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ABSTRACT 

Cheihical cycles for separating oxygen (02) from air were developed many years ago. 
These cycles involve initiating a reaction to capture 0 2  from the air and changing the 
operating conditions to effect a controlled breakdown of the newly formed product to 
release the 0 2  and regenerate the original species. Two such 0 2  separation cycles are the 
Moltoxm and the barium oxide/peroxide cycles. These cycles are generally more expensive 
than more conventional methods - such as cryogenic separation of air - partly because 
they consume high-temperature thermal energy (500-850 "C). Conventional air separation 
to produce 02, though more economical than these cycles, is still too expensive when 
applied to combustion of fossil fuels. The nitrogen content of the combustion air results in 
a flue gas stream that is low in carbon dioxide (C02); this increases the complexity and cost 
of capturing the Co;! from the flue gas. These chemical cycles can be integrated with 
power cycles, such as the high-temperature gas turbine (1300-1500 "C), to provide 
efficient heat cascading and recovery. The heat cascading process can also be arranged to 
minimize the overall exergy loss in the integrated system. The enriched 0 2  stream 
produced can be used in the combustion process to generate a CO2-rich stream that is more 
readily separable for production of commercial-grade C02. This paper presents a 
discussion of air and water separation techniques integrated with power cycles. 
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INTRODUCTION 

The prevention of carbon dioxide ( C a )  emissions to the atmosphere is receiving 
increasing attention because such emissions are expected to contribute to future climate 
change via the greenhouse effect. Fossil-fuel-fired power generation systems are major 
emitters of C02 to the atmosphere. Because of the large amounts of C02 generated at these 
sites, they are excellent targets for C@ capture and recovery. Technologies that may be 
employed to capture the C@ from the flue-gas include chemical solvent, cryogenic, 
membranes, physical absorption, and physical adsorption methods. In general, capturing 
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C02 from the flue gas is expensive and energy intensive, and results in a substantial overall 
increase in the cost of power generation (Wolsky, 1993). Reasons for the high energy 
requirement and high cost include the following: 

C02 is present in the flue gas at a low partial pressure (Table 1). Its partial 
pressure can be increased by decreasing the partial pressure of nitrogen 
(N2), which can be separated prior to, or after, the combustion process. 

Both N2 and C02 require low temperatures and high pressures to condense. 
Formation of clathrates at such conditions is also likely. 

The large number of species present in the flue gas, and the corrosive nature 
of some of these species complicate all applicable separation processes. 

Condensing the water vapor in the flue gas increases the cooling load on the 
separation process. 

Co;! and N2 are relatively inert and do not participate in reversible reactions 
that can form readily separable products under moderate conditions. 

The C02 has to remain under pressure for transportation and sequestration. 
Therefore, the energy used to compress it is generally not recoverable. 

Table 1. Composition (Mol %) of Flue Gases Generated When Coal 
( c H 0 . 8 ) ~  Oil 

(CH1.6), and Natural Gas (CH4) Are Burned With 110% Theoretical Air 

C02 H20 02 N2 

coal 15.4 6.2 1.8 76.6 
oil 12.9 10.3 1.8 74.9 
Gas 8.7 17.4 1.7 72.1 

The major challenge to recovering C02 is separating it from N2. An alternative to the 
conventional approach is to separate the N2 from the combustion air. Beyond the C@ 
capture advantage, combustion with 0 2  offers other advantzges relative to combustion with 
air. Among these is a reduction in the energy loss associated with heating the N2 from 
ambient temperature to the flue gas exhaust temperature. The energy loss represents about 
6% of the coal’s heating value (over 2 percentage points lost in the overall thermal 
efficiency of a conventional coal-fired power plant). However, the power consumed in 
conventional air separation processes far exceeds the energy savings from the enhanced 
efficiency. Burning a fuel in the absence of N2 should also reduce the formation of nitrous 
oxides (NO,). About 
25-30% of the electric power output of a conventional fossil-fueled power plant is 
consumed by the 0 2  production process, and the capital cost of the 0 2  generation system is 
approximately $520/kW, or about 25-30% of a conventional power plant’s capital cost 

However, 02 production is expensive and energy intensive. 
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(Wolsky, 1993). In advanced plants, such as gasification combined cycle, it is generally 
more cost-effective to use oxygen rather than air in the gasification of coal. However, the 
cost of oxygen is justified only in the gasification process. After gasification, air rather 
than 0 2  is used for combustion. 

OXYGEN PRODUCTION 

Almost all of the @ produced on a commercial scale is separated from air - although 
separation from water is also possible. Technologies for producing @ from air include 
cryogenic, thermochemical, membranes, and physical adsorption methods. Thermo- 
chemical technologies are also applicable for separating 02 from water. The most widely 
practiced technology for large-scale production of @ from air is cryogenic air separation. 
The typical equipment for 0 2  generation consumes about 220-275 kWh of electricity per 
ton of gaseous 02 .  Although there have been modest but persistent improvements in the 
efficiency of cryogenic air separation, no revolutionary improvement is expected. 

Thermochemical cycles for the production of H2 from water have been actively investigated 
in the last two decades. Table 2 gives a brief summary of some of these cycles. Because 
the cycles require thermal energy at several temperature levels, they are good candidates for 
integration with various power generation systems where thermal energy is present at 
different temperatures. None of these multi-step thermochemical cycles has reached the 
commercial stage, so reliable cost data on these systems are not available. Exotic 
construction materials may be required because of corrosion problems at the operating 
temperatures required for these cycles. Little effort, if any, is presently directed toward 
improving water splitting technologies because the process is considerably more expensive 
than methane reforming for H2 production. However, water separation may be an energy- 
efficient way to produce @ when integrated with a power generation plant, as shown in 
Fig. 1. 

Theoretical analysis of a generic system such as that shown in Fig. 1 can illustrate the 
technical feasibility of such systems. For example, when natural gas (methane) is used as a 
fuel (high heating value - 890,156 kJ/kMol), it can split as much as 3.11 M o l  of water 
(heat of reaction 285,838 kJ/kMol) and thus generate 1.56 M o l  of 02 .  Stoichiometrically, 
it takes 2 M o l  of @ to burn 1 kMol of CH4. Therefore, as much as 77% of the 
combustion air required to burn the fossil fuel can be replaced with @ generated from 
splitting water. In the case of coal (23,850 kJkg), the amount of fuel replaced is about 
60%. Of course, the inefficiencies encountered in real processes would reduce the amount 
of air replaced. The hydrogen produced fi-om splitting the water can be burned with air to 
recover most of the energy that went into splitting the water. The resulting combustion 
products are essentially H20 and N2, with smal l  amounts of 0 2 .  This stream can be 
utilized to recover commercial grade N2. 

It should be noted that the overall reaction is equivalent to that of burning the fuel in air, 
and the integrated system achieves internal separation of the air. The total amount of air 
used in both combustion chambers will be essentially the same as that used in the 
conventional combustion process. 
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Table 2. Water Splitting Thermochemical Cycles 

CYCLE h4AIN REACTIONS 

Prime Cycle 

LASL Hybrid Cycle 

IGT Hybrid Cycle 

2HIx---->  XI^+ H2 (425 "C) 

2H20 + S02+xI2--->H2S04+2HIX (90 "C) 

H2SO4---> SO2 + H20 + O S  0 2  (850 "C) 

SO2 + 2H20 ---> H2SO4 + H2 

H2SO4----> SO3 + H20 

SO3----> SO2 + 0.5 O2 

(850 "C) 

6H20 +SO2 + CUO--->CUSO~,~H~O +H2 

CUSO~,~H~O--->CUSO~ +5H20 (200 "C) 

CUS04------> CuO +OS O2 +SO2 (850 "C) 

MARK 9 6FeC12+8H20----> 2Fe304 + 12 HC1+2H2 

2Fe304 +3c12 +I2 HCl---> 6FeCl3 

+6H2O + 0 2  (>200 "C) 

6FeC13----> 6FeC12 + 3 Cl2 

(650 "C) 

(350 "C) 

Fig. 1. Schematic Diagram of an Integrated Chemical Water 
Splitting Cycle with a Steam Power Cycle 
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THERMOCHEMICAL AIR SEPARATION CYCLES 

Chemical cycles for separating 02 from air have also been investigated extensively 
(Ebbing, 1984; Dunbobbin, 1987; Seifritz, 1992), and others are under development 
(Chemical Engineering 1996). These cycles involve initiating a reaction to capture from 
the air and then altering the operating conditions to achieve a breakdown of the newly 
formed product to release the 0 2  so that it can be captured in a pure form. One of these 
cycles, the Moltoxm process, employs a mixture of Na/K nitrites and nitrates to react with 
0 2  at about 450-650 "C and convert the nitrites to nitrates. The reaction is then reversed by 
increasing the temperature and/or decreasing the pressure - causing the nitrates to break 
down into nitrites and @ (Dunbobbin, 1987). The barium oxide/peroxide cycle, which 
was commercially used in the late 18th century for making 0 2 ,  also consists of two basic 
steps. First barium oxide (BaO) reacts with upon exposure to air at about 500 "C to 
form barium peroxide (Ba02); the BaO2 is then heated to about 800 "C to reverse the 
reaction. 

Both of these cycles are energy intensive stand-alone production processes. However, 
when integrated with power generation systems, most of the thermal energy consumed in 
the air separation process can be returned to the power generation system with some loss of 
exergy. These processes can also generate steam from their high-temperature waste heat. 
With steam recovery, the temperature swing Moltoxm process reportedly consumes the 
equivalent of about 200-250 kwh of electricity per ton of 02 recovered (Dunbobbin, 
1987), which represents a slight decrease in the power required by conventional cryogenic 
technology. Figure 2 is a schematic diagram of an integrated chemical cycldconventional 
steam power cycle. Figure 3 is a schematic diagram of an integrated chemical 
cycle/conventional gas turbine power cycle. Integration of these high-temperature chemical 
cycles with high-temperature fuel cell systems (such as the molten carbonate and the solid 
oxide fuel cells) is another approach that could potentially be very energy efficient. 

Figure 2 shows the difference between this design and that of its counterpart (without air 
separation): here, the N2 exits the system at about 30 O F  above the ambient temperature 
(about 100 O F )  using state-of-the art heat exchanger technology; in the conventional case, 
N2 exits at the burner exhaust temperature (about 300 OF) and as part of the flue gas 
mixture. This change represents considerable energy savings. For example, when the fuel 
is methane and 110% theoretical air is used in the combustjon process, the energy savings 
will be about 3% of the methane's high heating value. If the efficiency of the power cycle 
is 3396, this represents a 1% increase in power production. Figure 2 also shows that the 
heat used by the separation process is returned to the system. 

The separation process, however, places a second law constraint on the system. The 
availability will be reduced primarily because of the irreversibilities associated with the 
combustion process (as well as other irreversibilities associated with the 02 separation 
process) and because of the heat transfer processes involved. Assuming that the 
combustion chamber is adiabatic, the combined loss in availability caused by separating the 
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Fig. 2. Integration of a Chemical 0 2  Production Cycle with a Steam 
Turbine Power Plant 
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Fig. 3. Integration of a Chemical 0 2  Production Cycles with a Gas 
Turbine Power Plant 
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air and by the combustion process can be represented by the following equation, where Ai 
is the availability of stream i and AA is the loss in availability or work production caused by 
these two processes (see Fig. 2): 

In Fig. 1, and in the conventional combustion process, air is introduced at ambient 
temperature and pressure. Therefore, its availability is zero. So in the conventional case: 

The equation for the integrated system is: 

Therefore, the difference in the availability bss can be determined from: 

&fference (per mole of fuel) = A(combustion products)htegad 
- A(combustion pr0ducts)conv + A(N2 by-product) (4) 

This equation can be used to identify the operating conditions (including degree of air 
separation required and level of recycling of depleted combustion products required to 
control temperature) for an integrated system so that it results in a net increase in the 
availability of the combustion products that are driving the power cycle. These conditions 
should result in: 

Where A(CP) is the availability of the combustion products per mole of fuel used. The 
combustion products will be at a higher average temperature in the case of the integrated 
system because of the absence of the N2. In addition, the partial pressure of the C02, 
H20, and 02 will be higher in the integrated case, assu-g that.'the integrated and the 
conventional combustion processes take place at the same total pressure. On the other 
hand, the partial pressure of N2 in the combustion products will be much lower. All these 
terms affect the availability. A(CP)hkw~ can be determined from the equation: 

Where ni is the number of moles of species i in the combustion products that are generated 
by a mole of fuel, h is the enthalpy, s is the entropy, T is the temperature of the combustion 
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products, and To is the ambient temperature (298 K). The term hi,phi,Tk, can be evduated 
(assuming an ideal gas mixture} from: 

h#,T-hi,To = Integral of [Cp(T).dT ] between T and To 

And the term (Si,-yCSi,To) can be evaluated from: 

Si,T-Si,T, = Integral of [C,  (T)fl]-dT - R In (Pi Pi.0)  

Where Pi is the partial pressure of component i in the gas mixture and pi,o i s  its partial 
pressure in the environment. Sim.i.iar equations may be developed for the A(CP)conV and 
for the N2 by-product stream. 

Similar analysis can be developed for high-temperature Brayton cycle-based systems 
(Fig. 3).  

CONCLUSlON 

Themochemical cycles for Q production from water and from air can be integrated with 
high-temperature power cycles to facilitate the production of commercial-grade C02. This 
process is more efficient and less expensive than when conventional separation 
technology is used to produce 02 for use in conventional fossil fuel-fired power generation 
sys rems. 
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