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Economic analysis of oxygen carrier particles
for chemical-looping combustion process
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1. Introduction

It has been known that carbon dioxide (CO) is a greenhouse gas that is mainly releasing from fossil
fuel combustion [1]. In the developing countries, the economic growth results in a rapid increase in de-
mand for energy supply of fossil fuels, while the developed countries have not yet found the means for
substantially decreasing the use of these fuels. In the near future, it is not unlikely that radical measures o
decrease CO; emissions should be implemented [2].

From these demands, a reversible combustion was proposed to utilize oxidation and reductions of the
metals [3] as a novel concept of the chemical-looping combustion (CLC) [4]. It is composed of two re-
actors, an air and a fuel reactor, as shown in Fig. 1. The CLC has the advantage of no energy lost for sep-
aration of CO; and no NO, formation. This system consists of oxidation and reduction reactors where
metal oxides particles are circulating through these two reactors. The metal parficles are oxidized with air
in air reactor and the oxidized metal particles are reduced by fuel in a fuel reactor.

The reactivity of various oxygen carrier particles has been studied to find higher conversion of metal
oxides. However, the effective carrier particles are rather expensive chemical agents so that cheaper oxy-
gen carrier materials are needed for large-scale power plants. We has been studied reactivity and physical
properties of NiO and Fe;O; as the oxygen camier particles on the cheap supports [5, 6, 7]. In the present
study, the best oxygen camier candidate is selected from nine different kinds of NiO and Fe;O; particles
based on the expeﬁ{xlenlal data of conversion in the CLC reactor [2,8], properties and price of the raw
materials. Especially, the attrition characteristics of the carier particles are mainly considered because
this property is the most important factor in the real CLC operation [9].

2. Theory
As shown in Fig. 1, fuel is introduced into the fuel reactor in a gaseous form where it reacts with the
oxygen carrier particles as
2Rr+mMO +CHy— Qo+ m)M + m O + n CO; C 1)

At complete conversion of the fuel gas, the exit gas stream from the fuel reactor contains only CO; and
H;O thereby, pure CO; can be obtained with H,O condemsation. The reduced metal oxide is then circu-
lated to the air reactor where it is oxidized according to

M+1/20,— MO 2)
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The flue gas from the air reactor will con-

N2, 02 Oz, H20 tain N; and unreacted O,. The extent of the re-

{} /\’& actions may vary depending on the metal ox-

1} | ides and the reaction conditions. The total

MeO {+Me) | amount of heat evolved from the reactions (1)

Air - Fuel and (2) would be the same as the normal com-

Reactor Reactor bustion where the oxygen is in direct contact

JMe (+Me0) with the fuel. However, the advantage of this

] system compared to the normal one is that

ﬁ ﬁ CO: and H:O are inherently separated from

A fuel the rest of the flue gases, and no energy is ex-
pended for this separation [10].

Figure 1. Schematic diagram of chemical- For designing of a CLC reactor, required

looping combustion by Lyngfeit et al. (2] parameter values are detenmined as follows:

Assuming that the fuel is completely bumt,
the amounts of fuel and oxygen can be decided by stoichiometric calculation. It also gives the air mass by
mass fraction of oxygen in air. The cross-sectional areas of oxidizer and reducer can be determined by the
each fluidizing gas velocity, the specific volume of gases, the ambient temperature, the reaction temper-
ature, and the calculated gas amount. From these calculated values with the known values of bed height,
density of bed material, and the bed voidage, the amount of bed material can be determined.

The degree of oxygen conversion, henceforth called conversion, is the actual mass of oxygen divided
by the mass of oxygen then fully oxidized. The capacity of the canier particles defined as the ratio of a
fractional mass increase to an increase in conversion, is a measure of how much oxygen is able to transfer
for a given charge of canier in conversion. The mass flow of entrained solids from the oxidizer to the re-
ducer is related to the difference in conversion, and the mass flow of solids returned from the reducer to
oxidizer is somewhat smaller, because of the oxygen used in the reducer [2, 8].

3. Analysis of Data

Design criteria are chosen for the layout of an atmospheric boiler that is suitable for semi-commercial
scale. The design resembles that of a circulating fluidized bed (CFB) boiler for combustion of solid fuels,
thus using the elements of proven technology. However, a full optimization is premature at this state of
knowledge. Instead, the design data are chosen according to the following considerations, which to some
extent rely on the experience from CFB boilers [2]:

- The fuel is methane.

- The air ratio aims at keeping down the gas flow in the reactor, and yet have a sufficient oxygen
concentration for high conversion rate of the solids.

- The temperatures reflects the level where most of the experimental data are available at present.

- The recirculation ratio is low to minimize the power needed for compression of CO:.

- The pressure drop and the cross-section area are similar to that of CFB combustors.

- The conversion difference is small, which will give a large recirculation rate of solids.

- The oxygen caniers are NiO/TiOz, Fe;05/TiOz, NiO/AL O3, Fe:05/AL0s, NiO/bentonite,
Fe20y/benonite, and three kinds of NiO-Fe;Ox/bentonite.

The design values and the constants are used those in a previous study (8] with nine kinds of metal



oxides (Table 1). Molecular weight of iron oxide is based on the oxygen camying capacity of one atom of
jron, so the values in Table 1 are half of the real molecular weight of Fe;0;. The economic analysis of the
oxygen canier particles is based on the quantity of power generation and operation time.

The reactivity data of the oxygen camier particles are adopted in a previous study [5]. The design val-
ues provide the mass of carrier material and the fractional conversion rate in the oxidizer and reducer with
the reactivity data.

The carbon deposition on metal particles occurs due to incomplete combustion. The factor related on
carbon deposition is a function of residence time in the bed, so it is considered only when the residence
time is longer than the time that carbon deposition can eccur [6]. But, this is not a quantitative factor, so
not considered on calculating.

Attrition of oxygen carrier patticles is the most important factor to operate the CLC system [9] and the
attrition data of the present carrier particles have been determined {7].

The cost of looping materials are decided from the calculated mass of the carrier particles. Prices of the
raw materials are quoted from the fine chemicals of the Sigma-Aldrich Korea 2003-2004 for economic
analysis of the oxygen carier particles.

4. Result and Discussion

For the all camier patticles, the calculated values of fuel flow, air mass flow, bed mass and the required
conversion rate in the oxidizer and reducer, residence time in the xedqcer, and the bed mass loss by attri-
tion are determined. Table 2 shows an example of NiQ-Fe,03(2:2)/bentonite particle. The properties are
calculated, based on the power range from 50 kWth to 1,000 MWth. The attrition index is not exact value
for calculating the factor of attrition, but the effect of atirition can be determined by direct substitution of
the corrected attrition index as that is enough. _

The mass of oxygen camier particles were determined by the sum of the particle mass in the oxidizer
and the reducer with the knowledge of the attrition and reactivity of the carrier particles. The conversion
of all oxygen cariers are sufficient for the pilot plants having power greater than 10 MWth. Although
those pilot plants having power output below 1 MWih are satisfied, we can assumed that two times of the
required conversion is sufficient for the excess oxygen for complete methane combustion. Thus, the mass

Item Symbol Value Unit
NiO/TiO; [Fe;04/Ti0; NiO/ALO; Fe;05/ALOs
Molecular weight of metal oxide My, 74.69 79.85° 74.69 79.85"  g/gmol
Molecular weight of metal Mirea 58.69 55.85 58.69 55.85 g/émo!
Oxygen matio Ry 0.1285 0.1803 0.1285 0.1803 -
Particle density fe 4558 4062 4431 3934  kg/m’
Value of NiQ-Fe;(Os/bentonite
Item Symbol (ratio_of NiO:Fe;0y) ~ Unit
4:0 31 2:2 1:3 0:4

Molecular weight of metal oxide M, 74.69 7598 7727 7856 79.85" g/gmol
Molecular weight of metal Mirea 58.69 5798 5727 5656  55.85 g/gmel
Oxygen ratio Ro 0.1285 0.1421 0.1553 0.1680 0.1803 -
Particle density o 3450 3359 3290 3249 3155 kgw’

Table 1. Solid properties of oxygen carmier particles (‘Melecular weight of iron oxide is based on
oxygen camying capacity of one atom of iron.)

_349_



Power

Item Symbeol Unit
50 kWth 1 MWih 10 MWth 100 MWth 1,000 MWth
Fuel flow Mo 0.0010 00200 02000  2.0000  20.0000 kg/s
Air mass flow Maie 00204 04072 40717 407170 407.1699 kg/s
Bed mass in the oxidizer Mueo 10.61 9487 30000 948670 30000000 kg
Bed mass in the reducer  Miwans 47.06 42096 133120 4209600 133120000 kg
Required conversion rate .
Nequired chne Fox 14.53 3.248 1.027 03248 0.1027 %min
Required conversion mte | 327 0.731 0231  0.0731 0.0231 %/min

in the oxidizer
‘Residence time in the ¢
reducer e

Bed mass loss by attrition  myos 0.00712 0.6366 20.13 636.6 20130  kg/s

186.2 832.7 2633.2 83270 26332 sec

Table 2. Effect of power and particles on the design values for the example of NiO-Fe.04(2:2)/bentonite

of oxygen carriers are multiplied by the factor of their conversion rate in the plants having power capacity
of 50 kWth and 1 MWth. v

The required mass of looping materials and prices increase linearly with the power on log scale as
shown Figures 2-5. Figures 2 and 3 show the needed mass of the carrier particles as a function of power
output for one year operation. As can be seen, there are two groups of three different particies. Although
small changes are seen between the required bed mass and price, they lie within each group. It can be at-
tributed ¢o its attrition characteristics that is known as the most important factor in the CLC operation. In
the present study, Fe;05/ALO; is the most economical material since it has low attrition rate and itisa
rather cheap raw material. Also, bentonite support is also cheap material, but it has relatively high attri-
tion rate so that it may cause additional cost to preparing the oxygen carriers. The effect of NiO-Fe: 03
loading on the required mass and prices for one year operation are shown in Figures 4 and 5. The required
mass of carviers increases with increasing Fe,Os content, but the high content of Fe,O; is profitable since
Fe20; is much cheaper than NiO.
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Figure 2. Required mass of looping materials by Figure 3. Prices of looping materials by change
change of materials in one year of materials in one year operation.

operation.
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Figures 6 and 7 show the prices as a function of operation time in a 160 MWth pilot palnt. As can be
seen, the price increases with the operation time as incase of powér (Figs. 4 and 5). Also, they lie in two
groups that is also caused by particle atfrition. Especially, the materials having low attrition rates would
be profitable for long-time operation. Consequently, Fe,03/ALO; is the most economical material in this
respect.

Although NiO/TiQ;, NiO/AL O, and Fe;0/Al,0; are shown good candidates for the CLC operation
based on the economic analysis, they have a fatal problem of carbon deposition. Carbon depositior occurs
for the time period of 7,000 - 38,000 seconds in the pilot plants having power output of 100 - 1,000
MWth with enough residence time in the reducer. But the previous three materials, NiO/Ti0z, NiO/ALQs,
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and Fe;03/AL0s, carbon is deposited on the particles before 1,000 seconds in the reduction reaction.
Although numerical interpretation cannot be performed for carbon deposition, large emission of CO; from
the oxidizer by combustion of the deposited carbon is a fatal problem that may hurt the originality of the
CLC process. Therefore, we must be careful to select an oxygen carier.

5. Conclusion

Economic analysis of the oxygen canier particles were performed for the CLC operation. The ranking
of the tested oxygen camier particles for the economic analysis is based on the reactivity, attrition rate and
price of each camier particles. The required mass of the carrier materials and prices increase lineady with
both the power and operation time of a power plant. The tested particles are divided into two groups ac-
cording to their attriion characteristics. The attrition rate affects strongly both the required mass and pri-
ces of the canier particles. From the economic analysis, the most economic oxygen carier particle is
found to be Fe;03/ALO; because it has low attrition rate and material cost. The bentonite support was
considered a cheap material, but it has relatively high attrition rate that may cost more for making the
oxygen camiers. Also, other good carrier materials having good economic analysis exhibit carbon deposi-
tion problem that may cause environmental and technical problem with CO, emission.
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