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                             INTRODUCTION
The anthropogenic release of greenhouse gases into the earth’s atmosphere has begun to change the way we think, live, do business, and plan for the future. Of particular concern is the amount of carbon dioxide (CO2) released through the burning of fossil fuels and the clearing of forests, which is believed to be affecting the world’s climate. At last governments appear to be taking the issue of global warming seriously and thus we find ourselves debating the viability, versatility, benefits and disadvantages of sequestering ‘carbon credits’ to offset the ‘carbon debits’ produced by our way of life. 

Atmospheric concentrations of carbon dioxide can be lowered either by reducing emissions or by taking carbon dioxide out of the atmosphere and storing in it terrestrial, oceanic, or freshwater aquatic  ecosystems.

With the advent of the Kyoto Protocol and its recognition of the use of forestry activities and carbon sinks as acceptable tools for addressing the issue of the build-up of atmospheric carbon, the potential role of planted forests as a vehicle for carbon sequestration has taken on a new significance. Additionally, the emergence of tradable emission permits and now tradable carbon offsets provides a vehicle for financially capturing the benefits of carbon emission reductions and carbon offsetting activities. Carbon sequestration has monetary value.

Chapter 1                                        THE CARBON CYCLE

[image: image5.png]



Carbon is found naturally in all aspects of the environment. The carbon cycle, is necessary for life . Humans have dramatically increased the amount of CO2 mobilised in the carbon cycle by fifteen per cent in the last century The carbon cycle is the biogeochemical cycle by which carbon is exchanged between the biosphere, geosphere, hydrosphere and atmosphere of the Earth. (Other bodies may have carbon cycles, but little is known about them.)

All of these components are reservoirs of carbon. The cycle is usually thought of as four main reservoirs of carbon interconnected by pathways of exchange. The reservoirs are the atmosphere, terrestrial biosphere (usually includes freshwater systems), oceans, and sediments (includes fossil fuels). The annual movements of carbon, the carbon exchanges between reservoirs, occur because of various chemical, physical, geological, and biological processes. The ocean contains the largest pool of carbon near the surface of the Earth, but most of that pool is not involved with rapid exchange with the atmosphere.

The global carbon budget is the balance of the exchanges (incomes and losses) of carbon between the carbon reservoirs or between one specific loop (e.g., atmosphere - biosphere) of the carbon cycle. An examination of the carbon budget of a pool or reservoir can provide information about whether the pool or reservoir is functioning as a source or sink for carbon dioxide.

CARBON IN THE ATMOSPHERE




                                                      Figure1

Diagram of the carbon cycle. The black numbers indicate how much carbon is stored in various reservoirs, in billions of tons ("GtC" stands for GigaTons of Carbon). The blue numbers indicate how much carbon moves between reservoirs each year.
1.1 The Greenhouse Effect and Global Warming

                                                     Figure 2

Carbon dioxide is transparent to light but rather opaque to heat rays. Therefore, CO2 in the atmosphere retards the radiation of heat from the earth back into space — the "greenhouse effect". Climate warming is expected to follow from the increasing emission of car-bon dioxide to the atmosphere. Carbon is accumulating in the atmosphere in the form of carbon dioxide (CO 2) as the result of fossil fuel combustion, land use change, and tropical deforestation. Global surface temperatures have been measured and have increased by approximately 0.6 degrees centigrade in the past century. Observations of the retreat of glaciers, lengthening of the growing season, rising minimum temperatures and other phenomena have been interpreted by many scientists as manifestations of an enhanced greenhouse effect or human-induced global warming. There is great potential to decrease atmospheric carbon concentrations through biospheric sequestration. Biosphere carbon sequestration can contribute to many ancillary environmental benefits which will redound to the favorable public perception of the Greening Earth Society (GES), such as development of urban forests, greenbelts, reforestation projects, land reclamation, promotion of biomass energy, and greenways. It is important to recognize that there are many carbon sequestration approaches other than in the terrestrial biosphere. For example, research is underway to determine if carbon can be captured at the point of generation and deposited in deep geological strata. Carbon can also be sequestered in the ocean and other bodies of water
Chapter 2                             CARBON SEQUESTRATION

Carbon sequestration is when this carbon can be taken out of the atmosphere or absorbed and stored in a terrestrial or aquatic body. Capturing and storing carbon in biomass and soils in the agriculture and forest sector has gained widespread acceptance as a potential greenhouse gas mitigation strategy .Atmospheric concentrations of carbon dioxide can be lowered either by reducing emissions or by taking carbon dioxide out of the atmosphere and storing in it terrestrial, oceanic, or freshwater aquatic ecosystems.  A sink is defined as a process or an activity that removes a greenhouse gas from the atmosphere.  The long term conversion of grassland and forestland to cropland (and grazing lands) has resulted in historic losses of soil carbon worldwide but there is a major potential for increasing soil carbon through restoration of degraded soils and widespread adoption of soil conservation practices. 

Why is Carbon Sequestration Important?

It is important to carry out research on carbon sequestration for several reasons:

• Carbon sequestration could be a major tool for reducing carbon emissions from fossil fuels. However, much work remains to be done to understand the science and engineering aspects and potential of carbon sequestration options.

• Given the magnitude of carbon emission reductions needed to stabilize the atmospheric CO2 concentration, multiple approaches to carbon management will be needed. Carbon sequestration should be researched in parallel with increased energy efficiency and decarbonization of fuel. (These efforts should be closely coordinated to exploit potential synergies.)

• Carbon sequestration is compatible with the continued large-scale use of fossil fuels, as well as greatly reduced emissions of CO2 to the atmosphere. Current estimates of fossil fuel resources—including conventional oil and gas, coal, and unconventional fossil fuels such as heavy oil and tar sands—imply sufficient resources to supply a very large fraction of the world’s energy sources through the next century.

• The natural carbon cycle is balanced over the long term but dynamic over the short term; historically, acceleration of natural processes that emit CO2 is eventually balanced by an acceleration of processes that sequester carbon, and vice versa. The current increase in atmospheric carbon is the result of anthropogenic mining and burning of fossil carbon, resulting in carbon emissions into the atmosphere that are unopposed by anthropogenic sequestration.. 

· Determining which carbon compounds turn over faster in roots, 

· Investigating the discrepancies between conventional and isotopic methods, and 

· Using the tracer to track carbon in other tissues in the tree and into the soil organic matter itself. 

Carbon dioxide sequestration is cited as a possible long term method of mitigating the effects of fossil fuel consumption. Before carbon can be sequestered, it will have to be collected in the form of gaseous CO 2.

	· Pre-combustion capture 

· Oxyfuel technologies 

· Inorganic conversion 

· Geological sequestration in salt domes and brine aquifers 

· Injection into active oil wells 

· Shallow ocean sequestration 

· General development issues 
	· Post-combustion capture 

· Industrial use of CO 2 

· Biological conversion to fuel 

· Storage in coal beds 

· Ocean sequestration 

· Deep ocean sequestration 

· Development areas where TWI can help 


· Pre-combustion capture, in which the carbon content of the fuel is captured before the final combustion (i.e. not in the flue gas). This approach is used in coal gasification plant, which generates a syngas made mostly of CO and H 2. The CO and H 2 are then separated and reacted in a controlled environment releasing almost pure CO 2. 

· Post-combustion capture, in which the CO 2 is captured from the flue gas. With this approach various amine-based processes already exist, and retrofit to existing plant is possible. These approaches are expensive at the moment. 

· Oxyfuel technologies are an alternative approach, involving the use of enriched oxygen as feedstock for the combustion process. This, together with recycling of combustion products, results in CO 2 and H 2 O products, which are readily separated. 

Once CO 2 has been gathered, there are eight broad approaches to CO 2 sequestration:

· Industrial use of CO 2 in plastics and other chemical industries 

· Inorganic sequestration as carbonates 

· Biological conversion to fuel 

· Geological sequestration, in salt domes, or coal beds 

· Injection into active oil wells 

· Injection into exhausted gas or oil wells 

· Injection into aquifers 

· Ocean disposal 

The many potential methods of sequestration are subject to significant limitations in terms of the logistics and economics of CO 2 capture and transport to the sequestration site. In some cases, such as the removal of CO 2 from natural gas, there is a possibility of re-injection of the gas into aquifers at or near the site of the gas well. In other cases, there will be a need for substantial transportation. In all cases there will be a demand for improved methods of concentrating the CO2, by means of membrane technologies, refrigeration or other means. Each of these supporting technologies will generate manufacturing opportunities in its own right.

2.1 Industrial use of CO 2 

Although CO 2 production is a well-established industrial process, the volumes currently used in food and chemical processes are insignificant compared with the volumes that would be required to have any impact on global warming

2.2 Inorganic conversion 

CO 2 sequestration occurs naturally when silicate rocks weather to form carbonate minerals. The transport and conversion costs involved would be large, but the basic technologies involved in this approach are extensions of existing chemical processes. If the annual global output of CO 2 were sequestered by this approach, it would generate around 15km 3 of solid carbonate material.

2.3 Biological conversion to fuel 

In the absence of suitable catalysts (as yet undeveloped), the direct chemical conversion of CO 2 to fuel gas is not attractive. The amount of energy consumed by available methods is almost equivalent to the energy available from the fuel generated.

The use of biological methods is more attractive, as essentially 'free' power from the sun or other biological sources can be brought to bear. There is scope for biomass conversion using trees, grasses or algae. Of these, forestry is the most established, but micro algae may give conversion rates an order of magnitude higher. While the manufacturing processes that underpin forestation are well understood, the biochemical methods required for significant algae culture and harvesting and processing are less developed. An algae-based sequestration system would require a large land area to sustain it: a 500MW power plant would require processing ponds of from 50-100 km 2.

2.4 Geological sequestration in salt domes and brine aquifers 

Salt domes are widely distributed geologically). They formed when thick layers of salt, buried over 4 miles deep extruded through overlying sediment to nearly reach the surface. Typically, a salt dome is roughly circular and 1-2 miles in diameter. They may be close to the surface, and extend 5-8000m deep. Brine 

aquifers associated with salt deposits are also widespread, both under land and offshore. Because both salt domes and brine aquifers are geologically sealed from fresh water resources, they are attractive sites for sequestration of CO 2. In some cases, the association of salt formations with oil deposits allows the use of CO 2 as a means of increasing oil recovery rates.

Technologies for accessing and storing CO 2 in salt domes and aquifers are established on a small scale. Such installations could also make use of technologies developed for storage of natural gas in salt domes, an approach that has been used in the USA and Europe.

Difficulties associated with salt dome and aquifer sequestration are mainly associated with escape of CO 2 through geological faults, or displacement of brine into fresh water aquifers. There are a number of ongoing research projects associated with such sequestration, involving both oil bearing and oil-free salt formations

2.6 Storage in coal beds 

Coal deposits, (which typically contain large volumes of water) have significant CO 2 absorption capability. There is therefore potential for injecting CO 2 into deep, low grade coal beds that are being used as a source of methane. The injection process increases the methane recovery rate, but raises issues regarding the geological integrity of the coal seams. The technologies required for handling the injection process are similar to those used for oil reservoir sequestration operations, providing another outlet for sequestration equipment.

2.7 Injection into active oil wells 

Direct injection into oil wells to increase recovery rates is an established technology, practiced both on and offshore. The USA leads the use of CO 2 for enhancing oil recovery, and uses over 32 million tonnes of CO 2 for this purpose annually.

This approach is able to sequester carbon at low net cost, due to the revenues from recovered oil/gas. While the technologies involved in oil well enhancement are established, their more general application across the oil industry as a whole will demand a scaling up of manufacturing operations. Similar technical considerations will apply to sequestration in depleted oil and gas wells.

2.8 Ocean sequestration 

The oceans already contain some 140 000 Billion tonnes of CO 2 , an amount that dwarfs the annual human production of around 22 Billion tonnes. The amount of carbon that would double the load in the atmosphere would increase the concentration in the deep ocean by only two percent. Ocean sequestration occurs naturally (some 90% of current emissions will eventually be absorbed by the sea), and sequestration studies have therefore concentrated on accelerating the process. Both shallow and deep level sequestration are potentially possible. Ocean water can hold a variable amount of dissolved CO2 depending on temperature and pressure. Phytoplankton in the oceans, like trees, use photosynthesis to extract carbon from CO2. They are the starting point of the marine food chain. Plankton and other marine organisms extract 

CO2 from the ocean water to build their skeletons and shells of the mineral calcite, CaCO3. This removes CO2 from the water and more dissolves in from the atmosphere. These calcite skeletons and shells along with the organic carbon of the organism eventually fall to the bottom of the ocean when the organisms die. The carbon or plankton cells have to sink to the deep water in 2000 to 4000 meter to be sequestered for ca. 1000 years. The sinking can be accelerated orders of magnitude when zooplankton prey on the cells and produce fast sinking fecal pellets or fecal strings, like the Antarctic krill. This process is called the biological pump. It has been theorized that the organic carbon within the accumulating ocean bottom sediments is how fossil fuels are created.

One of the most promising ways to increase the efficiency of this sink is to fertilize the water with iron sulfate: this has the effect of stimulating the growth of the plankton. A test in 2002 in the Southern Ocean around Antarctica suggests that between 10,000 and 100,000 carbon atoms are sunk for each iron atom added to the water. Advocates of this technique estimate that a large use of it could make a significant dent in the greenhouse effect.

2.8.1 Shallow ocean sequestration 

Injection of CO 2 into shallow ocean layers may be used to increase the growth of phytoplankton and thus stimulate the ocean food chain. Iron additions to the ocean may be used to stimulate biological growth in areas that would otherwise be low in phytoplankton and hence higher forms of life. Although this approach has been used experimentally, there are few data to show that the CO 2 absorbed is actually sequestered for long periods.

2.8.2 Deep ocean sequestration 

The deep oceans have enormous sequestration potential because of their vast size and the favourable physical conditions (high pressure, low temperature, low life content) that operate at depths of greater than around 800m. Two broad classes of deep ocean sequestration are under consideration:

· The direct injection of liquid at depths in excess of 1000m from static or moving pipes. The liquid CO 2 would form lakes, or combine with water to form CO 2 clathrate, (an ice compound, in which 44 water molecules form a lattice that traps up to 8 CO 2 molecules in small 'cages'). Deep ocean sequestration using liquid CO 2 could be scaled up to handle large tonnages of CO 2, but the ecological impact of this approach is unknown. 

· Production of ice-encapsulated solid CO 2 projectiles of 100-1000 tonnes, which would free-fall into deep ocean and bury themselves under sediment, allowing slow combination. This approach appears to offer less risk to marine organisms, but its cost and complexity will be higher than liquid injection. 

Both of these approaches would require new technologies for handling and deploying large amounts of gaseous, and liquid and/or solid CO 2 .The main 

barriers to use are likely to be ecological and economic, rather than technological

The large-scale development of shallow and deep ocean sequestration activities on an industrial scale will have to await significant ecological studies. The main manufacturing challenges are believed to be similar to those that pertain for other deep-water operations in the oil industry. Existing offshore companies and contractors are therefore well placed to participate in this field as and when it becomes commercially viable






                           Figure 3
(An image of liquid carbon dioxide spilling from a beaker on the ocean floor. The image was taken from video of a carbon sequestration experiment done by the Monterey Bay Aquarium Research Institute)
2.9 Forests

The idea of carbon sinks based on growing trees rests on an understanding of the carbon cycle. Enormous amounts of carbon are naturally stored in trees. As part of photosynthesis trees absorb carbon dioxide from the atmosphere and store it as carbon while oxygen is released back into the atmosphere. Rapidly growing trees absorb a larger amount of carbon dioxide. Mature trees grow less rapidly and thus have a lower intake of carbon dioxide. Trees are about 50 per cent carbon by weight. While all trees die and rot, releasing most of the stored carbon back to the atmosphere, the forest as a whole continues to store carbon as dying or harvested trees are replaced by natural regeneration.

In effect, forests are carbon dioxide stores, and the sink effect exists only when they grow in size: it is thus naturally limited. It seems clear that the use of forests to curb climate change can only be a temporary measure. Even optimistic estimates come to the conclusion that the planting of new forests is not enough to counter-balance the current level of greenhouse gas emissions, as stipulated in the Kyoto Protocol.

Although a forest is a net CO2 sink over time, the plantation of new forests may also initially be a source of carbon dioxide emission when carbon from the soil is released into the atmosphere.

Other studies indicate that the cooling effect of removing carbon by forest growth can be counteracted by the effects of the forest on reflection of sunlight, or albedo. Mid-to-high latitude forests have a much lower albedo during snow seasons than flat ground, and this contributes to warming.

To prevent the stored carbon from being released into the atmosphere when the trees die, there have been suggestions of sinking the trees into the ocean. Such suggestions raise serious questions about feasibility. Others have suggested leaving the coal sequestered underground and burn the wood produced by the trees as biofuel
The dead trees, plants, and moss in peat bogs undergo slow anaerobic decomposition below the surface of the bog. This process is slow enough that in many cases the bog grows faster and fixes more carbon from the atmosphere than is released. Over time, the peat grows deeper. Peat bogs inter approximately one-quarter of the carbon in land plants and soils.
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      The following is the approximate data for the capacity of the forests to sequester carbon

       Northeast, maple-beech-birch forests
25 year old forest: 12,000 lbs of carbon / 25 = 480 lbs of C per acre per year x 44/12 =1,760 lbs of CO2 per acre per year

120 year old forest: 128,000 lbs of carbon / 120 = 1,066 lbs of C per year per 

acre x 44/12 =3,909 lbs of CO2 per acre per year

Tree density varies, and we used an average of 700 trees per acre (this number was taken from DOE's "Sector-Specific Issues and Reporting Methodologies Supporting the General Guidelines for the Voluntary Reporting of Greenhouse Gases under Sections 1605(b) of the Energy Policy Act of 1992")

25 year old forest: 1,760 lbs of CO2 per acre per year / 700 trees =
aver rage of 2.52 lbs of CO2 per tree per year (rounded to 3 lbs)

120 year old forest: 3,909 lbs of CO2 per year per acre =
average of 5.58 lbs of CO2 per tree per year

Northeast, white and red pine forests

25 year old forest: 67,000 lbs of carbon / 25 = 2,680 lbs of C per acre per year x 44/12 = 9,826 lbs of CO2 per acre per year / 700 = average of 14 lbs of CO2 per year per tree (rounded to 15 lbs)

120 year old forest: 246,000 lbs of carbon / 120 = 2,050 lbs of C per acre per year x 44/12 = 7,516 lbs of CO2 per acre per year / 700 =average of 11.7 lbs of CO2 per year per tree


Thus the worth of each tree varies both ecologically and economically. There have been many fiscal estimates of this carbon value ranging from $100 to $300 per hectare of forest, yet until trading takes place these estimates are purely speculative

The capacity, cost and technical feasibility of these approaches is shown in Table 1. Global capacity for sequestering CO 2 in such reservoirs is sufficient for many years' combustion of fossil fuels. More detail of each approach is covered in the following paragraphs.

Table 1 comparison of capacity, cost, integrity and technical feasibility of sequestration methods

	Sequestration method
	Relative capacity
	Relative Cost
	Sequestration integrity
	Technical feasibility

	Industrial use
	small
	low
	high
	established

	Inorganic conversion
	very large
	high
	excellent
	not developed



	Biological
	small
	moderate
	good
	needs scale-up

	Geological sequestration in salt domes
	large
	very high
	good
	high

	Storage in coal beds
	not known
	low
	not known
	not developed

	Injection into active oil wells
	small
	v. low
	good
	in use

	Injection into exhausted gas or oil wells
	650-1800G tonnes
	low
	good
	in use on small scale

	Injection into aquifers
	320-10,000G tonnes
	not known
	good
	in use on small scale

	Ocean sequestration
	5000-100 000 G tonnes
	moderate-v. high
	not known
	not developed


2.10 Soil sequestration

The carbon sequestration potential of soils (by increasing soil organic matter) is substantial; below ground organic carbon storage is more than twice aboveground storage. Soils' organic carbon levels in many agricultural areas have been severely depleted. Improving the humus levels of these soils would both improve soil quality and increase the amount of carbon sequestered in these soils.

Grasslands contribute huge quantities of soil organic matter over time, mostly in the form of roots, and much of this organic matter can remain unoxidized for long periods. Since the 1850s, a large proportion of the world's grasslands have been tilled and converted to croplands, allowing the rapid oxidation of large quantities of soil organic carbon. No-till agricultural systems can increase the amount of carbon stored in soil, and conversion to pastureland, particularly with good management of grazing, can sequester even more carbon in the soil.

Mechanisms to enhance carbon sequestration in soil include conservation tilling; cover cropping; and crop rotation

Chapter 3                               GENERAL DEVELOPMENT ISSUES

Before CO 2 can be sequestered from power plants or industrial sources, it will have to be captured as a relatively pure gas. With current sequestration systems (e.g. enhanced oil recovery), CO 2 capture is estimated to amount to around 75% of total sequestration costs (including capture, storage, transport, and sequestration). Although separation and capture systems are fairly well developed, as part of industrial processes such as synthetic ammonia production, hydrogen production, and cement production, they are not developed enough for large-scale sequestration. Opportunities for significant cost reductions exist since very little R&D has been devoted to this area.

The most likely options currently identifiable for CO 2 separation and capture include the following:

· Absorption (chemical and physical)

· Adsorption (physical and chemical)

· Low-temperature distillation

· Gas separation membranes

· Mineralisation and biomineralisation 
In most cases for development in the short-medium term, CO 2 will be captured close to its point of generation (e.g. at the power plant).

Chapter 4            NICHE TECHNOLOGIES FOR CARBON                              .                           SEQUESTRATION

We shall explore potentially practical niche technologies for CO2 conversion to useful products , for CO2 removal and sequestration from flue gases, for its removal from the atmosphere and storage, and for noncarbon energy production processes other than “conventional” energy technologies such as nuclear, biomass, and various renewable energy technologies. Important opportunities may exist either for the development of a novel concept of sequestration or for ways of applying new science and technology from areas far removed from current CO2 sequestration efforts. These opportunities may occur in CO2 separation, CO2 capture, CO2 storage, CO2 recycling, or CO2 conversion into useful commercial products.

A better understanding of the potential to optimize the percentage of energy and carbon capture of the total energy and carbon flux in the immediate vicinity of growing terrestrial and marine systems. An enhanced understanding of the carbon cycle would offer the potential for

 

                                                        Figure 5 

The four areas in where appear to be opportunities for carbon management if breakthroughs, improved scientific understanding, and new technology applications are developed. The four areas are (1) biomass management, (2) catalytic and/or photolytic CO2 reduction, (3) biocatalysts for CO2 binding and reduction, and (4) technology opportunities. The following sections describe the basic concepts, discuss their potential significance, and indicate areas in which research presents opportunities for breakthroughs.

4.1 BIOMASS MANAGEMENT

Terrestrial sequestration of carbon by biomass production is an approach for sequestering significant amounts of CO2. Sequestration through biomass offers the opportunity for CO2 to be recycled through fuel utilization or value-added products or for CO2 to be directly sequestered. Although biomass production systems currently exist, advances in the utilization of biomass for sequestration could have a significant impact on the adoption of this technology, since biomass processes offer the prospect of obtaining a high-concentration CO2 stream from the processing of the methane or higher-molecular-weight compounds. These feedstocks would arise from aerobic or anaerobic biodigestion of biomass, gasification of biomass with subsequent chemical processing, or extraction of oils or solids from biomass for direct use or subsequent chemical processing. The products that could result from biomass-based processes include useful fuels such as methane, liquid ketones for hydrogenation into transportation fuels, and novel cellulose sheets. In addition, biomass is a possible means of producing a condensed phase of CO2 that could be sequestered directly in the ground leading to a net removal of carbon from the atmosphere. Suggestions of novel means of drastically reducing the capital cost of a biomass plant were presented.

This area of biomass management is of importance for the following reasons:

· Research directed at novel approaches for increasing biomass production, improving processing, and enhancing utilization and sequestration would make a significant contribution to enhancing this technology. 

· Recent advances in modern biology, including advances in genomic sciences, provide new and promising approaches for enhancing biomass production, enhancing biomass processing, and producing novel products. . 

4.2 CATALYTIC AND/OR PHOTOLYTIC REDUCTION OF CO2
The basic notion of catalytic and/or photolytic reduction of CO2 is to use inorganic catalysis or photosynthetic processes, possibly including photoelectric effects, to directly reduce CO2 and water to form fuels such as methane (which could be used as fuel for heating and/or transportation) or higher-value carbon compounds (e.g., methanol, ketones, aldehydes, and acids) in a process with low capital and operating costs. Direct sunlight is envisioned as the source of 

the energy for the CO2 reduction. The CO2 may be in concentrated form as a pressurized high-density fluid from capture and transport processes, or it may be highly dilute as in the atmosphere. In a virtually all-electric economy, many forms of direct manufacture of electricity including photovoltaic energy would have significant advantages and would significantly reduce the emissions of carbon dioxide. However, the photolytic reduction of carbon dioxide might still be used to make starting materials from carbon and to make carbon-based fuels to whatever extent they are used. Carbon-based fuels would have significant storage and transportation advantages over electricity.

The application of a large-scale, single-cell photosynthetic culture has new potential for CO2 utilization through the body of research carried out in the last several decades. Single-cell culture processes could be improved by employing more effective reactor designs and advanced light-capturing technologies. The production of single-cell microorganisms for useful polymeric products offers potential for a new CO2-based utilization.
4.3 BIOCATALYSTS FOR CO2 BINDING AND REDUCTION

A wide variety of microorganisms and their enzymes perform diverse chemical reactions that can be used for the binding and reduction of CO2 from the atmosphere. Two new scientific developments in this field offer the opportunity to dramatically enhance the binding and affinity for CO2 and the rate of reduction of CO2 into an array of useful biochemicals. First, a wide variety of extremophiles (i.e., microbes that can grow at either high pH or low pH, high temperature or low temperature, at high salt, or that catabolize unusual substances such as CO, or metal salts) have been discovered. These organisms produce “extremozymes” that are stable and active under harsh process conditions. Second, the advent of molecular biological tools enables the biotechnologist not only to clone and overexpress these proteins in industrial hosts but to utilize site-directed and random mutagenesis to dramatically enhance the affinity of CO2 binding and the rate of its conversion into useful biochemicals. Furthermore, the newest technology that has emerged enables the custom design of a combined CO2-binding and CO2-reducing enzyme system using protein fusion technologies.

A more efficient and rapid conversion of atmospheric CO2 into a variety of reduced biochemicals can enable the following:

· The utilization of these extremophile genes and enzymes in biomass systems or biofilter systems (e.g., immobilized microbe or enzyme bioreactors) to consume CO2 from the atmosphere or smokestacks or flu The production of plant polymers from CO2 such as cellulose, starch, and polyesters for application to high-volume markets; andThe production of a wide variety of higher-value biochemicals by microbial CO2 reduction, including ethanol and 

                                                                                                                             other organic alcohols, amino acids, succinic acid and other organic acids, and other polyesters. . 

4.4 CO2 ABSORENTS  

Commercial processes for CO2 absorption utilize either the chemical interaction between CO2 and a compound (e.g., amine, alkali metal hydroxide) or the physical interaction with a solvent (e.g., alcohol, ether). In either case, CO2 is removed from the gas stream into the sorbent at a lower temperature or higher pressure and is later released at a higher temperature or lower pressure. Although absorption by chemical interaction is efficient, the process suffers from high energy consumption and degradation of the sorbent due to other contaminants (such as sulfur compounds and trace metals) in the flue gas and decomposition in the case of amines. Physical solvent absorbents also degrade for similar reasons and suffer loss due to evaporation. There is need for new, low-cost sorbent materials that have enhanced stability, are less volatile and less viscous, have higher CO2 capacity per unit of mass, are more environmentally friendly, and require less energy consumption for operation.

Potential candidate materials include but are not limited to the following: molten metal oxides, medium-temperature eutectics, ionic liquids, biphasic materials, and CO2 transfer agents that reversibly form compounds with CO2 (e.g., alkyl carbonate). Some of these materials offer the potential advantages of being stable above 300 °C, are nonvolatile, and have tunable properties. Hybrid materials that possess synergistic effects may offer additional advantages of being multifunctional. Recent developments in experimental methods and computational techniques, such as density-functional theory (DFT) and molecular dynamic methods, provide new tools for designing and synthesizing tailored molecules with unique properties.

4.5 CO2 SORBENTS

Sorbents are used to remove CO2 from a gas stream typically at higher temperatures than those used for absorbents, up to 700 °C or 800 °C in a combustion process. The common sorbents are metal oxides, such as calcium oxide (CaO). These materials chemically react with the carbon dioxide, in the case of CaO by forming carbonates. In most cases, the sorption capacity is limited to about 30 percent—that is, only about 30 percent of the CaO is converted to carbonate. The capacity can be improved by better engineering of the pore structure of the CaO in which case close to 100 percent capacity can be achieved. However, significant improvements in the operational characteristics of the sorbent would make this approach much more attractive. A desirable sorbent should have high CO2 capacity (up to 100 percent of theoretical capacity), function in the presence of water vapor in the gas stream, and have fast reaction and regeneration kinetics, high durability, and the ability to be regenerated with minimal energy consumption. Sorbents that can operate 

at high temperatures (600 °C to 700 °C) could eliminate the need to cool the gas. The ability to remove other pollutants also is desirable.

High-temperature sorbents can also be applied to the production of hydrogen from fossil fuels. Natural gas or coal can be gasified to a mixture of carbon monoxide and hydrogen (CO/H2). Increased hydrogen production is traditionally achieved by employing the water-gas shift (WGS) reaction. However, the equilibrium of the WGS reaction requires a low reaction temperature in order to achieve high hydrogen concentration. Research is under way to separate hydrogen from high-temperature gas mixtures by means of high-temperature hydrogen separation membranes to shift the equilibrium toward hydrogen formation. Similar results can be achieved by removing CO2 from a high-temperature gas mixture by the reaction of CO2 with high-temperature sorbents leading to the production of pure hydrogen. Metal oxides can also be effective for multifunctional pollution control. For example, calcium-based sorbents can react with sulfur oxides, hydrogen sulfide, and chlorine to a high extent as well, thus reducing their concentration in effluent streams to parts per million (ppm) levels.

Chapter 5                              ADVANCED METHODS FOR                                       .                                        SEQUESTRATION OF CARBON 


5.1 Advanced Geochemical Methods for Sequestering Carbon

Emissions of CO2 from the use of fossil energy may be controlled by capturing CO2 in energy production facilities and then injecting the CO2 into deep sedimentary formations. The capture and storage of CO2 poses two principal difficulties: (1) the capture of CO2 from combustion products is energy-intensive, expensive, and likely applicable only to large-scale stationary processes; and (2) the buoyancy of gas-phase CO2 in reservoirs poses inherent risks of leakage.

In contrast, CO2 is naturally captured directly from the atmosphere by its reaction with silicate minerals to form carbonates as rocks are weathered. Unfortunately, this process, while thermodynamically favored, is very slow. If such weathering processes could be artificially accelerated, it might be possible to manage the CO2 produced by fossil fuels while avoiding some of the difficulties of conventional CO2 capture and storage. Geochemical immobilization can effectively eliminate the risk of CO2 leakage. In addition, the use of geochemical processes allows the direct capture of CO2 from the air, thus potentially lowering the cost of managing emissions from dispersed sources.

5.2 CHEMICALLY ENHANCED WEATHERING

It has been found that the rate of the very slow natural carbonation reactions of magnesium silicate minerals can be greatly accelerated by high-temperature pretreatment. Reduction to ultrafine particle sizes also helps. Both of these options are energy-intensive, however, and probably not practical. The minerals react readily with mineral acids, but the resulting salts no longer can react with CO2. It may be possible, however, to find reagents that can convert only a small portion of the rock, so as to leave a porous structure, which can then react with CO2.

5.3 Advanced Subsurface Technologies

To date, deep, long-term subsurface storage of CO2 has been demonstrated in conventional reservoir formation rocks (e.g., in depleted reservoirs. Advanced subsurface technologies sought to broaden the menu of options beyond demonstrated techniques and identify novel ways to manage carbon utilizing 

the properties of the subsurface environment. The unique characteristics of deep environments can potentially be exploited for the following purposes:

· To store liquid CO2 under pressure with surety (in some cases as a liquid), 

· To effect “permanent” chemical or biological subsurface sequestration of CO2, 

· To convert CO2 to useful products, and 

· To ensure environmental security. 

5.4 UNCONVENTIONAL CO2 STORAGE FORMATIONS

Deep, long-term underground storage of CO2 is being conducted today in various parts of the world in depleted reservoirs. The formations at these reservoirs essentially represent conventional reservoir formation rocks that have been well studied. To meet the potentially dramatic increase in demand for storage of CO2 in areas that may not have conventional storage formations available, unconventional formations must be explored as alternatives to the costly transport of CO2 over very long distances.

Concepts of operation that may be used to stimulate thinking about this type of storage include the injection of CO2 into formations with particularly favorable containment properties. When injected into sandstone formations derived from basalt at depths of about 2 km, CO2 is expected to react with the chemical composition of the basalt and to form carbonate precipitates, fixing the CO2 at depth. Studies on the global availability and capacity of such formations overlain with competent, impermeable formations will be required. Modeling and experiments on CO2 interactions with basalt should point to the level of benefit that could be derived from exploiting these formations for storage.

 The conditions surrounding these regions have many advantages for fixing CO2 in that the reaction kinetics are fast because of increasing heat and pressure in the direction of flow. It is theorized that CO2 could be injected into the geohydrologic flow field away from the spreading region and entrained in that flow. This would result in the development of several carbonate species (magnesite, magnesium carbonate, dolomite, and calcite) as the combined flow of seawater and CO2 is heated, pressurized, and released back to the sea.

Another possibility is Arctic hydrate storage of CO2 below the permafrost layers in regions where methane and other gas hydrates form. The injected CO2 would form CO2 hydrates that would reside in the pore space of the host rock, with the permafrost layer above it serving, in effect, as the cap rock of a newly created CO2 reservoir.

Chapter 6         WHAT IS IT WORTH? THE ECONOMICS   .                         OF SEQUESTRATION.
Carbon content is measurable, but the quantity sequestered is interdependent on the species of trees planted, the trees survival rates, soil characteristics, climatic conditions, and the final use of the tree and how it is managed during its growth (Swart 1992, p.158). To calculate this value Shea (1998) states it is important to first consider:

· the total biomass of the tree has worth, that is the trunk, leaves, roots, branches and even the soil; 

· by weighing each part of the tree and establishing its dry weight a relationship between height and diameter can be defined; 

· carbon fixed in woody tissue is equal to about half the weight of the dry biomass; and 

· An average annual carbon fix can be calculated by evaluating total yearly biomass accumulation per hectare and dividing it by the rotation age of the tree. 

       It may be possible to increase the rate at which ecosystems remove CO2 from the atmosphere and store the carbon in plant material, decomposing detritus, and organic soil. In essence, forests and other highly productive ecosystems can become biological scrubbers by removing (sequestering) CO2 from the atmosphere. Much of the current interest in carbon sequestration has been prompted by suggestions that sufficient lands are available to use sequestration for mitigating significant shares of annual CO2 emissions, and related claims that this approach provides a relatively inexpensive means of addressing climate change. In other words, the fact that policy makers are giving serious attention to carbon sequestration can partly be explained by (implicit) assertions about its marginal cost, or (in economists’ parlance) its supply function, relative to other mitigation options.

The costs of carbon sequestration are typically expressed in terms of monetary amounts (dollars)

per ton of carbon sequestered—that is, as the ratio of economic inputs to carbon mitigation outputs for a specific program. The denominator, carbon sequestered, is determined by forest management practices, tree species, geographic location and characteristics, and disposition of forest products involved in a hypothetical policy or program. The costs reflected in the numerator include the costs of land, planting, and management, as well as secondary costs or benefits such as non-climate environmental impacts or timber production. Well-developed analytical models include landowners’ perceptions regarding all relevant opportunity costs, including costs for land, conversion, plantation establishment, and maintenance.

Among the key factors that affect estimates of the cost of forest carbon sequestration are:

(1) The tree species involved, forestry practices utilized, and related rates of carbon uptake over time;

(2) The opportunity cost of the land—that is, the value of the affected land for alternative uses;

(3) the disposition of biomass through burning, harvesting, and forest product sinks; (4) anticipated

changes in forest and agricultural product prices; (5) the analytical methods used to account for carbon

flows over time; (6) the discount rate employed in the analysis; and (7) the policy instruments used to achieve a given carbon sequestration target.

Chapter 7                   CARBON SINKS AND THE KYOTO                                  .                                   PROTOCOL


The The Kyoto Protocol (KP) is an international agreement under the UN Framework Convention on Climate Change that imposes binding limits on emissions of greenhouse gases for countries that have ratified the protocol. Because there are provisions in the KP that acknowledge benefits from terrestrial carbon sequestration, scientists in a variety of fields are engaged in applying their expertise to estimate quantities of carbon that are stored in forest and agricultural ecosystems. Periodically, meetings of groups of these scientists from around the globe are convened by the Intergovernmental Panel on Climate Change (IPCC) to develop consensus documents to establish a scientific basis for policy surrounding the KP. In the years since the KP was signed, the sequestration provisions of the protocol have been debated widely in scientific, policy, and public arenas. Issues range from economic impacts of sequestration efforts, to equity among developed and developing nations, to concerns about the certainty with which we can estimate carbon storage, to the advantages and disadvantages of substituting sequestration efforts for emissions reductions. Thus, the KP offers a case study of an environmental policy issue that has drawn widespread public attention in the US, scientific disagreement, and international contention. This presentation will discuss some observations by a participant in IPCC reports on forest carbon sequestration. The IPCC report development process will be described, as well as perspectives on the communication of science to policymakers and the public.

The protocols hold that, since growing vegetation absorbs carbon dioxide, countries that have large areas of forest (or other vegetation) can deduct a certain amount from their emissions, thus making it easier for them to achieve the desired emission levels. The effectiveness of these provisions is controversial.

Some countries want to be able to trade in emission rights in carbon emission markets, to make it possible for one country to buy the benefit of carbon dioxide sinks in another country. It is said that such a market mechanism will help find cost-effective ways to reduce greenhouse emissions. There is as yet no carbon audit regime for all such markets globally, and none is specified in the Kyoto Protocol. Each nation is on its own to verify actual carbon emission reductions, and to account for carbon sequestration using some less formal method.

Chapter 8             THE STATE AND THE SCOPE OF THE  .                             SCIENCE

The atmospheric concentration of CO 2 has increased by about 32% from approximately 280 parts per million by volume (ppmv) at the beginning of the industrial revolution (ca. 1850) to about 370 ppmv today. More than 8 GT (billion metric tons) of carbon are presently emitted as CO 2 into the atmosphere each year from all sources. Although carbon dioxide is the primary greenhouse gas of concern with regard to global warming, it is also important to recognize that carbon di-oxide the building block of photosynthesis. The process of photosynthesis converts sunlight into energy necessary to convert carbon in the atmosphere into the organic compounds of which trees, grasses and plants, and agricultural crops are constituted. The converted carbon in turn releases carbon dioxide to the atmosphere when trees are cut down and plants and crops of the biosphere are harvested or decay. Elevated CO 2 concentrations stimulate photosynthesis and growth in plants of the kind exhibited by legumes, small grains and most trees and decreases transpiration, or water use. Transpiration of moisture is also reduced in tropical grasses such as maize, sorghum, and sugar cane. Together, these phenomena comprise the CO 2 -fertilization effect.

With proper management, terrestrial biosphere carbon sequestration shows great promise for absorbing a significant fraction of the carbon dioxide emissions that result from the combustion of fossil fuels and for slow-in the rate of climate change. It is a form of carbon storage that can be implemented rapidly. For example, forests have the potential to sequester approximately 0.75 GT of carbon per year on a global basis, a significant fraction of the global carbon dioxide emissions of about 8.0 GT of carbon emitted to the atmosphere. Forest clearing for agriculture and for building and energy use, on the other hand, contribute to the atmospheric carbon dioxide load at the rate of about 1.6 GT of carbon per annum. Soil, the repository for decayed plant matter, is by far the largest terrestrial storehouse of carbon, and soil management becomes of central importance. Soil is currently estimated to contain about 70% of all terrestrial carbon. Soil can be a source of carbon by plowing, biomass burning and droughts among others. Management of many of these processes and activities can aid in increasing the capacity of the biosphere to store carbon. As a minimum, terrestrial biospheric sequestration can buy time for other energy technologies to take place that can provide less carbon intensive energy generation. Carbon dioxide is in continuous exchange between soils and the atmosphere. The balance between carbon input to soils from plant and animal residues and carbon emissions to the atmosphere due to organic matter 

decomposition, and respiration of the roots and microbes, largely determine the amount of carbon stored in soils. Carbon sequestration generally is effected by: 1) minimizing soil disturbance and erosion; 2) maximizing the return of crop residue to soils; 3) maximizing water and nutrient use efficiencies in crop production; and 4) growing plants with a large capacity to store carbon in above ground and below ground biomass. 

Presently the dynamics of carbon sequestration are not well understood under the varying temperature, moisture and nutrient conditions of a changing climate. Some reverse climate effects need to be considered. For example, increasing organic matter in wetlands could result in higher emissions of the greenhouse gas methane. Conversion of croplands to grasslands, on the other hand, may decrease the emissions of another greenhouse gas, nitrous oxide, to the atmosphere. Biomass, which includes trees, crops, grasses, and other plant and animal material above and below ground, has potential as a cleaner partial alternative to fossil fuels. It is a renewable energy source such that the car-bon dioxide emitted by biomass when it is burned as a fuel is restored or reconstituted as biomass again. Fossil energy sources emit carbon dioxide that is dispersed for approximately a century into the atmosphere. It may be possible to sequester as much as 0.5-0.8 GT of carbon per year by transforming biomass to biofuels. There are many approaches to implementing carbon sequestration research and actions. No tillage (“no till”) practices return residues to soil and increase the amount of carbon in agricultural systems. It is important to understand the potential of various approaches and costs of carbon sequestration. The addition of plant or animal litter to soil provides a myriad of living organisms, such as bacteria and fungi, with the energy and nutrients required for their growth and functioning. Gradually, the plant and animal debris decompose to yield a rather stable brown to black material called “humus.” The content of organic carbon soil (SOC) reflects the action and interaction of the major factors of soil formation—climate, vegetation, topography, parent material and age. Soil carbon losses of up to 50% (30 to 40 Mg/ha) have been reported in temperate regions 30-70 years after conversion of forests and grasslands to agriculture. In subtropical and tropical environments, the losses have been as great or greater than those observed under temperate conditions but may occur over a 5 to 20 year period. The loss of soil carbon is estimated at 3 to 5 GT for soils of the U.S. and 66 to 90 GT for soils of the world.

Soil carbon sequestration depends on the amount of crop/forage residue and other biosolids applied to the soil. The amount of carbon in the soil increases in direct proportion to its residence time. The carbon sequestration potential of agricultural ecosystems is primarily centered in the soil. Historically, grasslands have been converted to croplands and have suffered a net loss of carbon, following conversion of the native ecosystem to croplands. Global potential in 2010 for net change in carbon stocks through improved management and land use change 36 Improved land management has the potential to sequester about 0.4 GT per annum by 2010.As a first approximation, it appears that a potential exists to offset significant amounts of CO 2 emissions by sequestering 

carbon in the soils of lands now in agricultural production. This may provide enough capacity given dedicated management, to hold the atmospheric CO 2 rise to a trajectory consistent with 550 ppmv described earlier for a few decades. There is additional carbon sequestration potential in the soils of managed forests, grasslands and degraded and desertified lands (discussed elsewhere in this report). Improved management of croplands, grazing lands, and soils in recent years seems to have stabilized the overall carbon levels and these levels have begun to rise. These changes are attributable to reduced tillage intensity; genetically induced productivity increases and increased inputs of fertilizers, pesticides and irrigation. These specific inputs have hidden carbon costs, and with indiscriminate use can be potentially harmful to the environment. 

Addition of nutrients to soil via fertilizers, whether organic or synthetic, is essential for maintaining or improving soil fertility and, hence, soil organic matter. Integrated nutrient management (INM) and precision farming or soil-specific management is critical to soil carbon sequestration. Restore degraded soils of ecosystems: A clear opportunity also exists in restoring degraded soils of ecosystems. This is an important strategy to resequester part of the soil organic carbon that has been depleted by land misuse and soil mismanagement. There are a number of techniques that could be used for restoring degraded soils and ecosystems. Important among these are establishing vegetation cover for erosion control, conservation tillage, mulch farming, establishing winter cover crops, and eliminating summer fallow. Increasing soil fertility and replenishing depleted nutrients through judicious application of fertilizers, integrated nutrient management, biological nitrogen fixation, manuring and recycling of nutrients through application of bio solids are among the numerous options. Attempts at restoring mined soils have increased the rate of soil organic carbon significantly and may be an appealing opportunity to WFA. One way in which this can be done is by the application of municipal sewage to mined lands. One of the techniques in restoring eroded and drastically mined soils can be to sow them with fast growing trees and grasses which, in addition to sequestering carbon in soil, also have the potential of being used as a bio-fuel. Such bio-fuels can be burned directly in many power plants. Large areas of highly eroded lands can be converted to bio-fuel plantations. Opportunities in grazing lands include: growing species with high biomass productivity and deep root systems, controlled/rotational grazing with low stocking rates, and the management of soil fertility and fire frequency. The restoration of degraded soils such as those that are eroded or mined are important strategies for enhancing biomass production and sequestering soil carbon. It should be noted that fire management is important because controlled burning can improve biomass production and excessive intense fires can acerbate losses and adversely affect productivity. Rangelands also have a potential of sequestering inorganic carbon as secondary carbonates. Soil biotic processes accentuate biosequestration of carbonates.

8.1 What can agricultural producers do to enhance carbon sequestration?
There are several practices that can increase carbon sequestration, including:

a. No-till or reduced-till

b. Increased crop rotation intensity by eliminating summer fallow

c. Buffer strips

d. Conservation measures that reduce soil erosion

e. Using higher residue crops, such as corn, grain sorghum, and wheat

f. Using cover crops

g. Selecting for varieties and hybrids that store more carbon

8.2 What can grazing land managers do to enhance carbon sequestration?

Grazing land managers can increase carbon sequestration by:

a. Improving forage quality

b. Regular use of prescribed burning to increase forage productivity

c. Reducing overgrazing

 The creation of tax incentives at local and state levels for planting forests, and for retaining planted forests could be the key to implementing these strategies. Increase use and permanence of forest products. These strategies are centered on encouraging greater use of forest products, in the expectation that some of the uses will more permanently store carbon (e.g., substitution of wood for other building materials), some will substitute directly for fossil fuels (e.g., use of biofuels), and all will be followed by forest replanting to continue taking up atmospheric carbon. The substitution of forest products for aluminum, steel, concrete and brick has the added advantage of reducing the fossil fuel use expended in production of these latter raw materials. This indirect effect on carbon sequestration can be greater than the effect of the carbon stored directly in the wood products. The substitution of biofuels for fossil fuels, based on crops  and wood products, may potentially replace up to 3.5 GT/year of fossil fuels by 2050.

The use of short rotation woody crops for both construction and biofuels could average 0.3 GT of carbon/year over a 50 year period of such projects, with 75% of the carbon sequestered from fossil fuel displacement rather than from direct carbon sequestration.

One means to reduce the loss of forests is to increase the rotation period of forests, such that forests harvested every 30 years are retained for 40 or even 50 years. This technique alone can add about 0.45 additional Mg of carbon/hectare/year. Other opportunities. Techniques to reduce the impact on carbon stocks of forest harvests, by “low impact forestry” need to be adopted. These techniques range from selective harvests that leave large trees and a large portion of the forest community behind, to minimizing disturbance to soil and the remaining vegetation. 

Another approach aims at reducing losses to common forest disturbances such as wildfire and pest infestations releasing CO 2 Fire losses can be reduced by enhanced fire suppression, and by increased removal of accumulating fuels. Similarly, pest management techniques can reduce losses to forest pests which kill thousands of acres of trees every year, resulting in emission of the carbon stored there over the subsequent several years and decades. The two kinds of disturbances are related; large, stand-replacing fires are much more likely where insects have killed large portions of the forest, while fire damages to individual trees provide entry points for the build-up of pest populations to epidemic levels

Improving carbon sequestration in forests implies a large number of research and development needs. Participants in a terrestrial carbon sequestration initiative could become involved with the government in supporting such work. The opportunities range from developing genetically improved plantation species to maximize wood growth and density, to the development of silviculture practices to maximize biomass accumulation. Some of these practices include stocking control, management and proscribed burning. Another facet of research and development activities involve the enhancement of wood and paper product characteristics that increase sequestration and a better understanding of the attraction between natural disturbances and management practices and forest protection. In addition, there are many belowground carbon increases that could benefit from research and development. Finally, there is the assessment of the impact of changes that might result from adoption of various strategies on ecosystem functions, as well as evaluating the risk of disturbances to forests from fires, pests and climate change.

The possibility that carbon may become a tradable commodity has not gone unnoticed in the agriculture and forestry communities. Beneficial land-management practices might be encouraged if a market develops through which farmers are rewarded for employing practices that increase carbon stores on agricultural lands. But uncertainty about costs, benefits, and risks of new technologies to increase carbon sequestration could impede adoption. To address farmers’ reluctance to adopt carbon sequestration practices, financial incentives could be used to encourage practices such as conservation tillage. Government payments, tax credits, and/or emissions trading within the private sector also could be employed. A program could be formulated consisting of both research and actual implementation. The program should be easily understandable by farmers, rangeland and forestry managers, by adopting a program title such as “Reducing Climate Warming Through Agriculture and Forestry” and clear objectives. The objectives also need to be easily grasped by the general public, the Administration, the Congress and the press. All of these sectors must be enlisted to foster the program of a carbon sequestration initiative.

Chapter 9                                                 RESEARCH AREAS

Opportunities may exist in unconventional storage formations for utilizing the chemistry, temperature, and pressure (depth) to improve the long-term stability of sequestered CO2 through mineralization, precipitation, and other stabilizing reactions.

Possible research concepts include the following:

· Characterization of promising, previously unstudied porous rock mass formations from a storage media perspective. This investigation would include examining porosity, permeability, capacity, and chemical composition. 

· Identification of regional and global locations of favorable formations. 

· Investigation, through modeling and experimental work, of the nature of rock/CO2 fluid interactions in various rock types over short and long periods. The goal would be to determine beneficial interactions that may occur in basalt or sandstones derived from basalt. 

· Assessment of containment issues such as interactions that may occur in surrounding and overlying rock types and performance of typical rock mass characterization. 

· Accumulation and analysis of existing data on CO2 storage. This activity should include examination of natural storage areas as well as engineered storage areas. 

   A potentially important plus in the cost-effectiveness ledger is the fact that the storage of carbon in agricultural soils is likely to come with a number of "co-benefits." In particular, carbon sequestration is not separable from other environmental effects of a given land-use practice. For example, the introduction of cover crops or the conversion to conservation tillage from conventional tillage also reduces soil erosion, in addition to sequestering carbon. The list of potential co-benefits is large, including wildlife habitat, water quality, and landscape aesthetics.1 

   A second key feature of carbon sequestration is its nonpoint source characteristic. The amount of carbon sequestered in a field or region is costly to measure and monitor, and protocols for doing so are still being developed, making it difficult to base any policies directly on environmental performance. (Mooney, Antle, Capalbo & Paustian, 2004, for a discussion on the costs of measuring soil carbon credits.) In the near term, carbon sequestration policies are likely to base payments on land-use practices or other easy indicators of carbon sequestering activities. 

   The issue of co-benefits from sequestration activity has received relatively little attention, with some important exceptions. Existing benefit estimates,  showed that the value of reduced soil erosion and some benefits from enhanced wildlife habitat are on the same order of magnitude as the costs of the carbon sequestration policy. Matthews, O'Connor, and Plantinga (2002) 

also found that carbon sequestration through afforestation has significant impacts on biodiversity and that impacts can differ by region. McCarl and Schneider (2001) found reduced levels of erosion and phosphorous and nitrogen pollution from traditional cropland as carbon prices increase. Greenhalgh and Sauer (2003) and Pattanayak et al. (2002) both showed that the water quality co-benefit of carbon sequestration is very significant.

   Given that carbon sequestration cannot be separated from many important co-benefits, policies focused on increasing carbon storage in agriculture and forest lands need to consider carefully the consequences of carbon sequestration programs on multiple environmental benefits. To demonstrate the importance of this point, this article presents results from an analysis of a large and potentially rich source of carbon sequestration as well as co-benefits—the Upper Mississippi River Basin. Our results suggest that had the CRP been designed to achieve the greatest carbon for the budget allocated, the land parcels chosen for inclusion would be significantly different from either the actual CRP or a different kind of program that targets soil erosion instead. 

   Numerous design challenges remain for conservation policies to elicit socially optimal levels of carbon sequestration, nutrient loads, soil erosion, biodiversity, and other landscape amenities. In addition to considering co-benefits, interactions among incentives from competing conservation programs (e.g., the CRP and the CSP) and the introduction of carbon markets will also present challenges to policy design. Finally, we note that the results presented here are based on field-level simulations for a large region and that there is ongoing development of EPIC, other environmental models, and economic models of costs. As the models evolve, the results of analyses such as the one undertaken here may change as well.

    

9.1 Enhancing the Natural Terrestrial Cycle:

 Research will identify ways to enhance carbon sequestration of the terrestrial biosphere through CO2 removal from the atmosphere by vegetation and storage in biomass and soils. This includes the development of effective approaches to enhance potential sequestration in part through advances in the fundamental understanding of biological and ecological processes and the formation of soil organic matter in unmanaged and managed terrestrial ecosystems, including wetlands. It also includes efforts to understand ecological consequences of carbon sequestration. The research strategy focuses on those properties and processes of ecosystems for which alteration can offer significant potential for enhancing the net sequestration of carbon. 

Relevant technical areas of research include: (1) increasing the net fixation of atmospheric carbon dioxide by terrestrial vegetation with emphasis on physiology and rates of photosynthesis of vascular plants, (2) retaining carbon and enhancing the transformation of carbon to soil organic matter; (3) reducing the emission of CO2 from soils cause by heterotrophic oxidation of soil organic 

carbon; and (3) increasing the capacity of deserts and degraded lands to sequester carbon. 

9.2 Sequestration in the Oceans 

These approaches will require better understanding of marine ecosystems to enhance the effectiveness of applications and avoid undesirable consequences.

• Field experiments of CO2 injection into the ocean are needed to study the physical/chemical behavior of the released CO2 and its potential for ecological impact.

• Ocean general circulation models need to be improved and used to determine the best locations and depths for CO2 injection and to determine the long-term fate of CO2 injected into the ocean.

• The effect of fertilization of surface waters on the increase of carbon sequestered in the deep ocean needs to be determined, and the potential ecological consequences on the structure and function of marine ecosystems and on natural biogeochemical cycling in the ocean need to be studied.

• New innovative concepts for sequestering CO2 in the ocean need to be identified and developed.

9.3 Sequestration in Terrestrial Ecosystems 

• The terrestrial ecosystem is a major biological scrubber for atmospheric CO2 (present net carbon sequestration is ~2 GtC/year) that can be significantly increased by careful manipulation over the next 25 years to provide a critical "bridging technology" while other carbon management options are developed.

Carbon sequestration could conceivably be increased by several gigatonnes per year beyond the natural rate of 2 GtC per year, but that may imply intensive management and/or manipulation of a significant fraction of the globe’s biomass. However, those potentials do not yet include a total accounting of economic and energy costs to achieve these levels. Ecosystem protection is important and may reduce or prevent loss of carbon currently stored in the terrestrial biosphere. The focus for research, however, should be on increasing the rate of long-term storage in soils in managed systems.

• Research on three key interrelated R&D topics is needed to meet goals for carbon sequestration in terrestrial ecosystems:

· Increase understanding of ecosystem structure and function directed toward nutrient cycling, plant and microbial biotechnology, molecular genetics, and functional genomics.

· Improve measurement of gross carbon fluxes and dynamic carbon inventories through improvements to existing methods and through development of new instrumentation for in situ, nondestructive below-ground observation and remote sensing for aboveground biomass measurement, verification, and monitoring of carbon stocks.

           — Implement scientific principles into tools such as irrigation methods,              efficient nutrient delivery systems, increased energy efficiency in agriculture and forestry, and increased byproduct use.

• Field-scale experiments in large-scale ecosystems will be necessary to understanding both physiological and geochemical processes regulating carbon sequestration based upon integrative ecosystem models. Such carbon sequestration experiments are needed to provide proof-of-principle testing of new sequestration concepts and integration of sequestration science and engineering principles.

9.4 Sequestration in Geologic Formations 

• Fundamental and applied research is needed to improve the ability to understand, predict, and monitor the performance of sequestration in oil, gas, aqueous, and coal formations. Elements of such a program include multiphase flow in heterogeneous and deformable media; phase behavior; CO2 dissolution and reaction kinetics, micromechanics and deformation modeling; coupled hydrologic-chemical-mechanical-thermal modeling; and high-resolution geophysical imaging. Advanced concepts should be included, such as enhancement of mineral trapping with catalysts or other chemical additives, sequestration in composite geologic formations, microbial conversion of CO2 to methane, rejuvenation of depleted oil reservoirs, and CO2 -enhanced methane hydrate production.

• A nationwide assessment is needed to determine the location and capacity of the geologic formations available for sequestration of CO2 from each of the major power-generating regions of the United States. Screening criteria for choosing suitable options and assessing capacity must be developed in partnership with industry, the scientific community, and public and regulatory oversight agencies.

• Pilot-scale field tests of CO2 sequestration should be initiated to develop cost and performance data and to help prioritize future R&D needs. The tests must be designed and conducted with sufficient monitoring, modeling, and performance assessment to enable quantitative evaluation of the processes 

responsible for geologic sequestration. Pilot testing will lay the groundwork for collaboration with industrial partners on full-scale demonstration projects.

9.5 Advanced Biological Processes 

• Research should be initiated on the genetic and protein engineering of plants, animals, and microorganisms to address improved metabolic functions that can enhance, improve, or optimize carbon management via carbon capture technology, sequestration in reduced carbon compounds, use in alternative durable materials, and improved productivity.

• The objectives and goals of the advanced biological research should be linked to those specific problems and issues outlined for carbon sequestration in geological formations, oceans, and soils and vegetation so that an integrated research approach can elucidate carbon sequestration at the molecular, organism, and ecosystem levels.

• Short-, mid-, and long-term goals in advanced biological research should be instituted so that scale-up issues, genetic stability in natural settings, and efficacy in the field can be assessed.

9.6 Advanced Chemical Approaches 

• The proper focus of R&D into advanced chemical sciences and technologies is on transforming gaseous CO2 or its constituent carbon into materials that either are benign, inert, long-lived and contained in the earth or water of our planet, or have commercial value.

— Benign by-products for sequestration should be developed. This avenue may offer the potential to sequester large (gigatonne) amounts of anthropogenic carbon.

— Commercial products need to be developed. This approach probably represents a lesser potential (millions of tonnes) but may result in collateral benefits.

• The chemical sciences can fill crucial gaps identified in the other focus areas. In particular, environmental chemistry is an essential link in determining the impact and consequences of these various approaches.

While many scientists are working on capturing or sequestering carbon one method differs because it works on a dilute stream of CO2 in the atmosphere as opposed to capturing more concentrated forms found in power plant exhausts. The method uses ordinary air with its average carbon dioxide concentration of about 370 parts per million. 

It utilizes the wind and natural atmospheric mixing to transport CO2 to a removal site, and it is the only means available to capture CO2 generated from transportation sources and small, dispersed sources that account for nearly half of all carbon dioxide emissions. 

The air is passed over an extraction agent, for example a solution of quicklime, the active agent in some cement. As the air passes over the extraction structure, the carbon dioxide in the air reacts with the quicklime and becomes converted to calcium carbonate (limestone), a solid that forms and falls to the bottom of the extractor. 

The calcium carbonate is then heated to yield pure carbon dioxide and quicklime, which is recycled back into the extractor. The purified and liberated carbon dioxide can then be sequestered as a gas by direct injection into the ground or it could be reacted with minerals to form a solid. 

Carbon dioxide gas also can be sold commercially to the petrochemical industry, which uses large quantities of it to extract fossil fuels. Of course, because the process uses existing air, it does not need to be located near any particular elevated source of carbon dioxide. It captures carbon dioxide from all sources by harnessing wind as a no-cost transportation vector. 

Using this method on a large enough scale, it may be possible to return atmospheric carbon dioxide levels to pre-Industrial-Age concentrations. Given the possibility our climate system can change abruptly, this possibility is very exciting. 

Cost of the entire process is equivalent to about 20 cents per gallon of gasoline -- a nominal cost when one considers the recent price fluctuations at gasoline pumps across the nation, Dubey said. 

A typical extraction facility that could extract all current carbon dioxide emissions would require only an area of one square yard per person in the developed world. A facility of sufficient size could be located in arid regions, since discharged air that is deficient in carbon dioxide could have consequences on nearby plant life.

Chapter 10                                                 CONCLUSION
It is clear then that carbon sequestration is not a solution to global warming or CO2 emissions, but the program will buy some time to investigate other measures and technologies that can physically reduce CO2 output (Pearce 1991, p. 9). Carbon sequestering is not about the creation of a new tradeable commodity; the objective of the project is to abate climate change. 

Carbon storage and sinks are limited by time and space and can themselves create other environmental problems (Francis 1998, p. 76). However, the benefits of the carbon sequestering project are many. The planting of trees will:

· lower the water table; 

· decrease salinity; 

· decrease wind speed and water runoff; 

· improve soil conditions; 

· Absorb CO2 emissions. 

Advantages of Sequestration
• Sequestration allows continued use of fossil fuels, particularly coal.

• Technology can be transferred to developing countries for more effective worldwide emission reductions.

• Sequestration creates jobs.

• Emission limitations can create very high prices and shift away from coal to more scarce natural gas and imported oil.

 Admittedly the rewards would be even greater if farmers were planting endemic species with no plans to harvest the trees in the future. 

Many of the benefits of the carbon sequestering program are questionable, however, there is solace in the fact that people are beginning to look to nature for solutions. Even if the Carbon Sequestering program does not eventuate, farmers will still be doing their land a great favour by planting trees.
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