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1.
PRIMARY ENERGY SOURCES: PAST AND PRESENT
Consumption of primary energy has worlwide increased at a rate of nearly 2 % per annum. 

Primary energy sources have displaced each other and shared the supply of the overall demand in terms that can historically be described by a model proposed by Cesare Marchetti as a generalization of Fischer and Pry law (Fisher, J.C. and Pry, R.H., 1970). So wood, coal, crude oil and natural gas have displaced and are displacing each other, each one following a logistic evolution until a maximum share is attainned, afterwards receeding in a similar way, if there is no exhaustion of the resource base, thereby completing its own lifecycle (Marchetti, C. 1977). On the other hand, the increase of the total enegy demand implies that the total amount of each one of the successive energy resources, required to complete its lifecycle, is growing as time lapses (Marchetti, C. 1987). [image: image1.jpg]100 — T —r— .99
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Historical life cycles of primary energy sources; f - stands for the share of each energy source in the actual energy mix; f/(1-f) on the left and f on the right vertical axis

It is realized that coal resources are much larger than the amout expected to be extracted in the whole of its lifecycle. The same is not the case of oil, whose resource base (estimated ultimately recoverable conventional oil 1800 Gbb) may be smaller than the integrated prospective demand. If the rate of increase of total energy demand is maintained, the amount of natural gas required to complete a similar lifecycle would exceed the actual resource base (proved recoverable reserves 150 Tm3, equivalent to 945 Gbb, and ultimate recoverable resource 300-450 Tm3). One therefore faces two problems: the constraint on available oil right now and a likely, possibly more severe constraint, on natural gas availability in about twenty years time (Campbell, C.J. and Laherrère, J.H., 1998) or some time later. 

At present we are observing the growth of the natural gas share. This has been a slow process requiring heavy investment in long range transportation. Worlwide trunkline gasoducts have grown logistically to a saturation extent of about one million km over a characteristic time (10% through 90%) of about 45 years. LNG overseas transportation also grew logistically, in the size of both the tanker fleet and the annual amount of shipped gas, but up to a relatively low saturation level (about 60 Gm3 annum) and in a short caracteristic time (about 12 years). The demand for natural gas is strained under the current peak of oil production capacity and the continuing decline of coal consumption. Expansion of the gas demand over a new logistic curve, to a higer saturation extension and a larger carrying capacity, might be observed in future in connection with a new Kondratieff longwave. 

Attention has been drawn to the decarbonization of primary energy sources, that is, the atomic ratio H/C has decreased consistently in the energy mix, also exhibiting a logistic evolution - a slow process having three centuries characteristic time (Marchetti, C. 2000) such that, from now on, the trend points to the progressive introduction of non-fossil energy sources – or to efficiente sequestration of CO2 emissions. Hydrogen appears as a prospective “historically determined” energy carrier to replace oil refined products and natural gas; however, other valid carrier options are envisaged, as will be seen later.
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The hydrogen content of the fuel mix has increased according to a logistic law suggesting that hydrogen might predominate as the future energy carrier

New primary energy sources must come to the fore in the short term. One obvious option is nuclear fission (whose resource base is uranium and thorium) which is already proceeding, although at a slow rate in the last fifeen years. Another obvious option is a new cycle of “clean coal”, being converted in liquid and/or gaseous carriers/fuels at plants next to the mining sites. Both options raise known environmental concerns, which ought to be properly addressed: nuclear fuel reprocessment and radioactive waste disposal and carbon dioxide sequestration. 

2.
THE EARTH CLIMATE SYSTEM
Temperature at the surface of Earth differs from nearby Mars and Venus. As a result of the  particular atmosphere of Earth, the planetary albedo and the greenhouse gas effect produce an average surface temperature of 15ºC, about 33ºC above the temperature which would exist in the absence of atmosphere. On the contrary, Mars is extremely cold and Venus extremely hot. Solar irradiation and terrestrial upwelling radiation fluxes at the top of the atmosphere are equivalent. But their distributions within the atmosphere are different, atmospheric mechanisms converting and redistributing the solar energy input. 

The energy fluxes in the atmosphere, namely solar (shortwave) and terrestrial (longwave) radiation fluxes and heat (sensible and latent) fluxes as well as energy reservoirs (on the earth surface and in the atmosphere) drive the earth “climate engine” and determine the prevailing climate properties. These and related atmospheric and oceanic fluxes are the “renewable energy sources” also available to the world energy supply. 


As of lately, s
atellites became very important platforms for the continuous and comprehensive observation of the Earth. Satellite images in the infrared show the total content of water in the atmosphere, both as vapour and as condensed liquid in clouds. Water in both forms is the most important atmospheric greenhouse coonstituent in our planet. 
Satellite images in the visible, show the cloud cover, which is the main agent of the planetary albedo (or reflectance). The inversion of multichannel images can provide detailled information about the vertical profile of the atmospheric chemical composition and physical properties. Satellite observations offer thus the possibility of mapping atmospheric and surface fields. Sources of aeorosols and chemicals and their dispersion mechanisms can be monitored. In particular, they are useful as tracers of combustion of fossil fuels and of atmospheric dynamics.


Secular
 oscillations of the eccentricity of the earth orbit and of the angle of tilt of the earth axis relative to the plane of its orbit, as well as the precession of the earth axis around the normal to that plane (Milankovich cycles), combine to produce a complex time variation of the total amount of solar irradation at the top of the atmosphere and of its partition between the north and the south hemispheres. At a geological time scale, these variations produce an astronomical forcing of the earth climate which is recorded in the Vostok (Antarctic) ice core. The isotopic composition of geological records (δ % C13, O18, S34) provides information on the physico-chemical environmental in which they were formed. In the past 400 thousand years, four glaciations occurred, in tune with the Milankovich cycles. Temperature and CO2 atmospheric content are found to have varied in a rather similar manner. However, in a complex system one cannot assert a cause-effect relationship between them.

3.
THE CARBON CYCLE

The mantle is likely the largest carbon reservoir on earth. Otherwise, the largest carbon reservoirs are in the crust and were formed along millennia as a result of: (i) the weathering of rocks and the ensuing sedimentation of carbonates (both biological and inorganic) and (ii) the sedimentation of organic matter which gave rise to carbonaceous sediments (hydrocarbons). Weathering and sedimentation of rocks as well as their decomposition and release of CO2 depend on hidrogen potential (pH), redox potential, pressure and temperature Weathering of crystalline silicate and sedimentary carbonate rocks absorb CO2, both yielding soluble bicarbonates carried out to the sea. Conversely, CO2 is released from rocks in subduction (under high pressure and temperature) on the occasion of volcanic events. 

	Where the Carbon is: 
in major reservoirs on Earth
Reservoir
	Quantity
1 Pg C=1015g C

	
	Reservoir component breakdown
	Total

	Atmosphere
	
CO2
	
720
	
720

	Oceans
	Total inorganic
Total organic 
	37,400
1,000
	
38,400

	Lithosphere
	Carbonates
Kerogen
	60,000,000
15,000,000
	
75,000,000

	Terrestrial Biosphere
	Living biomass
Other
	600 to 1,000
1,200
	
~ 2,000

	Aquatic Biosphere
	
marine organisms
	
1 to 2
	
1 to 2

	Fossil Fuels

(from conventional sources)
	Coal
Oil
Gas
Other (peat)
	3,510
230
140
250
	


4,130


The most important carbon fluxes involve the atmosphere with the terrestrial biosphere and soil and the atmosphere with the oceans. Large exchanges take also place between the surface mixing layer and the deep layers of the oceans. 

Soil is the largest reservoir of organic matter. In the southern hemisphere, in summer, decomposition of organic matter gives rise to higher CO2 emissions. Differently, in the northern hemisphere, in winter, the soil is nearly neutral. 

CO2 is exchanged on the oceanic surface, the direction of the flux depending on the dissolved concentration, the temperature, the pH and the redox potential, and the rate of exchange being very much influence by the wind speed. 

The residence time of carbon in each reservoir depends on the relations between fluxes (transfer rates) and inventories. The residence time of CO2 in the atmosphere is about ten weeks whereas that of the dissolved CO2 in the deep ocean layers is about four centuries.

The carbon cycle is being submitted to anthropogenic forcing. The annual emission of anthropogenic CO2 has increased steadily, particularly so along the second half of the XXth century. 
The content of CO2 retained in the atmosphere has grown steadily as well, particularly so in the same period. But the atmospheric CO2 content builds up at a lower pace than the anthropogenic CO2 is emitted, which is evidence that there is absortion of CO2 in other climate subsystems, namely in the oceans and by the terrestrial biosphere. However, one or more “missing sinks” remain to be identified. Moreover, annual and seasonal variations are observed in the atmospheric CO2 content, in connection with the annual dynamic cycle of the climate subsystems and their mutual interactions, and the annual uptake of CO2 from the atmosphere exhibits a large interannual variability, in connection with major circulation events, such as El Niño.
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Atmospheric CO2 content builds up at a lower pace than the anthropogenic CO2 is emitted. There is absorption of CO2 in other climate subsystems, namely in the oceans and by the terrestrial biosphere. But one or more “missing sinks” remain to be identified.

Long term removal of CO2 from the atmosphere takes place along two main paths: (i) the accumulation of organic matter in the soil (having to do with land use and the formation of soil); (ii) the sinking and sedimentation on the sea floor of organic matter and of carbonate particulate matter, both produced by the zooplankton and other aquatic biota. 

Up to what extent the natural mechanisms of carbon absorption from the atmosphere by other climate subsystems can be enhanced to the effect of CO2 sequestration, is a most important but still open question. 
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Earth Carbon cycle with anthropogenic forcing. The most important fluxes involve the atmosphere with the terrestrial biosphere and soil and the atmosphere with the ocean. Large exchanges take also place between the surface mixing layer and the deep layers of the oceans. Long term removal of CO2 from the atmosphere takes place along two main paths: accumulation of organic matter in the soil; sinking and sedimentation on the sea floor of organic matter and carbonate particulate matter produced by the zooplankton and other aquatic biota (Copyright IEA Greenhouse Gas R&D Programme, February 1999).

. 
Methane (CH4) is also a natural component of the carbon cycle. It is generated by the decomposition of organic matter under reducing conditions, whereas CO2 is generated under oxidizing ones. Although a much more powerful GHG (fifty times), it occurs at a much lower concentration and its effect is rather smaller but not negligible. 

4.
CLIMATE VARIABILITY AND CHANGE


The study of long time series of meteorological data shows that the world average surface temperature (obtained with a network of nearly three thousand termometers, although only one tenth of which are in the southern hemisphere and most are on continental land) exhibited an upward trend in the period 1910-1940, which was resumed in the period 1980-2000. 
The extent of polar sea ice sheets and other diagnostic tools for climate change also suggest that we may be watching an abnormal warming up trend. However, satellite data is not endorsing this conclusion so far. 

Radiative forcing of the Climate may result from the combined effects of GHG emissions, aerosol emissions, tropospheric ozone formation (induced by anthropogenic emission of chemicals and aerosols) and the solar variability. The anthropogenic forcing is attributed mostly to CO2 emissions due to burning fossil fuels. The main sources of CO2 are found in the industrialized countries and, among these, in those having high energy consumption per capita or larger population. Change of l
and use, mostly deforestation, and natural and accidental fires, are also blamed. Wetlands in general, paddy fields in particular, and landfils, are emitters of methane (CH4), a powerful GHG too. Developing countries like China and Brasil, having large territories or large populations, are considered to be responsible for CO2 emission due to changes in land use and to host the main sources of CH4.

The Climate system is highly non-linear, as a consequence of the feedback interactions among its subsystems in the form of energy and mass fluxes. The subsystems properties and the processes of interaction themselves are also variable. Therefore, the Climate system is chaotic, difficult to analyse and still far from being understood. It is to no surprise that variability and change are not easily identified in the short term. And that natural and anthropogenic forcing are not easily differentiated either.

5. 5.
ATMOSPHERIC IMPACTS AND CLIMATE CHANGE

Carbon dioxide, water vapour and clouds are the most important greenhouse forcing agents, on account of their opacity to the upwelling terrestrial thermal radiation. Aerosols exhibit radiative forcing properties whose sign varies with the composition. But aerosols are also of great importance for their role in the processes of water vapour retention, cloud formation and precipitation, thereby influencing the hydrological cycle and the type and amount of nebulosity. The cloud cover, besides its greenhouse effect, also acts as a cooling agent, on account of its high solar reflectivity (enhancing the planetary albedo). 

Combustion of fossil fuels always produces CO2 emissions as well as nitrogen oxides. With the exception of natural gas, all other fuels also produce to a variable extent particulate matter (aerosols) and sulphur oxides. Methane (CH4), the main constituent of natural gas, is a very powerful GHG whose cycle is also affected by the human activity in relation with land-use changes, farming/husbandry and land-fills. Both the rate of emission and the atmospheric content of these two natural and several other artificial chemicals have increased over the past century. In spite of the historical decarbonization of the primary energy mix and of the improved efficiency of thermal engines, the persistent growth of energy consumption led to a persistent growth of gas emissions, notably of CO2. This fact is worsened by methane leaks to the atmosphere as a result of the intense worl-wide transportation of natural gas. Records of past emission rates of CO2 and CH4 have been collected as of recently (Marland et al, 2001; Stern and Kaufmann, 1996).

The permanent alteration of the chemical composition of the atmosphere as a result of all these emissions may affect the biogeochemical balance of the climate system. Such emissions produce recognized impacts of some sort at local and regional levels, either temporary or permanent. That actual impacts can be global and permanent is still under dispute; but the observed steady and simultaneous increase of both the CO2 atmospheric content and the average earth surface temperature are being considered interrelated. 

Climate variability and climate change are natural phenomena. However, it is now being considered that they might be accelerated in consequence of anthropogenic causes and to an extent that might become dangerous for the sustained development in parts of the world in the foreseeable future.

6. 
CLIMATE MODELLING

Modelling (or mathematic simmulation) of weather evolution and climate variability and change have been object of intense research efforts in the past. Progress relies in improving on the amount and quality of the observational data as well on the capacity and speed of computation means. Detailed and global observation of the atmosphere and the ocean became available not more than a quarter of century ago, when satellite-born teledetection became instrumental; the carbon cycle is still poorly understood, namely in what respects natural sequestration mechanisms, natural sources and natural sinks sizes; the water cycle is still far from being dominated, particularly in what reffers to cloud formation and dissipation, water residence time and precipitation; the ambivalent role of natural and anthropogenic aerosols in the radiation budget and in the water cycle is still poorly represented in the climate models for weather forecast and for climate modelling.

The Intergovernemental Panel on Climate Change (IPCC) was established in 1988 under the initiative of the UNEP and the WMO as the leading scientific body for assessing the scientific, technical and socio-economic information required to formulate scenarios and to understand climate change, its impacts and means of mitigation. Previous to the COP-7 meeting, the IPCC produced the Climate Change 2001, its third assessment report, which confirms earlier projections of climate change, namely of average mean surface temperature increase over one century time span, notwithstanding large inter-regional variability (IPCC, 2001).

The scenarios produced by the IPCC are supported on energy consumption and GHG emission projections produced by the International Energy Agency (such as the World Energy Outlook 2000), the OECD, the Energy Information Administration and Environmental Protection Agency of the USA, the DG for Energy and DG for Environement of the EU. These projections are based on the past trends and on assumptions on population, economic product per capita (GNP/Population), energy intensity (Energy/GNP) and emission intensity (Emission/Energy) growths. The IPCC scenarios rely on such contingent socio-economic underlying factors. 
Moreover, the climate models (such as the Hadley Centre models) are still imperfect and incomplete, as stated above, and so, building on the underlying socio-economic uncertainty, the climate modelling introduces further uncertainty in the climate projections. As a result, these are subjected to large uncertainties which increase fast in time. The final uncertainty brackets are rather large and such projections are not in any way forecasts. One rather looks at them as matter of thought and concern in order to carry on improving on existing data collecting means and climate models. 

One ought to keep in consideration that, notwithstanding the recognized relevance of the IPCC general report and the supporting reports produced by the its working groups, their general conclusions are disputted by other respected research teams, to the effect that the complexity of the climate system and de level of understanding of its working don’t allow definite conclusions to be drawn about the actual trends and the underlying causes. It comes to no surprise that quite a number of respected scientific communities criticize the general conclusions emanated from the IPCC and do not accept the necessity of taking measures to curb the growth of GHG emissions (Singer, 1999). Others hold the view that the anthropogenic effect upon climate might take place but would be beneficial, at least to some parts of the planet. .    

7.
THE UNITED NATIONS CONVENTION AND THE KYOTO PROTOCOL 

The international community adopted the UN Framework Convention on Climate Change, at the Earth Summit held in Rio de Janeiro in June 1992, and the Kyoto Protocol, at the third Conference of Parties to the UNFACC held in December 1977, as the key processes for negotiatinig international climate policies and the reduction in GHG emissions (namely CO2, CH4, N2O, HFC, PFC and SF6). As a result, the developed countries accepted binding targets to limit or reduce GHG emissions by at least 5% below the 1990 level in the period 2008-12, that is to say, to a level of up to 30% below some estimates of the “business as usual” scenario. At the Marrakech November 2001 round of negotiations the seventh Conference of the parties to the Convention (COP7) the operational details were finalized, opening the way to the ratification and the enforcement of the Kyoto Protocol. Anexes to the Convetion classify coutries in two particular categories: Annex I of UNFCCC and Annex B of KP (which are nearly identical) comprise those countries with binding targets under the Kyoto Protocol, namely the OCDE countries (except Korea, Mexico and Turkey), the Russian Federation and certain other states of the former USSR and Eastern Europe. Some 130 developing countries (including China, India and Brasil) are not bound to restrain their emissions for the time being.

The Kyoto Protocol will be instrumental in curbing the overall demand for fossil energy sources and in keeping energy price under control. 

The Convention and the Protocol establish financial devices, the “flexibility mechanisms”, which are intended to facilitate the cost-effective implementation of the Protocol, namely: Clean Development Mechanisms (CDM), Joint Implementation (JI) and Emission certificate trading (ET).  But the KP requires that at least half of the required effort towards meeting targets must be achieved through domestic action and not through international mechanisms. CDM and JI are project based mechanisms crediting investing developed countries for projects implemented in developing (CDM) and in transition economy (JI) countries. Emission trading (ET) is a scheme whereby governments allocate allowances for emissions to emitting entities, consistent with the overall environmental targets, which those entities can subsequently trade with each other; these emission allowances are also called “quotas”, “permits” or “caps”. This particular mechanism was originally developed in the USA in reducing SO2 and NOx emissions and Pb content in petrol. The Montreal Protocol (September 1987) on Substances that Deplete the Ozone Layer stands as an earlier successful experience in international cooperation in reducing the emission of harmful gases. 

Now, the Kyoto Protocol builds on this past experiences aiming at the global control of GHG. Emissions trading between Annex B parties would become operational from the year 2008 according to the KP; but several countries and the EU are in the process of anticipating its implementation; futures markets are likely to develop prior to that date; and private business initiatives aim at anticipating that date in order to ensure that the least cost options are available to them and to accede to potential business opportunities in the provision of trading, insurance and brokerage services. Emissions trading converts scarcity (of fossil fuels) into new business opportunities, to which the energy sector enterprises are particularly inclined and ready.

Key issues in this processe are the establishment of overall baselines and targets, as well as the consistency and comparability of inventory and emission assessments, in the different sectors of interest.

8.
THE EUROPEAN CLIMATE CHANGE PROGRAMME

The negative energy balance of the European Union, at a time when the oil production of the North Sea province just passed its peak capacity, is reason of much concern. Recent political initiatives on the foreign relations and the scientific-technological and socio-economical fronts reflect that state of mind. 

The European Union was a leading negotiator in achieving the Marrakech agreement in November 2001, whereas the USA withdrew from the process on March 28, 2001. The European Commission has taken climate-related initiatives since 1991. The EU committed itself to the Kyoto Protocol target of colectivelly cutting its GHG emissions to 8% below the 1990 level by 2008-12. And the European Commision adopted a “Kyoto package” comprising three policy tools: a proposal for a Council decision to the effect of ratifying the Kyoto Protocol, a communication on the European Climate Change Programme and a framework directive on GHG emissions trading.

The European Climate Change Programme was launched in 2000, through a communication of the Commission to the Council and the Parliament, COM (2000) 88, with the goal of identifying and developing the elements of a strategy to implement the Kyoto Protocol. The ECCP process adopts the following package of common and coordinated policies:

· Directives on renewable anergy

· Directive on national framework for energy efficiency of energy use in buildings

· Energy efficiency standards, labelling and programmes for appliances

· Directive on the doubling of cogeneration in the EU

· Carbon emissions ceilings for power stations

· Measures in heavy industries

· A framework directive to stimulate end-use Energy Efficiency services and programmes in the Internal Electricity and Gas Markets

· Efficiency pricing and public transportation

· Potent industrial greenhouse gases (PIGGs)

· Research

· Emissions from land-use and foresty activities and the application of sinks for credits

· Clean Development Mechanisms (CDM) and Joint Implrementation (JI)

These policies would be underpinned by adequate fiscal measures, such as a carbon-energy tax or reduced tax burdens on energy efficiency activities. The Commision also issued a communication, COM (2001) 580, relating to the application of the first stage of the ECCP,  adressing ten measures whose cost efficiency would be better than 20 Euro/tonCO2 and might attain a reduction of up to 180 Mton CO2.

Further EU-level policies and measures (PAMs) are being identified, supported in seven working groups, aiming at cutting GHG emissions and at implementing a pilot emissions trading scheme, due to start operating within the EU by 2005, before a global trading scheme enters into effect, in 2008. Meanwhile, the Commission produced a Green Paper on emission trading within the EU, COM (2000) 87, whereby a number of questions on this issue are posed for public debate. A framework Directive for GHG emissions trading, COM (2001) 581, was put forward to the Council and the Parliement; this one relates to the energy sector and large industrial plants, and is due to become into effect by 2005; electricity and heat production, iron and steel, refining, chemicals, glass, pottery, cement and building materials and paper pulping and printing are the sectors identified to this purpose. 

A critical issue is now the choice of criteria or mechanisms for initial allocation of allowances. Alternative allocation typologies are “auction” (allowances obtained initially through auctioning by the state), “grandfathering” (allocations provided on the basis of historical information) and “update” (allocation to sources based upon information updated over time). The metrics for the allocations are also open to discussion. These issues rise conflicts of economical interests and technical dificulties (Harrison Jr. and Radov, 2002).

Coherence and synergies between the ECCP and other European policies are assumed. The Green Paper “Towards a European strategy for the security of energy supply”, COM(2000)769; the White Paper “European transport policy for 2010: time to decide”, COM(2001)0370; the proposed Directive COM(2001)125, concerning common rules for the internal markets in electricity and natural gas, all are energy policy documents where such concerns are displayed. Other EU instruments, namely the EUMETSAT and the European Space Agency (through the recently approved GMES Programme) are relevant in furthering the meteorological research background and in improving the observational capability. The VI Framework Programme and the VI Environment Action Plan should provide general support to the ECCP on   identified research needs:

· Impact of GHG emissions on climate and carbon sinks

· Water cycle

· Biodiversity, protection of genetic resources and ecosystems

· Mechanisms of desertification, and natural disater connected with climate change

· Socio-economic and integrated research for mitigation, adaptation and sustained development

· R&TD and technological and social innovation in: Renewable energy sources and intelligent transport, interoperability and intermodality; Fuel cells, Hydrogen and new concepts in photovoltaic technology. 

9.
EFFICIENT ENERGY CONVERSION AND USE
A most important scientific-technological ever acting factor is the improvement in energy conversion for power production and for final energy use. Energy may come from different sources and assume different forms. Full energy and exergy analysis of energy reservoirs and energy flows are required in order to optimize the outputs from the energy resources and their impacts upon the environment.

Increased thermal efficiency provides the greatest potential for reducing emissions and pollution in power plants, refineries and other large industrial plants, for a given amount of primary energy resource. Improvements in combustion technology are taking place and are of much interest for both fossil and biofuels. Efficient use of energy resources can also be attained through new or more wide use of advanced concepts, such as: combined cycle power plants (CCGT), combined heat and power plants (CHP), combined heating and cooling, heat pumping and heat transforming, process integration, integrated energy systems, material recycling, and so on. 
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Ever improving efficiency of energy conversion engines: from thermal engines towards fuel cells.

As of recently, direct energy conversion is receiving growing attention, being promising for its ability to circumvent the Carnot efficiency limit which constrains the performance of the widely employed thermal engines. Among other devices, fuel cells, which can convert the chemical energy of liquid or gaseous fuels directly into electrical energy, show great promise. 

10.
CARBON SEQUESTRATION

The long-lasting fossil energy option (mostly coal) requires efficiente CO2 sequestration. Carbon management is a concept expressing the use of fossil primary energy sources with the implementation of sequestration technologies. Electrical power plants account for roughly one third of all the carbon dioxide released to the atmosphere; such plants being concentrated sources of CO2 emissions, they are the most obvious targets to implement carbon sequestration technologies (Herzog, H. et al, 2000). They are already equiped with devices for aerosol retention and sulphur and nitrogen oxides cleaned-up. Capturing CO2 in the flue gases is also technically feasible, although requiring expensive investment in extra equipment which would increase the generation cost. The required technologies – recovery, concentration, liquefaction (or solidification) and disposal - have been tested and are already available from the acid-gas removal experience of the petroleum and petrochemical industries.

The two largest natural reservoirs for CO2 disposal are the lithosphere (carbonate and carbonaceous rocks) and the deep ocean (below the surface mixing layer) – which holds some 40000 Gton of C, that is to say, about fifty times the amount held in the troposphere. CO2 could be stored in the deep ocean by injecting it below the thermocline – the top ocean layer in which convection prevails and the temperature decreases steadily with depth. The CO2 could be transported either in the form of a carbonate solution or as pressurized gas or liquified. Given the properties of CO2 at its critical and triple points, liquid CO2 is stable at the pressure and temperature prevailing at depths over about 3 km and, being denser than sea water, would stay at the sea bottom. However, dispersion will occur as result of diffusion and convection over time and space; unstable convection may happen; therefore, modelling the dispersion is required to assess the efficiency and safety of the seqestration in a particular basin. Ultimately, CO2 might be permanetly sequestered in the form of hydrate.
As to the lithosphere, the most obvious opportunity and practical solution for CO2 deposition appears to be its injection into impermeable geological reservoirs such as depleted gas and oil fields or mined salt domes; favourable aquifers might be interesting too; CO2 can also be adsorbed in coal seams while displacing the methane contained in coal beds. Excess of CO2 in natural gas fields is already being sequestered at separation plants and reinjected at the site; and CO2 is also being injected to enhance oil recovery at oil fields (Herzog, H. et al, 2000). 

The biosphere might also be instrumental in sequestering CO2, but forestation alone is not a lasting solution; soil accumulation of organic matter has to take place in order to have a positive balance; notice that while land plants rettain some 600 Gton of C, another 1600 Gton are rettained in the soil (Herzog, H. et al, 2000). Carbon in sea water exists as dissolved CO2, bicarbonate and carbonate ions (dissolved inorganic carbon or DIC), particulate organic carbon (POC) and dissolved organic carbon (DOC) segregated by living or decaying organisms, and as biomass of biota. Addition of traces of some elements can enhance the photosynthetic activity of phytoplankton, algae and weeds in the surface sea water, the so called ocean fertilization, thereby accelerating the growth rate of aquatic biomass. Sinking biomass and particulate sedimentation below the surface mixing zone result in permanent carbon sequestration on the sea bottom as carbonaceous sediments. This is the geologic processes itself at an accelerated pace. 
11.
ALTERNATIVE ENERGY CARRIERS: SYNTHETIC FUELS
Synthetic carbonaceous fuels (SCF) have been proposed as alternatives to today’s fossil derived fuels. Alternative or synthetic fuels obtained from fossil primary energy sources have been used  in the past and may play an even more active role in a future energy economy. Coal, as well as natural gas, can be converted into oxygenated or hydrocarbon fuels and chemical feedstocks. But the much larger resource base of coal suggests the opportunity for a “Clean Coal” cycle to meet future energy demands.

The conversion of coal into synthesis gas (syngas, H2 plus CO) by partial combustion in the presence of water steam at moderate pressure and temperature, followed by cathalytic synthesis into secondary organic products, such as hydrocarbon and alcohol liquid fuels, has been pursued since the earlier version of the Fischer-Tropsch process (in the 1930’s). Coal hydrogenation, a more thermodynamically demanding catalytic process, offering a broad range of end products analogous to the petrochemical products range, has also been pursued for long. As a matter of fact, heavy oils and tar sands resources also require hydrogenation to yield most liquid fuels. Natural gas can also be reformed into synthesis gas and thereafter transformed into more complex organic products; the syngas composition can otherwise be shifted and then its constituents separated, thereby yielding pure hydrogen. 
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Steam reforming of natural gas to produce synthesis gas and high pressure steam (Copyright Linde AG at http://www.linde-anlagenbau.de/en/en.jsp )

These are all well established means of managing the supply of practically all gaseous and liquid carbonaceous fuels and feedstocks as well as hydrogen. Coal gasification in a thermochemical metal redox cycle is under development. The basic raw materials required for a full scale energy economy based on synthetic fuels are coal and fresh water; the proximity of abundant sources of both is assumed. Synthetic fuels thus obtained are free from contaminants (sulfur, metals and aromatic compounds) and not polluting. They might provide a gradual transition from today’s different oil derived fuels towards a single hydrogen rich fuel for the whole transport sector, meeting the requirements of gradually evolving engine concepts and fuel distribution systems. It is conceiveable that just one or a few fuels might in time operate across multiple power train technologies (such as internal combustion engines, gas turbines and fuel cells).

12.
ZERO CARBON EMISSION STRATEGIES

It has further been proposed to produce synthetic carbonaceous fuels that in their lifecycle would eliminate carbon emisson altogether. The basic idea is to use an abundant non-emitting energy source to produce synthetic fuels with carbon and hydrogen exctracted from the environment. 

Best carbon sources are CO2 recovered from the atmosphere or from the ocean. Absorption-stripping the atmospheric air with the help of dilute carbonate aqueous solvent or distillation of seawater have been proposed, but other methods might be promising. The choice of atmospheric CO2 for the fuel synthesis would be best because when burning that fuel the net balance of CO2 emissions would be zero; this choice for the SCF economy leads to a renewable source of carbon and a zero net balance of CO2 emissions akin to photosynthesis (Steinberg, M. and Baron, S. 1976). Hydrogen should be obtained by one of the several water splitting methods available, as stated further on. Once the two chemicals H2 and CO2 are produced, they are thermocatalytically combined to produce methanol. Either methanol or hydrocarbons obtained by its catalytic dehydration can be used as energy carriers and final-end fuels. 

The total energy cost of carbonaceous synthetic fuel is basically the sum of the energy costs for CO2 and H2 extraction, the former being several times smaller than the latter. One draws the conclusion that once hydrogen production becomes energetically and economically interesting, it might be used as a feedstock to the SCF economy, so that presently existing transportation, distribution, storage and end-use systems can go on being utilized, while the investments required for a full scale hydrogen economy might be set up. One may also draw the important conclusion that SCF might dispense with the hydrogen economy altogether.

Hydrogen has been proposed as an ideal energy carrier and final-end fuel (Canon, J., 1997). Its obvious advantage would be the zero CO2 emission at the end point and its high heat of combustion (three times higher than gasoline’s, on a mass basis, although four times lower, on a volume basis). However an “hydrogen energy economy” raises problems in relation to storage, to safety and to energy efficiency in the conversion of the primary energy source into hydrogen, and ought to be assessed globally, including the hypothetical emissions from the primary energy source conversion into hydrogen. 

Hydrogen is widely generated and used in certain chemical industries (Consumer Energy Information: EREC Reference Briefs, 2001). It can be obtained from natural gas, petrochemical feedstocks or coal, and even from biomass, the best being through catalytic steam reformation of methane, at moderate pressure and temperature, at an energy efficiency higher than 70%; carbon monoxide and dioxide plus hydrogen are thus produced (syngas), often followed by a water-gas shift reaction for complete carbon oxidation and additional hydrogen generation; the CO2 can be removed by wet scrubbing; the ultimate hydrogen separation being best achieved by pressure swing adsorption (PSA). Partial oxidation and pyrolisis of the same feedstocks are also, although less commonly, used methods. 
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Hydrogen generation by means of a thermochemical metal redox cycle driven by a high temperature heat source – in Steinfeld, A. (1996), Solar-processed metals: energy vectors of the 21st century, The 3rd Sabin Conference: “Renewable Energy and Solar Fuels”, Weizmann Institute of Science, Rehovot (Israel) November 1996.

Water splitting produces H2 and O2. It can be efficiently attained either thermally at very high temperature (thermolysis above say 3000 K) or at lower temperature, by thermally assisted electrolysis of steam, or by thermochemical redox cycles; low temperature electrolysis is not interesting (unless for local consumption). Efficient separation of the two gases is essential; this can be achieved either by means of porous membranes taking advantage of the differential diffusion rate of H2 and O2, or by means of thermo- or electro- chemical cycles in which the two gases are released at different stages in a few  steps cycle. Water splitting by means of thermochemical metal, halogen-sulfur and halogen-metal redox cycles are being developed (Brown, L.C. et al, 2000, Steinfeld, A., 1998). Other concepts for hydrogen generation with the assistance of different energy sources are being investigated.

Advanced high-temperature nuclear reactors and solar furnaces were proposed as high-temperature heat source for water splitting and hydrogen generation (Brown, L.C. et al, 2000, Steinfeld, A., 1998 and Nifenecker, H. and Huffer, E. 2001).

Solar and nuclear energy sources and synthetic carbonaceous fuels plus hydrogen as energy carriers might therefore play a major role in the future energy supply. 
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