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Abstract:

Various zero emission coal or carbon concepts are now evolving and it is important to understand their genesis and the relationships among them.  While each system consists of a method of energy extraction and carbon dioxide production followed by sequestration of the carbon dioxide, there are a wide variety of gasification, carbon dioxide capture, energy conversion and sequestration technologies. The fundamental elements of these processes, their thermodynamics, inherent efficiencies and cost trade offs are reviewed using typical constructs as benchmarks for comparison.

It can be demonstrated that highly integrated systems will tend to improve overall plant efficiency, lower carbon dioxide production (and sequestration costs) while also addressing cost issues associated with a piecemeal approach to individual emissions reductions.  Three systems of energy extraction warranting further investigation are identified:  the ZECA hydrogasification and calcium oxide reforming process, the carbon dioxide/carbon monoxide fuel cell system, and the recirculating steam based gasification system.

Our review of sequestration technologies suggests that those that mimic long-term natural storage systems are most likely to be successful.  Mineral carbonation using chemical, biochemical and geological processes has the best long-term potential.  Shorter-term solutions may include various forms of geological storage.

Introduction

There is no doubt that ‘zero emission’ coal or carbon is technically feasible.  The problem is that to achieve this goal with modifications of existing technologies would be prohibitively expensive both in terms of capital and the net efficiency of the systems.  Nevertheless, with the ever-increasing worldwide demand for energy, growing public concern about the environment, and ever tightening environmental regulations, the energy sector will be driven to achieve zero emissions to the atmosphere. The highest profile target for early action is likely to be coal, given that it is the most carbon intense fossil fuel.  Also, when compared to other fossil fuels, coal typically contains a much larger fraction of contaminants including trace elements, not to mention particulates, SOx, and NOx.  Given the scale of energy use today, its likely rapid increase as economic development and population growth take place, the dominance of fossil fuels in the energy supply (~85%), the low cost of these fuels, their convenience, widespread abundance, and availability (especially in the case of coal), and the lack of a viable alternative, fossil fuels will continue to play a dominant role in the energy market.  Thus the obvious “solution” of achieving zero emissions by removing fossil fuels from the energy mix is unlikely to come any time in the foreseeable future.  We are therefore faced with the task of developing zero emission fossil fuel technologies.  It is our contention that, by designing processes from ‘the ground up’ that contain and manage all the potential air contaminants and have highly integrated heat recycle systems, it is possible to achieve much higher overall efficiencies, to reduce the cost of carbon sequestration and remain competitive.

Energy is harvested from fossil fuels by the oxidation of their carbon and hydrogen components to produce carbon dioxide and steam/water respectively.  The oxidation can be achieved through combustion from which the heat produced is converted into a usable form of energy using a heat engine.  Oxidation can also be achieved through an electrochemical route (fuel cells) in which electricity is directly produced without combustion.

Depending on the ratio of the molar content of hydrogen and carbon in a fossil fuel process, carbon dioxide comprises a different fraction of the exhaust stream (~100% by volume in the case of cokes, to ~33% by volume in the case of natural gas; and ~70% by volume in the case of coal).  These values assume a pure oxygen stream, dry fuel, full oxygen and fuel consumption, and that any product water is in the form of steam.  The carbon dioxide fraction will be reduced if the oxidizing agent stream contains any non-oxygen parts (zero dilution in the case of a pure oxygen feed, and a factor of approximately 5 reduction if air is used together with pure carbon). 

For fossil fuel technologies to achieve zero emissions two equally important, but likely independent parts will be required.  The first part is the separation of the carbon dioxide and all other undesirable components from the product gases resulting from the oxidation step.  The second part is the permanent and safe disposal of all the exhaust products.  Although these parts may be accomplished independently at separate locations, the second part may have certain demands on the state of the exhaust stream produced in the first part.  In particular, it is likely to be advantageous to have the exhaust gases be cool or cold and at high pressures.  These properties are likely to be desirable both for the disposal process and for the transport of the gases to the disposal site.

Figure 1 shows the basic components of a coal or carbon based power plant of the future.  If one’s goal is to achieve zero emissions including those of carbon dioxide, it is likely that power plants must be fundamentally redesigned.  The reason is that unlike the contaminants that have been addressed to date, which represent at most a small fraction of the fuel mass, substantial amounts of CO2 are generated and these will have to be separated from the other “exhaust” stream components.  In fact, by both mass and volume, more CO2 leaves a power plant than fuel enters it.  The handling of the gas streams will need to be fundamentally changed and there will be a new emphasis on achieving high efficiency for the plant.  This will involve a close coupling between the different gas streams including the “exhaust” stream.  In particular the “exhaust” stream can no longer simply be vented, but instead must be fully contained.  

High efficiency will play a very prominent role in future power plant designs as it translates directly into reduced fuel use.  This in turn means reduced CO2 production and thus less carbon dioxide to be disposed of and thus less money spent on disposal.  Disposal costs are likely to be significant.  As alluded to above, in the process of oxidizing the carbon in the fuel, the addition of the mass of the oxygen to that of the carbon increases the carbon associated mass by nearly a factor of four.  Simply handling and transporting this large amount of mass to the disposal site is likely to have a noticeable cost impact.  We note that it may be found that moving the power plant to the disposal site and transporting the electricity and coal the extra distance may be more cost effective than transporting the CO2.  One might also imagine that cost per unit mass of disposing of the CO2 will be comparable to the cost per unit mass of initially harvesting the fuel.

[image: image1.wmf][image: image2.wmf]One likely element any redesign will involve is the separation of the oxygen from the air feeding the plant.  In order to achieve zero emissions, there is certainly no benefit to increasing the volume of gas that must be cleaned by roughly a factor of five by mixing in the non-oxygen components of air into the ”exhaust” stream.  One cannot afford to dispose of an additional factor of 5 more gas.  As such, we will make the assumption that the fossil power plants of the future will all include an oxygen separation unit and that the dirty fossil fuel stream will see a “pure” oxygen stream as the oxidizing agent.  In the case of combustion this will require an “independent” oxygen separation unit to supply the pure stream.  For solid oxide fuel cells (SOFCs), the fuel cell electrolyte acts as the oxygen separation unit, conducting only oxygen from the air-side to the fuel-side of the fuel cell.  As oxygen separation will be an energy consuming process, careful integration of this unit into the overall power plant design is likely to be an important component in maximizing power plant efficiency.

With the dominance of coal in the fossil fuel reserves, the remainder of this paper will emphasize coal as the fuel for future fossil power plants.  We will also assume that oxygen separation will be an integral part of the power plants that we are considering and that the dirty fossil fuel will not be mixed with air.

Carbon Dioxide Sequestration

Before considering future power plant designs, we briefly look at the sequestration options avail​able as they have implications on the power plant design.  A wide variety of sequestration options exist, each with its own advantages and disadvantages.  We group these options into various classes.  The first class is geologic sequestration with associated fuel recovery.  This class consists of options such as enhanced oil recovery, coal bed methane, and enhanced natural gas recovery.  We believe that these are likely to be the first options adopted, in part because they are already being done.  Unfortunately, today virtually no power plants produce a pure CO2 stream, so enhanced fuel recovery largely uses natural CO2 sources as opposed to fossil fuel gen​erated CO2.  The existing implementations of these options are profitable in their own right due to the value of the recovered energy resources.  In the future, even if the funds harvested from fuel recovery are reduced, these options will still offer at least a partial offset of the sequestration cost.  In the much longer-term future, these options are likely to become disfavored as the more lucrative sites are exhausted, or as other issues come into play that will be discussed later.  A second class of geological sequestration uses injection into “fully” depleted oil and gas wells or into a variety of other deep formations including brine fields.  The third class of sequestration options is simple ocean disposal, which includes simple dilution into seawater, the formation of CO2 lakes on the deep ocean floor, and the formation of CO2 clathrates there.   These disposal options are already under legal challenge, being considered by some as ocean dumping.  Other issues are those of long-term stability and local and widespread ecologic damage due to ocean acidification and/or complete local environmental disruption, as would be caused by CO2 lakes or fields of clathrate.   The fourth class of disposal options includes various forms of bio​mass sequestration.  This class is also likely to be adopted early as it can be readily implemented.  It however has issues associated with total storage capacity, permanence, and ecosystem impact.  The final class of options is what we will call permanent chemical storage.  It includes industrial mineral sequestration with storage of the CO2 as mineral carbonations, deep geologic injection with conversion of the local rocks to carbonates, and pH compensated ocean sequestration. 

Of all the different approaches, only mineral carbonate disposal[
] and pH compensated dissolution into water offer truly permanent disposal and have been demonstrated by nature to store the quantities of CO2 that need to be handled for the length of time required.  The oceans store approximately 39,000 Gt of carbon, largely in the form of dissolved mineral carbonates and bicarbonates.  In this case, “basic” metal ions neutralize the acidic carbon dioxide gas in the process of forming the neutral mineral carbonates/bicarbonates.  By effectively injecting basic metal ions into the ocean in the form of hydroxides or oxides, or even as carbonates that are subsequently turned into bicarbonates, one would be able to allow the oceans to take up additional CO2 without causing their acidification[
,
].  One must also ensure that there are no other unexpected ecological side effects caused by the injection of the basic metal compounds.  

The other successful solution that Nature has adopted to store carbon dioxide for geological times is the formation of mineral carbonates. In this form, Nature has stored about 40,000,000 Gt of carbon. This and the above 39,000 Gt number should be compared to the approximately 10,000 Gt of carbon stored in conventional fossils fuels.  (In addition to this fossil carbon, a further amount of similar or greater scale is stored in unconventional forms such as methane hydrates/clathrates.)

With the possible exception of coal bed methane, all other sequestration methods “dispose” of CO2 in an unstable form.  The potential problems range from naturally limited disposal times such as decay of plant matter, the oceans overturning with time constant of about 1,000 years, to slow leakage out of supposedly “sealed” reservoirs, to a few localized catastrophic failures.  Slow gradual leaks are additive and amount to large net releases.  For instance, after having stored 6,000 Gt of carbon over a few hundred years, a leakage rate of only 0.1% per year would amount to today’s global emission rate.  Although not important in terms of atmospheric CO2 impact, a catastrophic leak of one relatively small reservoir (compared to the above scale), could cause major loss of life and put into question the safety of all the other reservoirs.  A single gigaton of carbon dioxide has a volume of over 1 km3, in liquid form, and 500 km3 in gaseous form at 100% concentration.  A few underground natural gas storage reservoirs have already failed[
], and these would be dwarfed by the scale of future CO2 reservoirs both in size and in number.

To more fully set the possible ultimate scale, the 10,000 Gt of conventional fossil carbon would yield 36,000 Gt of CO2, which would be ~40,000 km3 at liquid densities, comparable to the volume of water in the U.S. Great Lakes.  Long-term use of fossil fuels clearly has implications on a huge scale, but with the possible exception of nuclear energy, no larger, and potentially much smaller than the impacts of other currently realizable energy sources including renewables. 

To summarize, we believe that on the time and size scales that will ultimately be needed, only chemical transformations offer the “permanent” disposal that the public will eventually demand.  In spite of this, on shorter time and size scales, storage in reservoirs created while simultaneously enhancing fossil fuel production will be implemented first.  These options will provide the needed financial incentive to begin, and since they are already “operative” using natural CO2 sources, they can readily switch to power plant CO2 when available. A number of other sequestration options will also be implemented on shorter time scales.  For instance, enhanced biomass is also a route to restoring soil carbon content to the levels comparable, if not greater than those of the preindustrial times, which is highly desirable.  Ocean storage by dilution is also occurring already, as the present 30% increase in atmospheric CO2 levels is “naturally” driving CO2 into the oceans.  At the same time one should note that it is acidifying the oceans[
].

Before concluding this section, we look at the requirements for the sequestration options.  With the possible exception of pH compensated ocean sequestration and the various forms of biomass sequestration, the disposal methods will require high pressure CO2 for transportation considerations and for storage implementation.   All the methods will also want the CO2 at low temperatures compared to those at which it was formed.  Thus cooling with heat recovery and integrated pressurization would be desirable features for the power plants 

We also note that if full containment of the exhaust can be guaranteed, it is possible to dispose of the exhaust gases from power plants without the separation of toxic or other harmful components.  However, since only a few of the sequestration options even attempt to truly isolate the exhaust gases from the biosphere (for instance ocean and biomass sequestration do not), and the “guarantee” offered by others is likely to be questioned, we believe that longer term solutions will need to provide pure CO2 streams for sequestration and that this will become a requirement for future power plants and hence a feature of the designs we consider.

At present options exist for CO2 disposal but in the longer term it will be necessary to fully develop processes for mineral carbonate disposal[1] and pH compensated dissolution into water.
Zero Emission Coal

Zero emission coal or carbon is achievable with existing technology and could be implemented today.  It will certainly entail a price increase; it is always cheaper in the short-term to throw one’s garbage out the window than to pay someone to dispose of it.  However, when looked at from a long-term perspective, it may well be economical to strive for zero emissions now rather than later.  Unfortunately this is one of those things that can only be confirmed in hindsight.  Regardless, achieving zero emissions is something that is certainly affordable for the developed nations and could be implemented today.  Although affordable, it will nevertheless have an initial negative impact on the economy and there will be a reluctance to take the needed first step.  Longer term, the cost will most likely be reduced as technological advances continue to be made and the economy as a whole grows.  Clean power and CO2 sequestration will turn into new industries in which money can be made.  With time, it will in all likelihood become second nature.  It is worthwhile remembering that a century ago, people were still arguing about the need for the installation of sewage systems in cities. 

Combustion of coal using a pure oxygen stream can certainly be done today, and one could directly inject the exhaust gases into oil wells for enhanced oil recovery as an initial sequestration option.  In at least one case, a coal gasification system has adopted a similar approach.  The Great Plains Synfuels Plant[
] in North Dakota is currently using a purified oxygen stream to gasify coal to produce hydrogen and is pipelining its exhaust CO2 to the Weyburn oilfields in Canada for enhanced oil recovery[
].  The challenge for the future is to reduce the cost and efficiency of zero emission technologies and to adopt such technologies on a wide scale.  This will require either legislation or a financial incentive (or penalty), effectively making zero emissions the most profitable alternative.  The needed financial incentives will become smaller as the costs of zero emission and sequestration technologies are reduced.  In considering viable options, it is important to keep in mind several important considerations: 

· One doesn’t want to have to “solve” the problem several times.  Specifically, today’s solution shouldn’t become tomorrow’s problem.  This is particularly important for the sequestration option.  Longer term, remediation is typically much more expensive than avoiding its need from the outset.

· Power plants represent very large investments, both in terms of capital for the plant and long-term expenses and commitments for fuel supplies and infrastructure.

· Given the importance of reliable power in modern society, “new” power production schemes are not likely to be implemented unless considered proven.  This is a huge impediment to change.  Given the scale and cost of today’s power plants and the competitiveness of the energy marketplace, it is essentially impossible to tinker and prove new power plant designs on the required scale in the private sector.

· The scale of the problem that needs to be addressed is very large.  Any solution should be capable of dealing with a major part of the problem, especially if public funds are involved.

· Low hanging “fruit” is likely to be available.  As these options become depleted, real costs are likely to rise.  In the even longer-term picture, competition and technology will tend to decrease power production and sequestration costs.

· Efficiency is likely to be a very important driver, especially by reducing plant costs and the amount of carbon that must be sequestered and hence total sequestration costs.

Direct Coal Oxidation

As already appointed out, given the needed financial incentive, this approach could certainly be implemented today on a large scale, since the component technologies are already in use separately on a fairly large scale.  The main change over today’s power plants is the addition of a large oxygen separation plant.  Large oxygen separation plants already exist and even larger ones are being built or are in the planning stage.  Fairly conventional combustion technologies would be used.  The major additional constraints are the higher temperatures resulting from the combustion in pure oxygen and the need to contain the exhaust gases.  Since today, enhanced oil recovery is assumed to isolate all gases from the biosphere, the entire exhaust stream could simply be pumped down hole without further cleanup.  As a longer term solution, issues of the efficiency loss and cost of the oxygen separation, true isolation from the biosphere, and storage capacity are likely to become ever more important.  New technologies for oxygen separation and their integration into the overall plant design to enhance efficiency are areas of research could be very important in determining future directions.  Longer term, the ability to fully scrub the carbon dioxide and other contaminants introduced with the coal from the exhaust stream will also become important considerations.

As an alternative to direct oxygen combustion, directly using carbon as the fuel in SOFCs theo​retically would be far superior to integrating the oxygen separation followed by coal combustion for power production.  The theoretical efficiency of a direct carbon fuel cell is approximately 100% as seen in Table 1.  The fuel cells would perform double-duty, acting as an integral oxygen separation system.  Unfortunately, to date, the practical efficiency achieved in direct carbon fuel cells has not been able to equal that of the more conventional gas fueled fuel cells and due to the difficulty of using solid fuels in fuel cells, this do not seem to be a viable option.  

Advanced zero emission options with high efficiency, fuel cells, and pure CO2 streams

We now turn the discussion to options that incorporate the capabilities that we believe will be required in the long-term.  For the reasons discussed above, these advanced options will empha​size very high fuel to electricity conversion efficiencies, have no emissions to the atmosphere, and produce a pure CO2 stream to be permanently sequestered.  As discussed later, due to their high direct conversion efficiencies, and the likelihood that much of their “waste” heat can be re​cov​ered, the power plants of the future are likely to incorporate fuel cells, provided that fuel cell costs can be reduced to affordable levels. The fuel cells are likely to be of the solid oxide variety.

These SOFCs will in all likelihood NOT be the variety being developed today, but instead will be what we call Coal Compatible Fuel Cells, or CCFCs
.  These fuel cells will need to be compatible with the inherently “dirty” fuel gases derived from coal, especially sulphur, have the ability to operate at relatively high pressures, operate at higher, rather than lower temperatures, have an efficient means of heat extraction, and maintain full separation between the air and fuel gas streams.   As today’s fuel cells require a gaseous fuel stream, this implies the need to gasify coal in future power plants.

Coal gasification options

The possible gasification product fuel streams for fuel cells are hydrogen, carbon monoxide, and methane.  Although methane is listed as a possible fuel, due to carbon deposition issues, in practice, it is reformed to yield a hydrogen or a hydrogen/CO fuel stream prior to actual oxidation in the fuel cell.  We therefore do not consider it as direct fuel, but instead consider it as a source of hydrogen. 

The various possible coal gasification routes include hydrogen production through reaction (1) below, which is a combination of the water gas production reaction (1a) followed by the water gas shift reaction (1b).  (The enthalpy values all are at 25 oC and at a pressure of 1 bar[
].)

C + 2H2O ( CO2 + 2H2
– 178.30 kJ
Net hydrogen production
(1) 

C + H2O ( CO + H2
– 175.44 kJ
Water-gas production
(1a) 

CO + H2O ( H2 + CO2
– 2.86 kJ
Water-gas shift reaction
(1b) 

A second route is the Boudouard reaction (2) for the production of carbon monoxide. 

C + CO2 ( 2CO
– 172.58 kJ
Boudouard reaction
(2) 

The third route is the hydrogasification reaction (3) to produce methane.

C + 2H2 ( CH4
+ 74.90 kJ
Hydrogasification reaction
(3)

The negative sign for the energy values in most of the above reactions indicate that those reactions are endothermic.  In fact, they require substantial amounts of input energy to make them possible.  To set the scale, the direct oxidation reaction for carbon (4) has

C + O2 ( CO2
+ 393.79 kJ
Direct oxidation
(4)

The energy inputs required for reactions (1) and (2) are nearly 1/2 the value of the energy that would be available from direct oxidation of carbon.  Thus in order to gasify the coal either by reactions (1) or (2), nearly 50% more carbon (coal) must be burned or oxidized in order to supply the required energy.  This is not the case for reaction (3), which we note actually generates heat energy.  Although this would appear to be a major advantage, in order for reaction (3) to be implemented, one needs a supply of hydrogen, which is not readily available.  In fact, if one were to generate the hydrogen for reaction (3) through the use of reaction (1), one needs to supply a substantial amount of energy to make the combination of reactions (1) and (3) proceed.  In addition to the required input energy, the above reactions need to be carried out at relatively high temperatures (700 oC – 1000 oC).  This is either to make them thermodynamically possible, or to enhance their kinetics so that they proceed at an industrially compatible rate.

We note that reactions (2) and (3) can be followed by further reactions involving the addition of water to yield hydrogen.  For instance, reaction (2) can be followed by the water gas shift reaction (2a) [(1b)] to produce a hydrogen product stream; the net reaction being (2b). 

C + CO2 ( 2CO
– 172.58 kJ
Boudouard reaction
(2)

2CO + 2H2O ( 2H2 + CO2
– 5.72 kJ
Water-gas shift reaction
(2a)

C + CO2 + 2H2O ( 2CO + 2H2O ( 2H2 + CO2
– 178.30 kJ
Net hydrogen production
(2b)

In the case of reaction (3), the steam reforming reaction (3a) followed by the water gas shift reaction (3b) [(1b)] again yields a hydrogen product stream; the net reaction being (3c).

C + 2H2 ( CH4
+ 74.90 kJ
Hydrogasification reaction
(3)

CH4 + H2O ( CO + 3H2
– 250.34 kJ
Steam reforming reaction
(3a)

CO + H2O ( H2 + CO2
– 2.86 kJ
Water-gas shift reaction
(3b)

C + 2H2 + 2H2O( CH4 + 2H2O ( 4H2 + CO2
– 178.30 kJ
Net hydrogen production
(3c)

As expected, in all cases (1), (2b), and (3c), the net energy input is identical for converting carbon into hydrogen.  

Gasification product oxidation and electricity production

Having gasified the coal, the next step is power production by oxidation of the newly produced fuel stream.  The products of the gasification step produces fuels that consist of H2, CO, CH4, or some mixture thereof.  Both the oxidation of hydrogen and carbon in the fuel streams generate energy and yield steam/water and CO2 respectively.  As pointed out previously, power production can be achieved indirectly through combustion followed by a heat engine, or the electricity can be produced directly through an electrochemical route (fuel cells).  An examination of efficiency issues tends to drive one towards the choice of fuel cells over heat engines if cost issues can be successfully addressed.

Heat engines have an intrinsic efficiency limit imposed by the Carnot cycle.  Specifically, the maximum possibility efficiency of these engines is given by the ratio of the difference between their highest internal temperature and their lowest temperature divided by their high temperature value.  Since the low temperature is typically at least room temperature (273 K) and is often considerably larger, high efficiencies are hard to reach unless one goes to high temperatures, which in turn are limited by practical issues such as material properties.   Furthermore, since these engines exploit temperature differences, it is difficult to recycle exhaust heat back into the process to boost efficiency (i.e., extracting heat at the high temperature end lowers the upper temperature of the engine thereby lowering its efficiency, and raising the temperature of the low temperature end in an attempt to extract energy in a usable form, again lowers the net efficiency).  

In comparison, in addition to having fairly high direct conversion efficiencies, solid oxide fuel cells provide an excellent path for heat recovery and thus very high net fuel to electric energy conversion efficiency.  The reasons for this are two-fold.  The fuel cells, not being heat engines, are not limited by Carnot efficiency and one starts with a fairly high efficiency regardless of operating temperature and prior to any energy recovery steps.  For hydrogen, theoretical efficiencies for fuel cells are as high as 95% at room temperature (going to water vapor and not accounting for the energy lost to “boiling the water”), but decrease as temperatures are increased, going down to 71% at 1000 oC and 66% at 1200 oC.  Additional values are given in Table 1.  In the case of carbon monoxide as a fuel, the corresponding efficiency numbers are 91% at room temperature, but decrease to 61% at 1000 oC and 55% at 1200 oC.  These values can be increased somewhat by increasing operating pressures, but in real fuel cells other losses typically reduce the efficiency numbers, noticeably.  For instance, solid oxide fuel cells tend to have efficiency numbers of about 50% over a fairly broad temperature range.  The second advantage of solid oxide fuel cells is that the other 50% of the fuel energy is turned into waste heat that is available at the operating temperature of the fuel cell.  Furthermore, disregarding temperature differences needed to move the heat energy, the heat can be extracted and effectively put to use at that [image: image3.wmf]temperature.  By using a high heat capacity working fluid, the heat can be extracted from the fuel cell, moved to the needed location, extracted by cooling the fluid slightly, before recycling the fluid back to the fuel cell and raising its temperature back to the fuel cell temperature thereby extracting more high temperature heat energy.  Thus, all the heat is moved and put to use at high temperatures.  The penalty involved is a large amount of cycling of the working fluid.  Higher fuel cell temperatures would clearly limit the amount of cycling required.  Energy recycling is discussed in more detail in a later section of this paper.

[image: image5.wmf]The gases produced in the oxidation step will be dominated by carbon dioxide and steam/water, as carbon and hydrogen are the elements being oxidized and are also the major components of the fuel gases going into the oxidation step.  Since in the case of coal, most of the energy content of the initial fuel is in the carbon that comprises a major part of the coal, CO2 will always be a major exhaust component.  The amount of steam present may vary from fairly low values in the case of dry, high ranking coals or coke if gasified through reaction (2), to fairly high values if the coal is wet, is of lower rank, and/or if it is gasified to produce hydrogen.  By utilizing a pure oxygen stream to feed the oxidation step, one is able to avoid dilution of the oxidation product gases.  This simplifies the later clean-up processes.  We also note that the oxidation product gases contain the same gases used in the coal gasification step.  In the case of reaction (2), half of the CO2 produced during the oxidation step is needed to gasify the next batch of coal.  In the case of reaction (1) or (3c) all the steam/water would need to be recycled to the gasification step if pure carbon were the material entering the gasification step.

Carbon Dioxide Removal

Having gasified the coal and oxidized the resulting fuel gases, the next major step is to remove the CO2 that was produced.  In the case of reaction (2), this has to be done after the oxidation step, whereas in the case of either reaction (1) or (3c), it can be done either before or after that step.  We also note that in the case of reaction (2) only half the CO2 need be extracted, the rest being recycled to the gasification step, whereas for the other reactions, all the CO2 has to be removed. In attempting to separate the various gas stream components, we would like to avoid cooling the gases that need to be recycled to the gasification step as the gasification is a high temperature process.

In addition to the steam and CO2, there are likely to be small amounts of carbon monoxide and other compounds due to incomplete oxidation of the fuels.  In the case that the CO2 separation is attempted prior to the oxidation step, the gas stream will contain large amounts of fuel gas.  In addition, there will be fully and/or partially oxidized or reduced versions of all the other elements or compounds found in the coal including sulfur, nitrogen, chlorine, mercury, uranium, etc.  Some of these will be vapor phase, whereas others will be solid phase, including fine particulates.   Although not trivial, we assume that separation of the solid phase ash components, including particulates, can be handled directly (probably in the gasification step) and will not be discussed here other than noting that by maintaining a fully contained gas flow system they won’t be released to the atmosphere.  As we have imposed a requirement for a pure CO2 stream, the choices for removing the remaining contaminants is to either extract them from the CO2 by chemical means, or to extract the CO2 from the exhaust gas stream and then deal with the contaminants separately.  An attempt to fully remove the contaminants from the CO2 individually is likely to be quite difficult.  We therefore adopt the other option of removing the CO2 from the oxidation product stream or the fuel stream.  This will involve either membranes that pass only CO2, or chemical absorption agents that are specific for CO2.

At present there is no economical gas membrane separation technique for carbon dioxide, espe​cially at the operating temperatures desired, although this is an active area of research and new advances continue to be made[
].  We therefore turn to the remaining option of chemical absorp​tion.  This can be accomplished either by chemical absorption agents that are repeatedly recycled or ones that act as the final sequestration sink. The last option is clearly the most desirable as it simultaneously addresses both the CO2 removal and sequestration thereby reducing both the complexity and cost involved. Unfortunately, an appropriate agent has not been identified and given the amounts of CO2 that will need to be sequestered, the possible choices are very limited.  There are however a number of CO2 absorption agents that can be repeatedly recycled.  These include amines, metal oxides, and other chemical compounds. Amines are already being employed as CO2 absorption agents on fairly large, but limited commercial scales, such as CO2 separation from natural gas[
]. For any of these agents to be successful, they will need to be very specific to CO2, or they will have to permanently hold onto any other contaminants with which they bind.  They also cannot bind steam/water and they will need to be fairly low in cost and have very long lifetimes in term of cycles before replacement or reconstitution; the higher the sorbent cost, the longer the required lifetime.  Furthermore, given the large amounts of CO2 that need to be handled, unless careful integration of the CO2 separation into the overall energy production process is achieved, there is the potential for very significant losses in overall energy conversion efficiency, such as those predicted for the amine processes[
]. 

The reason for these energy and efficiency losses is that chemical absorption typically involves an exothermic reaction from which the heat energy is often lost, while desorption of the absorbed gas involves a net energy consumption that in a practical implementation will exceed the energy release of the absorption reaction.  Furthermore, the energy required during the desorption process is of a higher quality than that released during the absorption process making direct energy recovery impossible.  Attempting to recover energy indirectly further aggravates the energy losses incurred, especially when the absorption and desorption processes operate at relatively low temperatures.
[image: image6.wmf]
Energy recycling

By careful design and integration of the entire energy production system, including the CO2 removal step, the absorption process can actually be used to boost the net efficiency of the overall energy production system
.  In particular, by using higher quality heat from elsewhere in the electric power production system, this energy can be used to drive the desorption process and it is even possible to put the energy stored in the recycled sorbent to use in enhancing the energy content in the fuel. Figure 2 shows the possible implementations for zero emission coal and gas flows that are involved.
The ideal place to use the waste heat is to drive the gasification reactions, thereby avoiding the need to combust additional fuel in order to power those endothermic reactions.  Those reactions require high temperatures and relatively large amounts of energy, but both of which can easily be provided by solid oxide fuel cells, especially the CCFC variety thereof.  Today, SOFCs operate at temperatures of about 1000 oC.  Somewhat higher temperatures would be desirable for heat transfer purposes, but the present values are sufficient to drive any of the gasification reactions.  Table 1 gives the maximum theoretical efficiencies for the fuel cells and also the amount of waste heat likely to be generated using an inefficiency of 50% for H2 or 55% for CO.  Twice the actual values are specified, since for reactions (1), (2), and (3c), two moles of fuel are produced per mole of carbon input.  Also given are the enthalpies of the gasification reactions.  Sufficient quantities of waste heat are clearly available to drive these reactions.  The preceding statements are true regardless of whether the SOFC’s are operated on hydrogen, carbon monoxide, or methane.  Figure 3 schematically shows the concept behind energy recycling.

In the zero emission carbon (ZEC) process[
,
] invented by Los Alamos National Laboratory and currently being developed by ZECA Corporation[
], the energy recycling and the CO2 re​moval processes are combined.  Calcium oxide is used as the sorbent and the means of transfer​ring high quality heat available from the CCFC by using that heat to recycle or renew the sorb​ent.  The sorption reaction (5) generates enough energy at a sufficiently high temperature to drive any of the gasification reactions.   In the ZEC process it operates prior to fuel oxidation step.

CaO + CO2 ( CaCO3
+ 178.33 kJ
Carbonation (CO2 removal)
(5) 

It does not reverse itself until one reaches 900 oC at a partial pressure of 1 atmosphere of CO2. The energy release is just sufficient to drive the hydrogen production in reaction (1).  Likewise, it is just able to drive reaction (3c), provided one captures and utilizes the energy release from reaction (3).  It should however be noted that the heat releases quoted for reaction sets (1) and (3) involve the use of liquid water and are at room temperature.  If steam is used instead of liquid water, and the reactions are operated at temperatures of approximately 850 oC, the sum of reactions (5) and (1), or the sum of reactions (5), (3), and (3c) are exothermic by over 60 kJ
.  In this case, by incorporating the heat release of reaction (5), one is not only able to separate out most of the CO2, but one also avoids the need to combust any of the fuel in order to drive the gasification reactions.  One even has heat left over to make up for any losses.  Finally, we note that the removal of the CO2 during the gasification reactions keeps the reactions moving forward by removing one of the gaseous reaction products.  Similar concepts could be considered for other the coal energy production schemes.  

In the case of the ZEC process, the heat is extracted from the fuel cells at their operating temperature and always used at temperatures of about 900 oC, which is sufficient to calcine the calcium carbonate, and thereby convert the “waste” heat energy into usable chemical energy.  Another advantage of the ZEC process is the reasonable match between the waste heat energy produced by the fuel cells and the energy needed to convert the CaCO3 back to CaO: the CaO to CaCO3 reaction then driving the gasification process. 

Recycling and trace element removal

In the preceding sections we have discussed the removal of CO2 and the recycling of both energy and the oxidation step product gases back to the gasification step, but we have not addressed an efficient means of extracting excess steam/water or the trace elements introduced through the coal.  Integration of this removal process into the overall process design is again a very important consideration and can be accomplished by modifying the recycling of the oxidation product gases back to the gasification step.  As noted earlier, the gasification of the coal requires a gas stream, be it steam, hydrogen, or CO2.  The gas stream required for the gasification process is very large, but always less than that produced in the oxidation step as shown in figure 2.  As can be seen by examining equations (1), (2), or (3) and considering the oxidation of their products, one sees that for a pure carbon input, and excluding the CO2 produced from the coal that was input, the oxidation products from oxidation process need to be fully recycled for gasification purposes.  When taking into account any water in the coal, or any hydrogen in the coal that is subsequently oxidized to form water, there will be excess steam available that will need to be removed from the recycle stream.  For instance, even with all water removed, coal is approximately CH0.8 instead of being pure carbon.  When 1 mole of this coal is gasified using reaction (1), two moles of steam are required and yield two moles of hydrogen when reacted with the one mole carbon in the coal.  Moreover, the 0.8 moles of hydrogen in the coal represent an additional 0.4 moles of H2 gas.  The oxidation of all the hydrogen yields 2.4 moles of steam, of which only 2.0 moles are needed to gasify the next mole of coal.  Thus 0.4 of the 2.4 moles or 16.67% of the steam generated during the oxidation step needs to be removed.  Any water not removed from coal prior to its gasification will yield a larger fraction of the gas stream following the oxidation step that must be removed prior to recycling. The same fractional amount of steam/water needs to be removed in the case of reaction (3c).  In the case of reaction (2) the same quantity of steam/water needs to be removed, but in this case it is 100% of the water content of oxidation product gas stream in the ideal case.  At the same time we note that only 50% of the CO2 produced in the oxidation step needs to be recycled in the case of the CO process. It should also be noted that since the gasification processes all operate at high temperature, it is not desirable to cool any of the recycled gases in order to remove the contaminants.

The above points lead to a number of interesting considerations.  The need to remove part of the gas following the oxidation step and prior to the recycling step opens an opportunity to remove the contaminants introduced with the coal.  At the same time, the need to recycle a large fraction of the oxidized product stream also opens up the opportunity to recycle any fuel components that were not oxidized due to incomplete oxidation during the oxidation step.  By removing the CO2 in pure form, and then fully containing the remaining gas stream, in each fuel injection cycle, one need only remove the amount of contaminants introduced from a single injection.  In particular, as there are no emissions of the oxidation product gases to the atmosphere, it is not important which particular injection the contaminants came from, simply that the amount removed is equal to the amount injected.  The general clean-up concept is sketched in figure 4.  In the figure, in each fuel injection step, an amount of contaminant X is injected as part of the coal.  This coal is gasified with recycled oxidized gas, run through the oxidation step and the resulting oxidation gases, which now contain an amount of contaminant X are fully recycled to gasify the next batch of coal injected.  Following the resulting gases around the recycle loop this second time, we find that since none of the contaminant was removed, there is now an amount of contaminant 2X in the oxidized gas stream.  If we repeat this process for say 12 cycles we now have an amount 12X of the contaminant present in the oxidized gas stream.   In this loop, however, we now enable a slipstream that accepts 16.67% or 1/6 of the oxidized gas stream and this gas is not directly recycled to the gasification step.  The slipstream contains 1/6 of the gas flow and also 1/6 of 12X (or 2X) of contaminant.  We note that the slipstream also contains the 16.67% of the steam, which in the example discussed in the preceding paragraph, needs to be removed in any case.  This steam is condensed, thereby separating out the water and removing most of the gas volume of the slipstream.  The remaining gas volume of the slipstream contains any unoxidized fuel components, any gas phase contaminants not condensed with the steam or absorbed into the resulting water.  We now pass this much smaller gas stream which we assume still contains the 2X of contaminant over a chemical sorbent, which in our case, we see must only remove 1/2 of contaminant contained in the remaining gas slipstream.  Having removed 1/2 of the 2X of contaminant we note that this is the same amount of contaminant injected during a single fuel cycle.  The remaining 1X of contaminant, which was not picked up by the sorbent on this loop, is subsequently recycled together with the unoxidized fuel back into the gas flow somewhere prior to the oxidation step.  In the next fuel cycle we now inject another unit of coal, which contains an additional 1X of the contaminant.  This coal is gasified by the 5/6 of the oxidation step product gases that did not pass through the slipstream during the previous fuel cycle.  This recycled stream contains 5/6 of 12 of contaminant or 10X.  Thus in this new fuel cycle we have 10X of contaminant from the non-slipstream recycled gas, 1X from the coal, and 1X of the contaminant that remains in the slipstream following the absorption step.   This adds up to 12X again.  We now see that a steady state solution has been established in which an equivalent amount of contaminant is removed as is injected together with the coal.  This is done in spite of the fact that the absorption process only has a 50% efficiency. 

Such a process greatly eases the performance requirements on the sorbent.  We no longer need sorbents that for instance may be required to remove 99.9999% if the oxidation gases were released to the air.  We also note that by the recycling, we do not need to be directly concerned with any unoxidized fuel gas.  This gas is simply recycled through the oxidation step on the following fuel injection cycle.  (Only a second order loss in efficiency is incurred, which is related to the energy penalty of pumping this recycled fuel through the system as second time and heating it back to the overall system temperatures.)  Along these lines, the price we pay for removing 100% of the contaminant and no loss of unoxidized fuel, are additional pumping costs and higher internal concentrations of the contaminants.  However, one cannot allow the concentrations of the contaminants to reach a level at which they damage the internal components of the overall system.  One must also assure that the additional pumping or heating requirements do not have a significant impact on efficiency.

Several important notes must still be made.  First, one will still need to properly dispose of the contaminants that came with the coal.  The process described above only fully separates the contaminants; it does not dispose of them.  Likewise, any contaminants that may be absorbed into the water produced from the slipstream will need to be removed from that water to meet envi​ronmental standards.  The volume of water that must be dealt with is however much less than the volume of gases being released in current power plants, hopefully simplifying the task at hand.

Conclusions

Ultimately considerations of the need to guarantee absolute safely of sequestered carbon dioxide and to deal with the staggering amounts that can be generated from the conventional fossil carbon deposits will result in substantial costs associated with CO2 sequestration.  In such an environment, one will be driven to high efficiency power plants as the costs of sequestration are likely to be equal to, if not exceed the cost of the fuel, as there are several times the mass of carbon dioxide leaving a power plant as fuel entering the power plant.  Fossil energy today, especially that derived from coal is very low in cost, with energy costs representing only a small fraction of the GDP.  Past studies show that regardless of the state of development of countries, one can produce about 23 ¢ of GDP per primary kilowatt-hour of fuel energy consumed.  With a heating value and cost of about 6,000 primary kW-hr and $20 per tonne of coal respectively, one finds that the cost of the fuel, if in the form of coal, would only account for about 1.5% of the GDP value.   When viewed in this manner, if we can keep sequestration costs comparable to the fuel costs, it is clear that we can “afford” to pay a higher cost for energy, in spite of the fact that one always would like to pay as little as possible.  The fuel costs above amount to about 1/3 of a US cent per primary kW-hr of energy and assuming today’s conversion efficiency of 1/3, this amounts to 1¢ per kW-hr of electricity for the raw fuel.  If the cost of sequestration is the same as the cost of the fuel, we note that “fuel related” cost now effectively doubles.  On the other hand, doubling the efficiency of electric power production would cut the amount of fuel and CO2 that needs to be disposed of in 1/2, thereby reducing the new “fuel related” cost, which now includes sequestration costs, to its original value of 1¢ per kW-hr.  Of course, the additional hardware associated with the gasification and CO2 separation and sequestration would result an additional cost penalty.  At the same time, a higher efficiency implies a reduction in the size of the components needed to handle the various material flows that would in part compensate for the new hardware components.  We also note that for today’s power plants a significant fraction of the overall cost of the electricity and the power plants is in meeting current emission standards.  With the upcoming tightening of particulate, SOx, NOx, and mercury emission standards in the US and elsewhere, the cost associated with emission reductions are expected to rise considerably.  With an integrated system design that handles all emissions at once, substantial savings can be achieved, and it may be possible to achieve truly zero emissions (including CO2) for the same price as simply meeting the upcoming round of emission standards.

Achieving the required levels of efficiency will involve a redesign of power plants from scratch, with high levels of integration between the gasification, oxygen separation, power production, and clean-up steps, and possibly even including the sequestration process in the overall system plan.  The basic technology for achieving zero emissions already exists.  The task now is to start integrating it into the new power plant designs while at the same time learning how to improve it and/or come up with more advanced designs and concepts that will lead to a reduction of cost and still higher efficiencies.

Finally in closing, we note that it is critical to start the needed work in earnest now. Existing power plants have lifetimes of half a century and to replace them all will require comparable amounts of time.  We note that we have already increased atmospheric CO2 levels by over 30 % and to a level higher than they have been for many millions of years.  This change has taken place in the course of 200 years, most of it in the last few decades.  The rate of change is far faster than Nature can cope with it, and unless action is taken, it will grow at an ever increasing rate as the rest of the world strives to achieve the standard of living, health, and quality of life enjoyed by those of us in the developed nations.  We do not yet know what the consequences of our emissions to date will be, let alone the impact of the much greater emissions looming on the horizon.   The natural world is very complex and consequences of past events often do not show up until well into the future.  They may involve either strong positive or negative feedback effects whose onset points we cannot yet predict.  The investment in and installation of zero emission technologies sooner rather than later can be likened to an insurance policy.  The time to buy insurance is before an accident happens, not afterwards.  Since we don’t, and in all likelihood won’t know what the consequences of rising CO2 level will be until after the damage has started to become irreversible on human time scales, we need to address the possible impending accident starting now.
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Figure 1:  The basic components of a coal power plant of the future.  We explicitly assume the system will have an oxygen separation unit, a unit that separates out a pure CO2 stream that will be sequestered, and that the contaminants introduced with the coal will be converted into liquid or solid form.  Note that the plant has no emissions to the atmosphere.  The boxes repre�sent the basic required operations.  The location of the various operations in actual implementa�tions may change, as may the locations where energy is input and waste heat leaves.   Specific boxes may also contain several separate subunits, or several of the operations may be carried out in a single piece of hardware.   Recycling waste heat back into the process would be desirable. 
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Figure 3: The energy-recycling concept.  The coal is assumed to have 1 unit of energy.  To this is added the 0.5 units of energy carried by the CaO to produce hydrogen that carries 1.5 units of energy.  This hydrogen fuel is fed to the CCFC, which converts 50 % of the fuel energy to electricity, the remainder of the energy ending up as “waste heat”.  Thus one half of the 1.5 units of energy in the hydrogen generate 0.75 units of energy in the form of electricity, and also 0.75 units of energy carried in the form of waste heat.  Of this heat, two thirds or 0.5 units of energy is used to convert the calcium carbonate produced during the hydrogen generation back into CaO.  We assume that the other third of the “waste heat” energy is lost.  Thus, by recycling “waste heat” back into useful energy stored in the CaO, which is in turn used to create additional fuel energy, one can turn more of the energy carried by the coal into useful electrical energy than would seem possible based on the direct conversion efficiency of the energy conversion device. 
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Figure 4:  Concept for complete contaminant removal in spite of poor single pass efficiency.  During a single fuel injection cycle an amount of contaminant X is injected.  If 11 such injections take place before invoking the slipstream, internal contaminant levels grow to 11 X.  On the 12th injection, following the hydrogen production step and hydrogen use step, the internal contaminant level becomes 12 X.  At this point the slipstream path is open and we find that a removal process that only captures 50% of the contaminant flowing into it removes100% of the contaminant injected during this fuel cycle.  We also note that the process now runs at steady state, with internal levels neither rising nor shrinking with time. 
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Figure 2: Possible ideal implementations of power plants using the 3 different gasification processes discussed.  The recycling of gases and energy plays a key role in achieving high efficiencies and zero emissions as discussed in the following sections.





Table 1: Enthalpy (∆H), Gibbs Free Energy (∆G), theoretical efficiencies (∆G/∆H), and other values for the various fuel oxidation and corresponding gasification reactions.  (Exothermic: > 0) 
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� Without an active program to develop CCFCs, the future of the coal industry is in doubt.  Today’s fuel cell devel�opment efforts all concentrate on clean natural gas or hydrogen fuels and the resulting fuel cells are fundamentally incompatible with the inherently “dirty” fuel gases derived from coal and the other “coal” needs discussed. Once the natural gas fuel cells capture a large share of the energy market, they will continue to squeeze coal out of the picture.


� This is a capability that absorption systems can provide, but membrane systems cannot.


� This is simply the avoidance of the energy penalty of vaporizing the water.





� 	Lackner, K.S., Butt, D.P., & Wendt, C.H.. Magnesite disposal of carbon dioxide, Proceedings of the 22nd International Technical Conference on Coal Utilization & Fuel Systems, March 16–19, 1997, Clearwater, Florida, U.S.A., 419–430


�	Rau, Greg H.; Caldeira, Kena, “Enhanced carbonate dissolution: a means of sequestering waste CO2 as ocean bicarbonate,” Energy Conversion and Management, Vol: 40, Issue: 17, pp. 1803-1813, November, 1999


�	K. S. Lackner, “Carbonate Chemistry for Sequestering Fossil Carbon,” Annual Review of Energy & Environment, 27, (2002) 193-232.


�	M. Lee Allison, “Hutchinson, Kansas: A Geologic Detective Story,” Geotimes, October, 2001, http://www.agiweb.org/geotimes/oct01/index.html


�   Joan A. Kleypas et al., “Geochemical Consequences of Increased Atmospheric Carbon Dioxide on Coral Reefs,” Science, 284, April 1999, 118-120


� 	Myles Dittus, Dale Johnson, “Dakota Gasification Company Great Plains Synfuels Plant, The Hidden Value Of Lignite Coal,” Proceedings of the 2001 Gasification Technologies Conference, San Francisco, CA, October 7 - 10, 2001


�	R.Moberg, D.B. Stewart, D. Stachniak, “The IEA Weyburn CO2 Monitoring and Storage Project,” Sixth International Conference on Greenhouse Gas Control Technologies, Kyoto, Japan, October 1- 4, 2002, � HYPERLINK "http://www.rite.or.jp/GHGT6/pdf/A1-3.pdf" ��http://www.rite.or.jp/GHGT6/pdf/A1-3.pdf�


�	Antti Roine, “HSC Chemistry for Windows, Chemical Reaction and Equilibrium Software with Extensive Thermochemical Database,” Outokumpu Research Oy, Information Service, P.O. Box 60, FIN - 28101 Pori, Finland, http://� HYPERLINK "http://www.outokumpu.com/hsc" ��www.outokumpu.com/hsc�, June 30, 1999


�	Young, J S, Jorgensen, B S, Espinoza, B F, Weimer, M W, Jarvinen, G D, Greenberg, A, Khare, V, Orme, C J, Wertsching, A K, Peterson, E S, Hopkins, S D, Acquaviva, J , “Carbon Dioxide Separation Using Thermally Optimized Membranes”, 2002 Spring Meeting, Washington Convention Center, Washington, DC, 28 - 31 May 2002


�	Holloway S , “Storage of fossil fuel-derived carbon dioxide beneath the surface of the earth”, ANNUAL REVIEW OF ENERGY AND THE ENVIRONMENT, v. 26 pp. 145-166 2001 


�	N. Dave, C. Fookes & C. Walters, “Assessment of Novel Technologies for CO2 Capture & Separation”, Proceedings of the 18th annual Pittsburgh Coal Conference, Newcastle Australia, December 3-7, 2001


�	H.-J. Ziock, K. S. Lackner, D. P. Harrison,, Zero Emission Coal Power, a New Concept, Proceedings of the First National Conference on Carbon Sequestration, Washington, DC, USA, May 15-17, 2001


�	John Ruby, Alan Johnson, Hans Ziock, Klaus Lackner, “Zero Emission Coal Technologies - A Prudent Man Approach to North American Energy Security,” Proceedings of the 27th International Technical Conference on Coal Utilization & Fuel Systems, Clearwater, Florida, USA, March 4-7, 2002, 767-778


�	ZECA Corporation, Suite 502, 205 - 9th Avenue SE, Calgary, Alberta, T2G 0R3, Canada, email:  � HYPERLINK "mailto:johnson@zeca.org" ��johnson@zeca.org�, Telephone:  403-444-0054






11 
LA-UR-02-5735

