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ABSTRACT

To meet the Kyoto-imposed reductions of greenhouse gas emissions (GHG), various  sequestration and abatement techniques are available. The green hydrogen technology is seen as an important route in the world’s energy structure.

After reviewing some basic facts concerning the extent of GHG-emissions, available techniques will be discussed.

Lime (and cement) kilns are a recognized, albeit relatively limited source of CO2 emission within the overall world emission balance. The use of abatement techniques could positively contribute to reducing CO2-emissions and improving the energy efficiency of the lime decomposition reaction.

Biological C-sequestration includes a series of well-known techniques and various methods (forests, agriculture etc.) have been debated in detail. Their potential will briefly be reviewed.

Alternative, non-biological methods to remove CO2 from the atmosphere or to capture it prior to being emitted have also been introduced, although at present the world wide application of these  “Carbon Capture and Storage” projects (CCS) is hampered by high costs and insufficient experience.

Finally photo-bioreactions and green hydrogen technology will briefly be mentioned.

Applying either of the above techniques can achieve a net-reduction in excess of 75 %.

The cost of capture and recovery varies considerably per ton of CO2, as function of the source and application involved, but can be partly recovered through an improved energy efficiency and possible carbon credits.

1. Introduction

The atmospheric concentration of CO2 is steadily increasing since the industrial revolution.

The combustion of fossil fuels contributes largely to this increase [1]. The picture of the world CO2 emission reflects the continuing problem, with major contributions from the power generation and traffic, as illustrated in Figure 1.

The CO2-reduction has been extensively debated and mainly 3 alternative, albeit complementary ways are given to achieve this goal:

Carbon Sequestration using carbon sinks to absorb and store carbon otherwise emitted to or present in the atmosphere as CO2 [2]. 

Substitution of fossil fuels by alternative energy sources to reduce the CO2-emission [3]. 

Carbon Capture and Storage (CCS) as a major contribution to CO2-abatement [4].
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Figure 1. World Carbon Dioxide Emissions (IEA, 2004)
The global carbon cycle is illustrated in Figure 2 below, illustrating the sources, fate and storage of carbon.
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Figure 2: De global carbon cycle (www.environment.fgov.be)

2. Biological Carbon Sequestration

To increase the potential of carbon sequestration, it is essential to (i) maintain forests and grasslands as carbon sinks; (ii) reduce the release of carbon from agriculture; and (iii) reduce the pressure on existing and generally saturated sinks (such as wetlands and older forests).

The authors wish to stress the possible use of the Clean Development Mechanism (CDM) where industrialized countries acquire carbon credits by starting sustainable development in developing countries [3] although a clear base-line has to be defined. The value of the resulting Certified Emission Reductions (CER) is determined by the market.

It should moreover be remembered that greenhouse gas emissions also include N2O- en CH4-emissions (expressed in terms of CO2-carbon equivalents: 1 g N2O represents 80,2 g CO2-C equivalents and 1 g CH4 corresponds with 6,3 g CO2-C equivalents. The UNFCC report estimates N2O en CH4 emissions from agriculture in the EU-15. Results are given in Table 1. The 2004 emission of CO2 from arable farming is estimated at 45 Mt C/year.

	 
	N2O
	CH4

	 
	1990
	2000
	1990
	2000

	109 g/year
	748
	707
	8628
	8015

	1012 g C-eq/year
	60
	57
	54
	50


Table 1: Emission of N2O en CH4 from agriculture (EU-15) [5]

The difficulty of estimating GHG-emissions leads to considerable errors, which are for instance 20-50% for the C-content of soil [6]. 

The presence of organic carbon in soil remains the largest sink within the C-cycle, estimated at 1500 Gt-C to 1 m depth, and approx. 2456 Gt-C till 2 m. Anorganic carbon represents approx. 1700 Gt, whereas vegetation (650 Gt) and the atmosphere itself (750 Gt) are less important than soil. The contribution of burning fossil fuels by industry and traffic represent over 1/3rd of the carbon balance in the atmosphere [7]. 

Various land management options to reduce C-emissions from or to enhance C-sequestration in soil have been assessed, and represent C-sequestration rates of 0 tot 1.4 t C/ha/year [5, 8]. Forests currently represent an important carbon sink: in Europe, their contribution is estimated at 32 – 58 106g C ha-1 (against 36 - 92 106g C ha-1 for soil) [9]. 

The debate on how to enhance the carbon sequestration mechanism leads to the conclusions that this mechanism can only partially and transitionally help in meeting the Kyoto requirements [5, 7] 
3. Non-biological Carbon Sequestration 

3.1. Generalities

An estimate of the storage potential of various sites is represented in Table 2 [10]. It is clear that these storage sites largely exceed the possibilities of biological sequestration methods, provided CO2 can be captured and separated from emissions and transported to the storage site.

	Storage Site
	Storage capacity

	Oceans
	1000 Gton C

	Salt aquifers
	100 – 1000 Gton C

	Coal beds
	100 Gton C

	Oil and gasfields
	100 Gton C

	Salt cavities
	100 - 1000 Gton C

	Bioreactors
	2200 ton CO2/year


Table 2: Estimated sequestration capacities of various storage sites

3.2. Geological C-storage

The geological C-storage consists of underground injection of CO2 in various recipients.

-Salt aquifers [11], consist of a porous rock-formation containing salt water and located underneath an impermeable cap rock. Injected CO2 can be trapped. These aquifers are present below the sea bed, although such formations can also occur on-land.
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Figure 4. A saline aquifer with traps (ref. Holloway, pers. comm)




Figure 3 : Salt Aquifers [Tyndall Centre Technical Report 2, 2002]

-Oil- and gasfields [1,11,12] can be used to trap CO2 when extraction nears completion.

The injected CO2 moreover extends the lifespan of the fields and their production yields.

The process is known as “Enhanced Oil Recovery” (EOR), and depicted in Figure 4.

-Coal beds [4] are porous and contain a mixture of  CH4 (> 90%), CO2 and N2. CO2 has a higher affinity for coal than methane, thus desorbing the latter upon injection. The desorbed methane can be captured and used.

-Salt cavities [1,11], formed upon water leaching of the salt, can also be used to store injected CO2.




Figure 4 : Enhanced Oil Recovery [12]

Although potentially of interest, various problems hamper the widespread use, such as leakage of aquifers and coal beds, widespread location of the oil-/gaswells and corrosion in the wells, structural instabilities and leakage of salt cavities, and the high investment and operation cost involved.

3.3. C-storage in oceans

Oceans contain approx. 40000 Gt of carbon, against 2200 and 750 Gt for the biosphere and atmosphere respectively. Oceans hence naturally absorb nearly 85% of the present antropogeneous emission. The process is however too slow to control the current peakloads. Direct injection of  CO2 can enhance the process [13].
The cited injection [4] is depicted in Figure 5 and includes (i) the Droplet Plume method whereby liquid CO2 is injected at depths beyond 1000 m and the rising droplet plume enhances the diffusion into the water; (ii) the Dense Plume method injecting a sinking dense CO2-seawatermixture at depths between 500 and 1000 m; (iii) the Dry Ice method releasing dry ice on the ocean surface from a ship; (iv) the Towed Pipe method injects liquid CO2 at a depth below 1000 m; and (v) the CO2 Lake forming a deep (+/- 4000 m) and stable lake of liquid CO2.

The droplet plume and towed pipe methods appear viable solutions. Other methods are expensive and technically less feasible [13].

[image: image5.emf]
Figure 5 : Injection of CO2 in oceans [4,13]

The effectiveness of the CO2-storage and the progressive release of injected  CO2 are yet unknown, although the equilibrium is a function of the atmospheric CO2-concentration, as illustrated in Figure 6. The present atmospheric CO2-concentration is 370 ppm, thus implying that over 80% of the CO2 is permanently stored in the oceans. It is expected that the residual 20 % will leak back to the atmosphere over a period of 300 to 1000 year. The use of 1- and 3-dimensional models [14] indicated that more than 75% of the carbon injected at  3000 m depth will remain stored for over 500 year.
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Figure 6 : % permanent CO2 in oceans as function of the atmospheric concentration [13]

It must also be stressed that the injection will modify the pH of the seawater, with a negative impact upon marine organisms such as zooplancton and bacteria. 

4. Carbon Capture and Storage (Carbon Abatement Techniques)

4.1. Generalities

The potential of the Carbon Capture and Storage has been extensively studied, albeit mostly in specific respect to the power generation sector, as illustrated in Figure 7 below.
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Figure 7 : Worldwide use of CCS in power generation (IEA, assuming 50$/t CO2)
Since the flue gases are rather poor in CO2 (4 to 15 vol%), the technique will involve both a capturing and concentration stage.

Unlike flue gases, pure CO2 can be easily compressed, facilitating the storage of large amounts at relatively low pressure.

Lime and cement kilns emit more concentrated flue gases, but the techniques remain the same, although with a lesser degree of concentration required.

4.2. CAT techniques

The various possible methods have been described in different references (e.g. [11, 15]).

Post Combustion Capture involves a separation of CO2 after combustion, as illustrated in Figure 8.
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Figure 8 : Post Combustion Capture [Tyndall Centre Technical Report 2, 2002]

Burner and/or Boiler Redesign uses O2-enriched air, leading to higher concentrations of CO2 in the flue gases. Water vapour is condensed, and pure CO2 is recovered. Figure 9 illustrates the flowsheet of the system in the case of power generation.
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Figure 9 : Oxyfuel / flue gas recycling [Tyndall Centre Technical Report 2, 2002]

Precombustion Capture is widely studied by the petroleum companies and involves the treatment of the fuel prior to combustion. The fuel (coal, petcoke, oil) is reformed into a syngas-mixture of CO, CO2 en H2. CO2 (and CO) are separated before the combustion, thus yielding a H2-rich gas, and a CO2-free flue gas, as illustrated in Figure 10.
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Figure 10 : Precombustion Capture [Tyndall Centre Technical Report 2, 2002]

The separation methods of  CO2 are divers and include (i) Scrubbing witht monoethanolamine (MEA) and subsequent desorption; (ii) the enhanced absorption and desorption with MEA using membranes; (iii) the use of Molecular sieves (separation by molecular weigth and size) – mostly a carbonmonolith is used; (iv) Pressure and temperature swing adsorption (PTSA) using zeolites, with absorption at ambient pressure and desorption in the range of 50-100°C.

The potential reductions and preliminary cost calculations are illustrated for the power generation sector in Tables 3 and 4.

	Country/Region
	Retrofit
	Co-firing
	CCS

	World
	1176
	973
	6341

	OECD
	325
	419
	2948

	Developing Countries
	666
	490
	3087

	Transition Economies
	184
	63
	306

	China
	424
	305
	1877

	India
	127
	85
	515

	Russia
	120
	39
	176


Table 3 : Potential CO2-reductions from different CATs applied to a coal fired power plant in 2020 (Mt CO2/year)
	Technology
	Abatement cost relative to 

coal ($/teqC)
	Abatement cost relative to natural gas ($/teqC)

	
	Low
	High
	Low
	High

	Onshore wind
	(-63)
	125
	(-61)
	290

	Offshore wind
	111
	287
	264
	591

	Energy crops
	108
	200
	240
	447

	Nuclear
	43
	80
	89
	163

	Wave
	276
	596
	572
	1166

	CCS retrofit on CCGT
	24
	45
	101
	188

	CCS on new CCGT
	54
	101
	151
	282

	CCS retrofit on coal
	66
	122
	195
	361

	CCS on new coal
	92
	221
	243
	565


Table 4 : Estimated abatement costs of CATs

5. Photo-bioreactions

This rather novel technique uses aquatic micro-algae, having a higher C-fixation yield than plants. Experiments conducted in a pond of  4000 m³ have demonstrated that the micro-algea were capable of decomposing 2200 ton CO2 per year [10].

These bioreactions are more sustainable than previous techniques, although further testing and upscaling are necessary.

6. Hydrogen technology
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It goes without saying that H2 is the cleanest fuel and important research programmes are devoted to the hydrogen-route. Figure 11 depicts the current state of research and the expected developments [16].

Figure 11 : The hydrogen-route

The major development objectives in this route involve (i) the production of green H2 from biomass, both by fermentation of soluble biomass components and by fast pyrolysis of mostly solid biomass; (ii) the development of novel separation techniques; (iii) the development of fuel cells; and (iv) the development of appropriate combustion equipment (burners, boilers, turbines…). Certainly this route will play an increasingly important role in the world’s energy structure.

7. Conclusions

The paper reviews the potential of biological and non-biological C-reduction methods.

Although CCS-projects are hampered by high costs and insufficient knowledge about the mechanisms involved, the large scale implementation is foreseen between 2010 and 2020. The cost of capture and recovery varies considerably per ton of CO2, as function of the source and application involved, but can be partly recovered through an improved energy efficiency and possible carbon credits.

Rather than separating and storing CO2, photo-bioreactors and the green hydrogen route appear valid alternatives, with a potential application within the same timeframe.
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