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Global and regional potential for bioelectricity with carbon capture and storage

Les Cahiers de la Chaire Modélisation prospective au service du développement durable Les Cahiers de la Chaire Modélisation prospective au service du développement durable Abstr a c t Among technological options to mitigate greenhouse gas (GHG) emissions, Biomass Energy with Carbon Capture and Storage technology (BECCS) is gaining increasing attention. This option offers a unique opportunity for a net removal of atmospheric CO2 while it fulfills energy needs. This results analysis appears in line with the growing body of literature using bottom-up energy models and shows that BECCS has an important role to play in the future energy mix. Most of those studies focus on BECCS global potential whereas it is of interest to understand where this mitigation will be deployed. This key issue will strongly depends on regions' biomass resources and storage sites endowment. The aim of this study is to assess the global and regional potential of BECCS up to 2050 and to compare it to the deployment of CCS in the power generation. This analysis is conducted with the global multiregional TIAM-FR optimization model. Investigated climate policy scenarios led to a considerable expansion of renewable energy and CCS and BECCS technologies in the power sector. CCS from fossil fuel is mainly deployed in fast developing countries, well endowed with coal and, BECCS is highly distributed in developing countries even if biomass resources are widely available in all regions. This response to carbon constraint is however dependent of the consideration of CO2 negative emissions and of the incentives and appropriate policies created by States. In addition, it required the development of a regulatory framework, sustained R,D&D and infrastructures investments.

Introduction

Fossil fuels (coal, oil and gas) will remain the dominant sources of energy over the next decades. As a result, CO 2 emissions drastically increase to unsustainable levels. Carbon capture and storage (CCS) is a promising technology to achieve a deep cut in emissions and reverse this trend [START_REF] Iea | CO2 Capture and Storage -A key carbon abatement option[END_REF]. It consists of capturing CO 2 from large stationary sources, transporting it and storing it in geological formations where it can no longer contribute to global warming. CCS is mostly associated with the use of fossil fuels whereas it can also be combined with bioenergies (BECCS). This option is gaining increasing attention as it offers a unique opportunity for a net removal of atmospheric CO 2 while it fulills energy needs such as electricity, heat, hydrogen and biofuels (Obersteiner et al., 2001). Considering that carbon from biomass is neutral (because it is included in the natural carbon cycle), BECCS can lead to "negative emissions", given sustainable biomass harvesting practice and the permanent geological storage of CO 2 . A growing body of literature using bottom-up energy models shows that BECCS has an important role to play in the future energy mix. Under low stabilization targets, models predict that the availability of BECCS decreases the cost of mitigation. In fact, when stringent targets are applied negative emissions become a valuable option [START_REF] Azar | Carbon capture and storage from fossil fuels and biomass costs and potential role in stabilizing the atmosphère[END_REF][START_REF] Azar | The feasibility of low CO 2 concentration targets and the role of bio-energy with carbon capture and storage (BECCS)[END_REF][START_REF] Luckow | Large-scale utilization of biomass energy and carbon dioxide capture and storage in the transport and electricity sectors under stringent CO2 concentration limit scenario[END_REF][START_REF] Katofsky | Achieving climate stabilization in an insecure world: does renewable energy hold the key?[END_REF][START_REF] Van Vuuren | Stabilizing greenhouse gas concentrations at low levels: an assessment of reduction strategies and costs[END_REF].

Most of those studies estimate the global potential of BECCS in reducing emissions assuming that all world regions act together under a common policy. This is an eficient situation where all countries face an unique carbon price. The uniqueness of the price leads to the equalization of marginal abatement costs across polluters and therefore enables emissions reductions at the least cost. What happens in a more realistic second-best framework where heterogeneous regions have different concerns in terms of environmental policies? Many countries have made pledges to UNFCCC in January 2010 under the Copenhagen Accord to reduce GHG emissions that should be taken into account. Moreover, it is of interest to understand where BECCS will be deployed. This key issue will strongly depends on regional biomass resources and storage sites endowment.

The aim of this study is to assess the global and regional potential of BECCS in the power sector up to 2050 assuming environmental policy scenarios based on the commitments announced by countries. This allows us to analyze how those commitments affect the future power mix and particularly the deployment of CCS technologies. This analysis is conducted with the global multiregional TIAM-FR optimization model, the French version of the TIMES Integrated Assessment Model developed under the Energy Technology Systems Analysis Programme (ETSAP) of IEA. To analyze possible alternative development paths of the system we also investigated a global environmental scenario with distinct constraints on the deployment of CCS and BECCS technologies.

The paper is organized as follows: Section 2 describes the methodology used for the analysis and the environmental scenarios. Section 3 presents the results of the long-term modelling. The inal section concludes by a discussion about the potential of deployment of fossil and biomass CCS.

Methodology and climate scenarios

TIAM-FR

2.1

TIAM-FR TIAM-FR is the French version of the TIMES Integrated Assessment Model, a widely used, linear programming TIMES family model developed under the Energy Technology Systems Analysis Program (ETSAP) of IEA. TIAM-FR is a bottom-up energy system model. It depicts the world energy system with a detailed description of different energy forms, technologies and end-uses constituting the Reference Energy System (RES). The RES network, reported in the igure 1, links these commodities to several thousand existing and future technologies characterized by its economic and technological parameters in all sectors of the energy system (agriculture, industry, commercial, residential and transport; taking into account conversion and electricity sector). The system includes the extraction, transformation, and distribution, trade of various energy forms and materials, and end-uses.

Figure 1: Synthetic view of the reference energy system TIAM-FR is driven by the end-use demands and aims to supply energy services at minimum global cost by simultaneously making decisions on equipment investment and operation, primary energy supply, and energy trade [START_REF] Loulou | ETSAP-TIAM: the TIMES integrated assessment model (Part I: Model structure)[END_REF]. The main outputs of the model are future investments and activities of technologies for each time period. Furthermore, the structure of the energy system is given as an output, i.e. type and capacity of the energy technologies, energy consumption by fuel, emissions, energy trade lows between regions, a detailed energy system costs, and marginal costs of environmental measures as GHG mitigation targets. In the model, biomass is characterised by manifold sources -industrial waste, municipal waste, landill gas, bioenergy crops, and solid biomass resources -and the fact that it is not traded between regions.

The maximum amount of available biomass for each region is determined exogenously according to IEA data. The global potential is estimated at 234 EJ per year in 2050. In the literature biomass potential varies greatly given the different assumptions on land use, yield development, food consumption and other criteria of sustainability such as water scarcity and loss in biodiversity [START_REF] Van Vuuren | Future bio-energy potential under various natural constraints[END_REF]. This potential varies between 100 EJ and 400 EJ per year over the period 2050-2100.

TIAM-FR integrates several carbon capture and sequestration technologies derived from fossil or bioenergies resources. In the power sector, the model considers two technologies of capture for bioplants: pre-combustion for biomass gasiication process and post-combustion for direct combustion process. Cumulated storage capacities assumed in the model TIAM-FR are 14,800 Gt of CO2 with 12,600 Gt of CO 2 that can be stored in deep saline aquifers (annexe 1).

Climate scenarios

A baseline business as usual (BAU) scenario without any emission constraint was irst calculated. In this reference scenario, no climate policy is assumed. The BAU scenario outlined some key patterns in the evolution of the energy system, and served as the starting point for the analysis. Carbon constraints scenarios allowed us to investigate the changes induced by a strong environmental policy. Thus, the BAU scenario was compared to the emission mitigation scenarios to assess the implications on the future development of the energy system and to formulate policy recommendations. So, to analyze possible alternative development paths of the system we investigated two climate scenarios according to different assumptions of carbon mitigation on different regions of the world or at a global level over the period 2005-2050.

Table 1: Regional CO2 mitigation targets for 2020 and 2050

The irst one, the S1 scenario, is a regional scenario considering Copenhagen pledges in 2020 and assuming new targets for 2050. This scenario only involves industrialized and fast developing countries. Developing countries are not constrained by the environmental policy. More precisely, this regional scenario represents the lower CO 2 mitigation targets by 2020 expressed to UNFCCC for the Copenhagen Agreement in January 2010 by Europe, the United States of America, Australia, Canada, Japan, China and India. The table 1 presents these regional commitments.

Targets by 2050 of industrialized countries consist in assumptions we made as regards the international convergence on long-term objectives in term of GHG emissions reductions.

Concerning the United States and Canada, we consider targets that they also pledged a CO 2 mitigation target of 30% by 2025, 42% by 2030 and 83% by 2050. Note that for China and India, the 2020 commitment is not on the emission level but on the carbon intensity. This means that Indian and Chinese GDPs will continue to rise but their carbon emissions will have to increase at a lower rate due to greater energy eficiency and investment in greener technologies. In the 2050 target, we suppose that China and India pledge on emission level. An important and well-known observation to note concerns the choice of reference year. Indeed, while Europe and Japan pledge for a CO 2 emission mitigation target up to 2020 compared to 1990 levels, other regions take 2005 (or 2000 for Australia) as the reference year. This naturally has a signiicant impact on targets. The previous table showed what these targets represent in a common reference base (same base year, same type of mitigation).

The second scenario, the S2 scenario, is a coupled regional and global scenario. It takes into account disparities between regions expresses with the 2020 targets and adds a global constraint that consists in reducing CO 2 emissions by 50% in 2050 compare to the year 2000, in line with the consensual 2°C objective expressed to UNFCCC since COP15 and the Fourth Assessment Report of IPCC (IPCC, AR4). For 2050, all regions are concerned by this global target but they are not constraint at a beforehand determinate level of CO 2 emissions.

To analyze possible alternative development paths of the system we investigated theses environmental scenarios with distinct constraints on the deployment of CCS and BECCS technologies.

CO 2 mitigation context

Efforts to reduce emissions in both climate scenarios are reported in igure 2, such as induced changes in the CO 2 atmospheric concentration. In the BAU scenario, latter reaches 455 ppm in 2050; while beyond 400 ppm CO 2 it will not be possible to stabilize global warming below 2-2.4°C (IPCC, 2007). The commitments pledged by the states in S1 scenario do not dramatically reduce emissions in 2020, and are not suficient in the context of the pathway expressed by S2, to reach the global UNFCCC objective. To achieve the overall objective of 2°C, a wider CO 2 mitigation is required and particularly, developing countries will have to participate to the CO 2 emissions reductions efforts [START_REF] Dellink | Costs, Revenues, and Effectiveness of the Copenhagen Accord Emission Pledges for 2020[END_REF][START_REF] Selosse | CO 2 mitigation targets and technological limits: Prospective analysis with the TIMES integrated assessment model (TIAM-FR)[END_REF]. Table 3 shows how the emissions reduction effort is share out between groups of countries:

-Industrialized countries (IC): Australia, Canada, Europe (Western and Eastern), Japan and United States of America; regions constrained in S1 and S2 scenarios;

-Fast developing countries (FDC): China and India; regions constrained in S1 and S2 scenarios;

-Developing countries (DC): Africa, Central and South America, Former Soviet Union, Middle East, Mexico, Other Developing Asian countries and South Korea; regions constrained in S2 scenarios.

Table 3: CO 2 emissions reductions compare to the BAU (Gt)

In S1 scenario, the CO 2 emissions reductions are primarily led by industrialized countries in 2020. In 2050, the goal of reducing emissions by 10% for China and India can achieve over 50% of the overall objective. The S2 scenario beneits to industrialized countries in 2050 by comparison with the S1 scenario and developing countries are heavily constrained in 2020 and 2050. They have to decrease their CO 2 emission by 29% and respectively in 2020 and 2050 by comparison with the trend expressed by the BAU, against 14% and 62% for developed countries. Expected contributions from fast developing countries are also higher in S2 scenario than in S1 scenario, whatever the period. The potential to reduce emissions at least cost appears more important in developing and fast developing countries than in industrialized countries. In addition, S2 shows that fast developing countries should reduce in a larger extend their CO 2 emissions (and not their carbon intensity) in order to achieve the overall objective of 2°C.

We study energy mix evolution from 2005 to 2050 in light of these scenarios. We particularly analyze the deployment of CCS and BECCS in the power generation.

Results analysis

Primary energy consumption : the biomass development

Global primary energy consumption in the BAU scenario increases by 1.6% per year between 2005 and 2050, reaching 816 EJ in 2050 (Figure 3). Renewable energies are developed. However, fossil fuels remain the dominant sources of primary energy worldwide (70%) in 2050. Coal, oil and gas account for 25%, 24% and 21% of the global consumption. The contribution of low carbon-emitting sources (nuclear, renewable and biomass) is 30%. The share of renewable energies, nuclear energy and biomass accounts respectively for 13%, 9% and 8% of the primary energy demand. The environmental scenarios S1 and S2 have a real impact on the primary energy mix. Demand for biomass and renewable energies increases signiicantly compare to the BAU while demand for coal and oil decreases sharply.

Figure 3: World primary energy consumption (EJ)

In S1, renewable energies and biomass increase by 235% and 52% in 2050, respectively, relative to the BAU (in 2050). Coal, oil and gas demands decrease by 68%, 27% and 25%. Thus, fossil fuels and non-GHG emitting energies account for respectively 40% and 60% of the primary energy consumption. In S2, in 2050, the share of fossil fuels in total consump-tion decreases more strongly than in S1 (34% against 40%) and coal accounts for only 3% of consumption. However, biomass has an important role to play in this scenario. Its demand increases greatly and its share reaches 16%.

Fast developing and developing countries are largely responsible for the expected increase in primary energy demand in the BAU. Consumption from China and India rises by 217% between 2005 and 2050 (igure 4). By 2050, these two countries represent 31% of the global demand as against 19% in 2005. China is the largest consumer of coal (100 EJ). Therefore, there is a great potential for carbon capture and storage technologies development in this country. The implementation of environmental policies creates a dazzling deployment of renewable energy in those both countries. However, the share of coal and gas remain signiicant in the scenario S1. In S2 scenario, the share of coal and gas drastically decreases and is replaced by an increasing use of biomass. Industrialized countries also use renewable energy in scenarios S1 and S2. In addition, their demand for biomass is multiplied by more than 3 in S1 and S2 relative to the BAU in 2050.

Figure 4: Primary energy consumption by region (EJ)

World biomass consumption in 2005 is 48 EJ of which about one third is traditional biomass used for domestic use (heating, cooking, etc.). In 2050, it reaches 71 EJ in the BAU, 105 EJ in S1 and 148 EJ in S2 (Figure 5). This result shows that the constraint on the availability of biomass is not saturated. In 2005, biomass comes mainly from forestry residues, called solid biomass (85%). From 2020, the environmental constraints in the two scenarios increase the competitiveness of dedicated crops.

Figure 5: World biomass consumption (EJ)

Therefore, in 2050 in S1 and S2, respectively, 36% and 44%, of the biomass come from crop (in S2 it represents 60EJ), 54% and 41% from solid biomass and 7.5% and 11.4% from municipal and industrial wastes. The economic potential of biomass from TIAM-FR is in line with the evaluation of van Vuuren et al, ( 2009) on sustainable biomass potential. They estimate a maximum potential for biomass issued from crop of 65 EJ in 2050. This estimation takes into account constraints on land degradation, water scarcity and loss of biodiversity. The availability of CCS technology increases the demand for biomass. Figure 6 shows that in the scenario S2 without BECCS 1 (S2-NoBECCS), the demand for biomass is about 20% lower compared to the scenario with BECCS, so S2 (Figure 5). Demand for biomass is very important in developing countries where it is mainly used for domestic purposes (igure 7). In 2050, in S2, the demand increases by 94% compared to BAU in those countries. The quantities consumed in Africa, South-East Asia and Central and South America are 21 EJ, 18 and 12 EJ respectively. India and China relies also heavily on biomass. In total, 50 EJ are consumed in these two countries in the scenario S2 in 2050.

Figure 7: Biomass consumption by regions (EJ)

When there is no environmental policy, biomass consumption in industrialized countries is relatively low in 2050 (only 9 EJ). However, the implementation of environmental policies increases biomass competitiveness. Consumption is multiplied by 3.2 by comparison with the BAU and three quarters of this demand come from the United States and Western Europe. The impact of environmental policy scenarios is particularly noticeable in the power 1

The availability of CCS is constrained exogenously.

sector, and notably as regards the development of CCS technologies. This result is consistent with the literature. In their model, [START_REF] Luckow | Large-scale utilization of biomass energy and carbon dioxide capture and storage in the transport and electricity sectors under stringent CO2 concentration limit scenario[END_REF] lead to the following result: coal is only used with CCS from 2050 as a result of an ambitious environmental policy. The «Blue map» scenario of the International Energy Agency also predicts a 100% CCS development on coal power plants in 2050. Renewable energy and hydraulic energy increase in S1 and S2. In 2050, their shares in the production were respectively 34% and 11% in S1 and 37% and 12% in S2. The share of nuclear energy, meanwhile, remains stable.

Power generation

In 2050, when CCS technology is not available (Figure 9), the environmental objective is achieved by the rapid deployment of renewable energy. In scenario S2-NoCCS the share of renewable energy increases by 58% compared to scenario S2 and in S1-NoCSC it increases by 47% compared to the scenario S1. When BECCS technology is not developed (NoBECCS scenario), the share of fossil-CCS grows slightly in scenario S1-NoBECCS (+3%). In scenario S2, however, renewable energy is deployed to compensate the absence of negative emissions. 

Carbon capture and storage technologies

Capture technologies are mainly used on direct biomass combustion power plants to induce large amounts of negative emissions. Thus, co-iring power plants (biomass and coal) that we have incorporated in the model are not deployed. Coal power plants that dominate the market are integrated gasiication technology with combined cycle (IGCC). Emissions are captured with a pre-combustion technology. When the policy is more ambitious (S2), CCS is also developed on natural gas combined cycle plants (NGCC). The distribution by regions (Figure 11) clearly shows that industrial countries implement CCS primarily on biomass resources in the two scenarios. In addition, when the policy is ambitious (S2) all regions primarily use BECCS. As in the analysis of [START_REF] Sands | General equilibrium characterization of Bioelectricity with carbon dioxide capture and storage (CCS)[END_REF], low-emission technologies, such as commercial biomass and carbon dioxide capture and storage, are prominent in the mitigation scenarios, and the most stringent scenario, limiting the increase of the world CO2 emissions in 2050, requires a negative emissions technology such as bio-electricity combined with CCS.

CCS from fossil fuels is, in turn, more deployed in China and India. Developing countries don't have to take any measures to reduce GHG emissions in S1. Therefore, CCS is developed at 70% in China and India in 2050. In both countries, CCS from coal is used from 2030. BECCS enters the market in 2040 to satisfy the environmental constraint of 2050. In 2050, 74% of the deployed CCS in the electricity sector is applied to fossil fuels and 26% to biomass. China is the biggest market for CCS development in the electricity sector.

The environmental constraint for industrialized countries is stronger in S1 than in S2 (Table 3). Thus, these countries use more BECCS to generate negative emissions. In 2050, 9.3 EJ of electricity are itted with a CCS technology and 80% of this CCS is applied to biomass power plants. The main countries that develop CCS and BECCS are in order: the United States (4.8 EJ), the Western Europe (2.3 EJ), the Eastern Europe (1.5 EJ), Japan (0.5 EJ) and Canada (0.03 EJ).

Figure 11: CCS deployment in the power sector across regions (EJ)

In scenario S2, where effort is more evenly between world regions, CCS is also extended to developing countries. In 2050, these countries primarily rely on BECCS, 68% of the developed CCS is applied to this resource. Some countries well endowed with biomass only developed BECCS. This is the case of Africa, Central and South America and South-East Asia. The Middle East and the Former Soviet Union, meanwhile, mostly use CCS on gas power plants. These results also show that India and China extensively use BECCS in scenario S2. Indeed, the effort to reduce emissions is very consistent for both countries in 2050 so they value the negative emissions.

The potential of BECCS is better dispersed worldwide than the one of CCS. In scenario These results conirm that CCS and BECCS potential depends on regional disparities in terms of emission reduction objectives and fossil and biomass resources countries' endowments. Storage capacities assumed in the model TIAM-FR (Appendix 1) are suficiently large and distributed across the planet to not constrain the CCS in our scenarios. In total, the potential introduced in the model is 14,647 Gt of CO 2 with 12,648 Gt of CO 2 that can be stored in deep saline aquifers. These assumptions are in the range of the IEA which estimated a global potential in deep saline aquifers between 2,000 and 20,000 Gt of CO 2 . The Intergovernmental Panel on Climate Change (IPCC) estimates that there is 1,500 to 14,000 Gt of potential CO 2 storage. In 2050 in the power sector, a total of 5.7 Gt in scenario S1 and 7.6 Gt of CO 2 in scenario S2 are stored per year; respectively 2.8 Gt and 1.7 Gt are from fossil fuels and 2.8 Gt and 5.8 Gt are from biomass combustion (Figure 12). In the same period, in the energy system, a total of 8.2 Gt in scenario S1 and 9.8 Gt of CO 2 in scenario S2 are stored per year; respectively 5.3 Gt and 4 Gt are from fossil fuels and 2.9 Gt and 5.8 Gt are from biomass combustion. The storage of emissions is carried out over 95% in saline aquifers. So, a noticeable part of the CO 2 effort comes from the storage of emitted CO 2 by the energy system processes.

Discussion

This paper is devoted to discussing the global and regional potential of the CCS and BECCS in the power sector in different climate policy contexts. The availability of these technologies in the long-term energy model TIAM-FR has enabled us to analyze the effects of CO 2 emission reduction measures pledged by the States in the Copenhagen Accord and conirmed in the Cancun Accord, on the evolution of the electricity mix and the deployment of CCS technologies. First of all, the commitments to reduce CO 2 emissions and carbon intensity announced by the industrialized countries, India and China are insuficient to meet the global target of 2°C. The carbon intensity reduction objective of China and India for 2020 is insuficient to drastically reduce global emissions. Indeed, as economic growth in these countries sharply increases, this type of commitment helps to relieve a little the environmental constraint but they stay large contributor of the climate warming. Thus, it is expected that fast developing and developing countries participate actively the emissions reduction effort by setting binding targets as soon as 2020. In this context, not only a higher contribution of fast developing countries is expected but also the necessary participation of developing countries and so, an international cooperation is required to reach the global climate target. The problem is about the fair and plausible level of their contribution irstly according to growth and development perspectives and secondly, according to their technological options. Indeed, the technological progress is also a determinant issue. The deployment of fossil and biomass CCS appears as a response of carbon constraint especially for fast developing and developing countries. CO 2 capture and storage offers the potential for near-zero CO 2 emissions from fossil-based power plants and CO 2 negative emission from biomass-based power plants. A major issue related to the deployment of CCS and BECCS is their economic viability. To become signiicant, economic incentives will be needed. It seems important to mention that negative emissions are not considered in the Kyoto framework. Thus, there are currently no incentives for irms to capture CO 2 from biomass. The development of biomass CCS could also be linked to CO 2 emissions inventories and accounting and, particularly to this consideration of negative emissions. More speciically, there is a need to study the possible routes to incentivize biomass and CCS using Kyoto mechanisms. According to their future and evolution, lexible mechanisms, clean development mechanisms (CDM) and joint implementation (JI) could become options for development projects in developing countries, considering their potential (ibid.). Moreover, safety problems and social acceptability have also to be considered in terms of risks and concerns for long-term CO 2 geological storage. A regulatory system is required to frame the selection of appropriate sites, the long-term ownership and liabilities, a monitoring programme to detect problems. For example, in case of carbon leak back into the atmosphere, methods have to be developed to stop or control CO 2 releases.

The lack of maturity of BECCS technology can also be identiied as an obstacle. Carbon capture, in the context of enhanced oil recovery, exists and consists in a proven technology already used in the oil industry to increase oil production. But proven cost-effective means for removing and sequestering most of the CO 2 emissions from coal-based power plants do not currently exist [START_REF] Segadelli | Prospective market penetration of clean coal technologies in APEC developing economies: inluencing factors and regulatory incentives[END_REF]. These technologies are however considered as economically feasible under speciic conditions (Appendix 2). The situation is the same bioplants. The role of the CCS and BECCS in mitigating climate change partly depends on the capability to reduce costs and, by consequence, on the commercialisation at an industrial scale in the marketplace (technology learning) and on sustained Research, Development & Demonstration. In addition, distance from source of CO 2 capture and storage site involve the necessary need, and so cost, to develop infrastructure for transporting CO 2 .

Potential for fossil and biomass exists but regulatory barriers have to be discussed and removed as knowledge gaps have to be illed in. The increasing need to limit CO 2 emissions and the current limits of alternative technologies constitutes assets in this sense. For example, renewables options are far to be excluded of the debate but they also must be thinking with the structural costs of investments in the power network required to integrate intermittent energies. So a complete and complex chain of processes and procedures have to be thought and determined in the design of future energy policies.

Appendix 1. Storage capacities in GtCO 2
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 2 Figure 2: Global carbon emissions and the resulting CO 2 concentrations
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 6 Figure 6: World biomass consumption in 2050 when CCS is not available (EJ)
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 8 Figure 8 describes the electricity mix evolution between 2020 and 2050 in view of the climate scenarios investigated. The power generation increases from 61.7 EJ in 2005 to 126.5 EJ in 2050 in the BAU scenario. In 2050, the electricity mix is composed of 43% by coal, 20% by nuclear, 15.9% by gas and oil, 11% by hydro, 10% by renewable, and 0.1% by biomass.
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 8 Figure 8: Electricity mix (EJ)
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 9 Figure 9: Electricity mix in 2050 (%) with or without BECCS or CCS
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 10 Figure 10: CCS deployment in the power sector (EJ)
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 12 Figure 12: Stored emissions (Gt CO2) in the power sector

Table 2 :

 2 Understanding the regional CO2 mitigation targets for 2020 and 2050

	Regions	On 1990 scale 2020 2050	On 2005 scale 2020 2050
	Europe	-20%	-80%	-18%	-79%
	Japan	-25%	-80%	-32%	-82%
	Australia	+9%	-77%	-13%	-82%
	USA	-0,3%	-80%	-17%	-83%
	Canada	+3%	-79%	-17%	-83%
	China	+301%	+109%	+73%	-10%
	India	+332%	+86%	+110%	-10%

  S2, in 2050, direct combustion technology of biomass are developed up to 23% in China, 17% in India, 14% in the United States, 13% in South-East Asia, 7% in Central and South America, in Western Europe and in Africa, 4% in the former Soviet Union, 3% in Eastern Europe and 1% in Australia, in Canada, in Japan, in South Korea and in the Middle East.

  Investigated environmental policy scenarios led to a considerable expansion of renewable energy and CCS and BECCS technologies in the power sector. In 2050, CCS and BECCS «generate» 23% of the electricity in the scenario S1 and 30% in scenario S2. The results show that BECCS can have an important role to play, particularly in the most stringent scenario. About 40% of CCS applications are completed on biomass power plants in S1 and 70% in S2. From 2030, CCS is applied to direct combustion of biomass in order to generate large amounts of negative emissions. In 2050, in scenarios S1 and S2 respectively 5.7 Gt and 7.6 Gt of CO 2 are captured and stored in the power sector. CCS and BECCS deployment is highly dependent on fossil fuels and biomass resources of each country. Thus, CCS from fossil fuel is mainly developed in fast developing countries that are well endowed with coal. CCS from coal is growing at over 70% in China. BECCS deployment however is better distributed because biomass resources are widely available in all regions. It is developed up to 23% in China, 17% India, 14% in the United States, 13% in South-East Asia, 7% in Central and South America, Western Europe and Africa, 4% in the Former Soviet Union, 3% in Eastern Europe and 1% in Australia, Canada, Japan, South Korea and the Middle East.