction (Figure 5). From the side images in Figure 5, the flame extending in the flow
direction can be clearly observed. At both 50% and 100% loads, the characteristics of oxy-
fuel flames [21,22] appear, in which the volume of the flame decreases and the luminance
increases compared with air combustion. The burner tile’s glowing was significantly
reduced compared with the air combustion in Figure 4. The light from the burner tile is
observed more clearly as the flow direction momentum decreases at 50% of the load. Similar
to air combustion, the change in the flame resulting from excess oxygen is not distinct.

In oxy-fuel FGR, when the dry-based oxygen concentration of the oxidizer was low-
ered to the air level of 21%, it contained considerable moisture and did not generate a flame.
As a result of the experiment in which the recirculation rate was varied, a stable flame was
obtained when the oxygen concentration of the oxidizer was 32% or more. This issue did
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not appear in oxy-PC and was only observed for natural gas. Flame images obtained for
35% and 40% oxygen for the FGR oxidizer are compared in Figure 6.

50% 100% Load

]
I
O

\
Q\

Figure 4. Flame images (front and side) for different combustion loads and exhaust O, concentrations
for air combustion.

Exhaust O, [% vol.]

100% Load

Figure 5. Flame images (front and side) for different combustion loads and exhaust O, concentrations
for oxy-fuel combustion.

2.5

3.5

Exhaust O, [% vol.]

At 100% load (Figure 6a), the flame is close to the burner and the refractory is heated,
similar to the case of air combustion shown in Figure 4. There is no significant change
in the flame in the range of 1.5% to 3.5% of the flue gas oxygen. Comparing the flame to
the recirculation rate shows that the refractory glows brighter in the case of an oxygen
concentration of 40%. This appears to be because the propagation speed and temperature
of the flame increased with the oxygen concentration.

Air combustion and oxy-natural-gas FGR are similar at full load but very different
at partial load (see Figure 4). At 50% load (Figure 6b), the momentum of the oxidizer
decreased and the flame was elongated in the flow direction. Moreover, the refractory
was weakly reddish compared with the case of 100% load. It can also be interpreted as
the occurrence of flame delay when compared to air combustion with the same load. The
flame was blue because the fuel—natural gas—was mainly methane. At 50% load, unlike
air combustion, the burner tile glowed weakly and was ring shaped.

When the recirculation rate was decreased to oxygen in the FGR gas of 40%, the
tangential momentum decreased and the flame appeared downstream, with the end of the
flame being white, as in the case of oxy-fuel combustion (see Figure 5). This phenomenon
is more evident in the flue-gas oxygen of 3.5%. Unlike other combustion modes, in oxy-
natural-gas FGR, the flame shape varies greatly depending on the combustion load and
excess oxygen.
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Figure 6. Flame images (front and side) for different recirculation rates in oxy-fuel FGR combustion:
(a) 100% and (b) 50% loads.

3.2. Temperature and Heat Flux

In the temperature distribution inside the combustion chamber for air combustion in
Figure 7a, a high-temperature region radially spread out appears at an upstream position
close to the burner because of the action of the swirler. Compared with a similar type
of oxy-PC burner [26], the upstream, high-temperature region covers a larger distance in
the radial direction. At 50% load, the flame does not spread to the sidewall; therefore, a
low-temperature region appears near the sidewall (/R = 1); the region originates from
an upstream location. After x/R = 2, where recirculating flow occurs, a conical, low-
temperature region occurs near the central axis, which is more clearly observed at 50% load.

In oxy-fuel combustion (Figure 7b), a high-temperature region occurs along the central
axis and shows an elongated balloon shape, similar to the temperature distribution of Oh
and Noh [23]. Furthermore, the flow rate and flame fullness decrease but, except for the
upstream region (x/R < 1), the temperature near the wall is distributed not lower than that
for air combustion because of the effect of gas radiation.

Oxy-fuel FGR (Figure 7c) also shows a temperature distribution similar to that of
air combustion (Figure 7a) because the oxidizer is supplied through the swirler. At 100%
load, higher temperature distribution is observed upstream compared with air combustion,
which is consistent with the trend shown in the glowing characteristics of refractories
observed in the flame images (Figures 4 and 6a). In the flame photographs of 50% load
(Figure 6b), the flame was detached from the refractory, and the temperature was low at
the upstream (x/R = 0.5) combustion chamber wall.

Figure 8 compares the wall heat flux distribution for different combustion modes at
3.5% of exhaust oxygen. FGR is the result obtained under the condition of 40% O; of the
oxidizer. Air and FGR combustion have a large heat flux value upstream. The heat flux
rapidly decreases up to the vicinity of x/R = 1 and then gradually decreases after x/R = 1.
Quantitatively, FGR has a higher heat flux value than air combustion in the upstream
region. Oxy-fuel combustion shows an even distribution of heat flux in the flow direction.
For this combustion, while the heat flux is lower than other modes in the upstream region,
it is more than 60% larger in the downstream region where x/R exceeds 2.
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Figure 9 compares heat flux distributions for different flue gas O, for oxy-fuel com-
bustion. For 100% load (Figure 9a), the heat flux for 3.5% of O, is considerably higher
than the data for low O, in the downstream region. This appears to be because the effect
of convection becomes more important as it goes downstream. As thermal radiation is
proportional to the fourth power of temperature and convection is proportional to the
first power, the effect of convection becomes more important as it flows downstream (see
Figure 7). Since convective heat transfer is proportional to the flow rate, it increases as the
flue-gas O, increases. The result for 50% load presented in Figure 9b shows the same trend,
but the effect of flue-gas O, is considerably reduced.
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Figure 9. Heat flux from the oxy-fuel flame to the combustion chamber wall for different flue gas O, concentrations: (a) 100%
and (b) 50% loads.

Heat flux (kW/m?)

Figure 10 shows the heat flux distribution of FGR for different recirculation rates when
the exhaust O is 3.5%. At a low recirculation rate (40% O, in the oxidizer), the heat flux is
high compared with 35% O, in the downstream region (x/R > 1). At 50% load (Figure 10b),
the heat flux around x/R = 0.5 at 35% O is higher than that at 40% O,. In the front image
(Figure 6b) taken at 50% load, a flame with high luminance is visible around the center at
40% O, and this flame appears to have given rise to a high radiant heat flux downstream.

(b)

. 120
O, in oxidizer O, in oxidizer
——40% | 100 | —e—40%
—=—35% —=—35%
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Figure 10. Heat flux from the oxy-fuel FGR flame to the combustion chamber wall for different O, concentrations in the
oxidizer for (a) 100% and (b) 50% loads.

3.3. Emissions

In a previous study, in a 50-kW class model experiment, CO, concentrations of about
90% (at full load) and about 85% (at a partial load) were obtained [13]. In this study,
high CO, concentrations were obtained at 50% and 100% loads in oxy-fuel combustion by
improving gas tightness and by controlling the blower with an inverter (Figure 11). For
both oxy-fuel and FGR combustion, a high concentration of CO; close to the theoretical
value, over 93% at the range of 2-5% of exhaust gas O,, was obtained; this range of exhaust
gas O; is typical of boiler operating conditions.
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Figure 11. CO; concentration in the exhaust gas at (a) 100% and (b) 50% loads.

CO decreased when the supply of the oxidizer was sufficient, and it converged to a
very low value in all combustion modes when the exhaust O, exceeded 3.5% (Figure 12).
CO is generally produced from a combustion reaction short of oxygen based on combustion
fundamentals. In oxy-fuel combustion, CO; can dissociate near the flame to generate
CO [27,28]. Oxy-fuel and FGR combustion generated CO when the O, amount supplied
was close to stoichiometry. For both cases, more CO was detected at 50% load compared
with 100% load. Relatively, the concentration of CO was high in FGR combustion at full
load and in oxy-fuel combustion at a partial load.
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Figure 12. CO emission in parts per million (ppm) at (a) 100% and (b) 50% loads.

NO accounts for about 95% of the nitrogen oxides generated in the boiler combustion
chamber, and the rest comprises mostly NO, and traces of N,O [9]. In this study, the
concentration of NO was measured for the different combustion modes and is presented
in Figure 12. In oxy-coal combustion, which is the combustion mode in boilers used for
coal-fired power generation, there is no oxygen supplied from the air, so it is mostly fuel
NOy [29,30]. Natural gas has almost no nitrogen component in fuel, so it is mostly thermal
NOy and its origin is mainly through infiltration. Air infiltration in new boilers is about 2%
to 4% and increases with aging [31].

In this study, by improving the airtightness of the system, NO, in oxy-fuel was
significantly reduced compared with the data of the 50-kW model experiment. In the
50-kW model experiment, the NO concentration in oxy-fuel was 5 to 10 times that of
air combustion depending on the combustion load [13]. The concentration of NO was
suppressed to twice that for air combustion in oxy-fuel combustion and reduced to half of
that for air combustion in FGR combustion (Figure 13a). In oxy-fuel combustion, flue gas
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was reduced more significantly compared with air combustion; therefore, NO emission per
fuel volume was considerably lower (Figure 13b). In oxy-fuel combustion, the flow rate of
flue gas is reduced to 1/8 of that of air combustion, so the concentration of NO seems to
have increased (Figure 12a), but the total amount of emissions has decreased (Figure 13b).
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Figure 13. NO emission. (a) NO concentration at 100% load and (b) NO emission per unit fuel consumption.

4. Conclusions

In this study, the following conclusions were drawn from observations of the combus-
tion characteristics of a 0.5 MW class furnace tube boiler installed with an oxy-fuel burner.

1.  In oxy-natural-gas combustion without FGR, the flame temperature increases, and
the gas radiation becomes stronger. Consequently, the extended flame of the coaxial
combustor can heat the boiler combustion chamber designed for the air combustion
flow rate.

2. In oxy-natural-gas FGR combustion, an O, concentration exceeding the oxy-coal
concentration was required for flame stabilization owing to the effect of moisture. In
the boiler used in this study, a stable flame was obtained above 32% O5.

3. While flame delay was observed at a partial load in FGR combustion, it was not
observed in the other combustion modes.

4. If the airtightness of the system is maintained, the concentration of CO; in the ex-
haust gas of industrial boilers can be increased by more than 90% through oxy-fuel
combustion. The emission of NOy can be considerably reduced by implementing the
coaxial burner.
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Nomenclature

FGR flue gas recirculation
PC pulverized coal

r radial coordinate at the combustion chamber [m]
R radius of the combustion chamber [m]
x streamwise coordinate from the burner [m]
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