Negative emissions and international climate goals - Learning from and about mitigation scenarios (Supplementary Electronic Material)
Coverage of NETs findings in the IPCC AR5 WGIII report
Submitted to Climatic Change

Jérôme Hilaire1,2, Jan Minx1,3, Max Callaghan1, Jae Edmonds4, Gunnar Luderer2, Gregory Nemet5, Joeri Rogelj6,7,8, Maria del Mar Zamora1


1 Mercator Research Institute on Global Commons and Climate Change, Torgauer Straße 12-15, EUREF Campus #19, 10829 Berlin, Germany
2 Potsdam Institute for Climate Impact Research (PIK), Member of the Leibniz Association, Potsdam, Germany
3 School of Earth and Environment, University of Leeds, Leeds LS2 9JT, United Kingdom
4 Pacific Northwest National Laboratory – Joint Global Change Research Institute, 5825 University Research Court, College Park, MD, 20740, United States
5 La Follette School of Public Affairs, University of Wisconsin–Madison, 1225 Observatory Drive, Madison, WI 53706, United States of America
6 ENE Program, International Institute for Applied Systems Analysis (IIASA), Laxenburg, Austria
7 Grantham Institute, Imperial College London, London SW7 2AZ, UK
8 Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland


Corresponding author: hilaire@mcc-berlin.net (+49 30 33 85 537 251)
Inhalt
IPCC AR5 WGIII – SPM	6
SPM.4.1 Long-term mitigation pathways	7
Statement 1	7
Statement 2	8
Statement 3	9
SPM.4.2 Sectoral and cross-sectoral mitigation pathways and measures	10
SPM.4.2.1 Cross-sectoral mitigation pathways and measures	10
SPM.4.2.2. Energy supply	10
SPM.4.2.4 Agriculture, Forestry and Other Land Use (AFOLU)	11
IPCC AR5 WGIII – Technical Summary	12
TS.3.1 Mitigation pathways	13
TS.3.1.2 Short- and long-term requirements of mitigation pathways	13
TS.3.2 Sectoral and cross-sectoral mitigation measures	15
TS.3.2.2 Energy supply	15
IPCC AR5 WGIII – Chapter 2: Integrated Risk and Uncertainty Assessment of Climate Change Response Policies	17
2.6.6.2 Local support and opposition to infrastructure projects	18
IPCC AR5 WGIII – Chapter 6: Assessing Transformation Pathways	18
6.1.1 Framing and evaluating transformation pathways	28
6.1.2 New mitigation scenario since AR4	29
6.2.4 Interpretation of model inability to produce particular scenarios	29
6.3.2 Emissions trajectories, concentrations, and temperature in transformation pathways	29
6.3.2.2 The timing of emissions reductions: The influence of technology, policy, and overshoot	29
6.3.2.4 Projected CO2 emissions from land use	30
6.3.2.6 The link between concentrations, radiative forcing, and temperature	31
6.3.5 Land and bioenergy in transformation pathways	31
6.3.6 The aggregate economic implications of transformation pathways	33
6.3.6.3 The implications of technology portfolios for aggregate global economic costs	33
6.3.6.4 Economic implications of non-idealized international mitigation policy implementation	34
Box 6.2	35
6.4.2 Near-term emissions and long-term transformation pathways	35
6.6.2 Transformation pathways studies with links to other policy objectives	37
6.6.2.5 Biodiversity conservation	37
6.6.2.6 Water use	37
6.5.1 Technological change	37
6.8.1 The sectoral composition of GHG emissions along transformation pathways	39
6.8.2 Mitigation from a cross-sectoral perspective: Insights from integrated models	40
6.8.3 Decarbonizing energy supply	40
6.8.4 Energy demand reductions and fuel switching in end-use sectors	40
6.8.5 Options for bioenergy production, reducing land-use change emissions, and creating land-use GHG sinks	41
6.9.1 Carbon Dioxide Removal	42
6.9.1.1 Proposed carbon dioxide removal methods and characteristics	42
6.9.1.2 Role of Carbon Dioxide Removal in the context of transformation pathways	44
6.9.2 Solar Radiation Management	45
6.9.2.2 The relation of solar radiation management to climate policy and transformation pathways	45
6.9.3 Summary	46
IPCC AR5 WGIII – Chapter 7: Energy Systems	49
Executive summary	51
7.5.5 Carbon dioxide capture and storage (CCS)	51
7.8.2 Cost assessment of mitigation measures	51
7.11.2 Energy supply in low-stabilization scenarios	52
7.11.3 Role of the electricity sector in climate change mitigation	52
7.11.4 Relationship between short-term action and long-term targets	53
7.13 Gaps in knowledge and data	53
IPCC AR5 WGIII – Chapter 11: Agriculture, Forestry and Other Land Use (AFOLU)	54
Executive Summary	59
11.1 Introduction	60
11.3 Mitigation technology options and practices, and behavioural aspects	61
Mitigation activities in the AFOLU sector can reduce climate forcing in different ways: • Reductions in CH4 or N2O emissions from croplands, grazing lands, and livestock. • Conservation of existing carbon stocks, e.g., conservation of forest biomass, peatlands, and soil carbon that would otherwise be lost. • Reductions of carbon losses from biota and soils, e.g., through management changes within the same land-use type (e.g., reducing soil carbon loss by switching from tillage to no-till cropping) or by reducing losses of carbon-rich ecosystems, e.g., reduced deforestation, rewetting of drained peatlands. • Enhancement of carbon sequestration in soils, biota, and longlived products through increases in the area of carbon-rich ecosystems such as forests (afforestation, reforestation), increased carbon storage per unit area, e.g., increased stocking density in forests, carbon sequestration in soils, and wood use in construction activities. • Changes in albedo resulting from land-use and land-cover change that increase reflection of visible light. • Provision of products with low GHG emissions that can replace products with higher GHG emissions for delivering the same service (e.g., replacement of concrete and steel in buildings with wood, some bioenergy options; see Section 11.13). • Reductions of direct (e.g., agricultural machinery, pumps, fishing craft) or indirect (e.g., production of fertilizers, emissions resulting from fossil energy use in agriculture, fisheries, aquaculture, and forestry or from production of inputs); though indirect emission reductions are accounted for in the energy end-use sectors (buildings, industry, energy generation, transport) so are not discussed further in detail in this chapter.	61
11.3.2 Mitigation effectiveness (non-permanence: saturation, human and natural impacts, displacement)	61
11.4.4 Feedbacks of changes in land demand	62
11.5.5 Mitigation and adaptation synergies and tradeoffs	63
11.6.2 Global estimates of costs and potentials in the AFOLU sector	64
11.6.3 Regional disaggregation of global costs and potentials in the AFOLU sector	64
11.7.1 Socio-economic effects	64
11.7.2 Environmental effects	65
11.7.3 Public perception	65
11.8.4 Technological barriers and opportunities	66
11.9.1 Characterization of transformation pathways	66
11.9.2 Implications of transformation pathways for the AFOLU sector	67
11.13 Appendix Bioenergy: Climate effects, mitigation options, potential and sustain- ability implications 11.13.1 Introduction	67
11.13.3 Bioenergy conversion: technologies and management practices	68
11.13.4 GHG emission estimates of bioenergy production systems	69
11.13.5 Aggregate future potential deployment in integrated models	70
FAQ 11.2 How will mitigation actions in AFOLU affect GHG emissions over different timescales?	70
FAQ 11.3 What is the potential of the main mitigation options in AFOLU for reducing GHG emissions?	70
FAQ 11.4 Are there any co-benefits associated with mitigation actions in AFOLU?	71
IPCC AR5 WGIII – Chapter 13: International Cooperation: Agreements & Instruments	72
Executive Summary	72
13.4.4 The special case of international cooperation regarding carbon dioxide removal and solar radiation management	72
13.13.1.3 Assessment of further agreements under the UNFCCC	73




[bookmark: _Toc525298434]IPCC AR5 WGIII – SPM
Statistics
	Search term
	Count

	Negative emission, NETs
	0

	Carbon dioxide removal, CDR
	12

	Bioenergy with carbon and capture, BECCS
	9

	Afforestation
	7



	IPCC references
	Type
	Count

	Sections
	
	24

	WGI SPM.E.8
	Section
	1

	TS.13
	Section
	1

	Chapter 2
	Section
	1

	2.6
	Section
	1

	Chapter 6
	Section
	9

	6.3
	Section
	3

	6.3.1.4
	Section
	1

	6.3.5
	Section
	1

	6.4
	Section
	2

	6.8
	Section
	1

	6.9
	Section
	1

	Chapter 7
	Section
	6

	7.5.5
	Section
	1

	7.9
	Section
	1

	7.11
	Section
	4

	Chapter 11
	Section
	5

	11.2
	Section
	1

	11.7
	Section
	1

	11.8
	Section
	1

	11.13
	Section
	2

	Chapter 13
	Section
	1

	13.13.1.3
	Section
	1

	Figures
	Section
	8

	SPM.7
	Figure
	2

	TS.11
	Figure
	1

	TS.13
	Figure
	1

	6.32
	Figure
	1

	6.5
	Figure
	1

	6.7
	Figure
	1

	7.16
	Figure
	1

	Tables
	Table
	2

	SPM.2
	Table
	1

	TS.2
	Table
	1



Statements
	#
	Statements
	

	1
	Scenarios reaching about 450ppm CO2eq are characterized by more BECCS in 2050
	

	2
	Land-use change emissions vary widely and depend on assumptions on bioenergy production and afforestation
	

	3
	A large proportion of the new scenarios include CDR
	

	4
	Scenarios with higher emission in 2050 are characterized by a greater reliance on CDR technologies after 2050
	

	5
	Overshoot scenarios typically rely on the availability and widespread deployment of BECCS and afforestation in the second half of the century
	

	6
	The availability and scale of CDR technologies are uncertain
	

	7
	CDR technologies and methods are associated with challenges and risks
	

	8
	CDR can compensate for residual emission from sectors where mitigation is more expensive
	

	9
	There is uncertainty about the potential for large-scale deployment of BECCS and  largescale afforestation
	

	10
	CDR methods have biogeochemical and technological limitations to their potential on the global scale
	

	11
	There is insufficient knowledge to quantify how much CO2 emissions could be partially offset by CDR on a century timescale
	

	12
	Scenarios with annual GHG emissions above 55 GtCO2eq in 2030 are characterized by substantially higher rates of emissions reductions from 2030 to 2050 and a larger reliance on CDR technologies in the long-term
	

	13
	Many models could not achieve atmospheric concentration levels of about 450 ppm CO2eq by 2100 if additional mitigation is considerably delayed or under limited availability of key technologies, such as bioenergy, CCS, and their combination (BECCS).
	

	14
	The distribution of the mitigation effort across sectors is strongly influenced by the availability and performance of BECCS and large scale afforestation
	

	15
	Combining bioenergy with CCS (BECCS) offers the prospect of energy supply with large-scale net negative emissions which plays an important role in many low-stabilization scenarios
	

	16
	Most recent estimates indicate a decline in AFOLU CO2 fluxes, largely due to decreasing deforestation rates and increased afforestation
	

	17
	Net annual baseline CO2 emissions from AFOLU are projected to decline in the future, with net emissions potentially less than half the 2010 level by 2050 and the possibility of the AFOLU sectors becoming a net CO2 sink before the end of century
	

	18
	Afforestation is one of the most cost-effective mitigation options in forestry with large differences across regions. 
	



SPM.4 Mitigation pathways and measures in the context of sustainable development
[bookmark: _Toc525298435]SPM.4.1 Long-term mitigation pathways
[bookmark: _Toc525298436]Statement 1
Scenarios reaching atmospheric concentration levels of about 450ppm CO2eq by 2100 (consistent with a likely chance to keep temperature change below 2°C relative to pre-industrial levels) include substantial cuts in anthropogenic GHG emissions by mid-century through large-scale changes in energy systems and potentially land use (high confidence). Scenarios reaching these concentrations by 2100 are characterized by lower global GHG emissions in 2050 than in 2010, 40% to 70% lower globally,16 and emissions levels near zero GtCO2eq or below in 2100. In scenarios reaching about 500 ppm CO2eq by 2100, 2050 emissions levels are 25% to 55% lower than in 2010 globally. In scenarios reaching about 550 ppm CO2eq, emissions in 2050 are from 5% above 2010 levels to 45% below 2010 levels globally (Table SPM.1). At the global level, scenarios reaching about 450 ppm CO2eq are also characterized by more rapid improvements in energy efficiency and a tripling to nearly a quadrupling of the share of zero- and low carbon energy supply from renewables, nuclear energy and fossil energy with carbon dioxide capture and storage (CCS), or bioenergy with CCS (BECCS) by the year 2050 (Figure SPM.4, lower panel). These scenarios describe a wide range of changes in land use, reflecting different assumptions about the scale of bioenergy production, afforestation, and reduced deforestation. All of these emissions, energy, and land-use changes vary across regions.17 Scenarios reaching higher concentrations include similar changes, but on a slower timescale. On the other hand, scenarios reaching lower concentrations require these changes on a faster timescale. [6.3, 7.11]
Footnote 16 on page 10: 
“This range differs from the range provided for a similar concentration category in AR4 (50%–85% lower than 2000 for CO2 only). Reasons for this difference include that this report has assessed a substantially larger number of scenarios than in AR4 and looks at all GHGs. In addition, a large proportion of the new scenarios include Carbon Dioxide Removal (CDR) technologies (see below). Other factors include the use of 2100 concentration levels instead of stabilization levels and the shift in reference year from 2000 to 2010. Scenarios with higher emissions in 2050 are characterized by a greater reliance on CDR technologies beyond mid-century.”
[bookmark: _Toc525298437]Statement 2
Mitigation scenarios reaching about 450ppm CO2eq in 2100 typically involve temporary overshoot of atmospheric concentrations, as do many scenarios reaching about 500ppm to about 550ppm CO2eq in 2100. Depending on the level of the overshoot, overshoot scenarios typically rely on the availability and widespread deployment of BECCS and afforestation in the second half of the century. The availability and scale of these and other Carbon Dioxide Removal (CDR) technologies and methods are uncertain and CDR technologies and methods are, to varying degrees, associated with challenges and risks (high confidence) (see Section SPM.4.2).18 CDR is also prevalent in many scenarios without overshoot to compensate for residual emissions from sectors where mitigation is more expensive. There is uncertainty about the potential for large-scale deployment of BECCS, largescale afforestation, and other CDR technologies and methods. [2.6, 6.3, 6.9.1, Figure 6.7, 7.11, 11.13]
Footnote 18 on page 11: 
“According to WGI, CDR methods have biogeochemical and technological limitations to their potential on the global scale. There is insufficient knowledge to quantify how much CO2 emissions could be partially offset by CDR on a century timescale. CDR methods carry side-effects and long-term consequences on a global scale. [WGI SPM.E.8]”
[bookmark: _Toc525298438]Statement 3
Delaying mitigation efforts beyond those in place today through 2030 is estimated to substantially increase the difficulty of the transition to low longer-term emissions levels and narrow the range of options consistent with maintaining temperature change below 2°C relative to pre-industrial levels (high confidence). Cost effective mitigation scenarios that make it at least about as likely as not that temperature change will remain below 2 °C relative to pre-industrial levels (2100 concentrations of about 450 to about 500 ppm CO2eq) are typically characterized by annual GHG emissions in 2030 of roughly between 30 GtCO2eq and 50 GtCO2eq (Figure SPM.5, left panel). Scenarios with annual GHG emissions above 55 GtCO2eq in 2030 are characterized by substantially higher rates of emissions reductions from 2030 to 2050 (Figure SPM.5, middle panel); much more rapid scale-up of low-carbon energy over this period (Figure SPM.5, right panel); a larger reliance on CDR technologies in the long-term; and higher transitional and long-term economic impacts (Table SPM.2, orange segment). Due to these increased mitigation challenges, many models with annual 2030 GHG emissions higher than 55 GtCO2eq could not produce scenarios reaching atmospheric concentration levels that make it about as likely as not that temperature change will remain below 2 °C relative to pre-industrial levels. [6.4, 7.11, Figures TS.11, TS.13]

Figure SPM.5| The implications of different 2030 GHG emissions levels (left panel) for the rate of CO2 emissions reductions from 2030 to 2050 (middle panel) and low-carbon energy upscaling from 2030 to 2050 and 2100 (right panel) in mitigation scenarios reaching about 450 to about 500 (430–530) ppm CO2eq concentrations by 2100. The scenarios are grouped according to different emissions levels by 2030 (coloured in different shades of green). The left panel shows the pathways of GHG emissions (GtCO2eq/yr) leading to these 2030 levels. The black bar shows the estimated uncertainty range of GHG emissions implied by the Cancún Pledges. The middle panel denotes the average annual CO2 emissions reduction rates for the period 2030–2050. It compares the median and interquartile range across scenarios from recent intermodel comparisons with explicit 2030 interim goals to the range of scenarios in the Scenario Database for WGIII AR5. Annual rates of historical emissions change between 1900 –2010 (sustained over a period of 20 years) and average annual emissions change between 2000–2010 are shown in grey. The arrows in the right panel show the magnitude of zero and low-carbon energy supply up-scaling from 2030 to 2050 subject to different 2030 GHG emissions levels. Zero- and low-carbon energy supply includes renewables, nuclear energy, fossil energy with carbon dioxide capture and storage (CCS), and bioenergy with CCS (BECCS). Note: Only scenarios that apply the full, unconstrained mitigation technology portfolio of the underlying models (default technology assumption) are shown. Scenarios with large net negative global emissions (>20 GtCO2/yr), scenarios with exogenous carbon price assumptions, and scenarios with 2010 emissions significantly outside the historical range are excluded. The right-hand panel includes only 68 scenarios, because three of the 71 scenarios shown in the figure do not report some subcategories for primary energy that are required to calculate the share of zero- and low-carbon energy. [Figures 6.32 and 7.16; 13.13.1.3]
Estimates of the aggregate economic costs of mitigation vary widely and are highly sensitive to model design and assumptions as well as the specification of scenarios, including the characterization of technologies and the timing of mitigation (high confidence). Scenarios in which all countries of the world begin mitigation immediately, there is a single global carbon price, and all key technologies are available, have been used as a cost-effective benchmark for estimating macroeconomic mitigation costs (Table SPM.2, yellow segments). Under these assumptions, mitigation scenarios that reach atmospheric concentrations of about 450 ppm CO2eq by 2100 entail losses in global consumption— not including benefits of reduced climate change as well as co-benefits and adverse side-effects of mitigation19—of 1% to 4% (median: 1.7%) in 2030, 2% to 6% (median: 3.4%) in 2050, and 3% to 11% (median: 4.8%) in 2100 relative to consumption in baseline scenarios that grows anywhere from 300% to more than 900% over the century. These numbers correspond to an annualized reduction of consumption growth by 0.04 to 0.14 (median: 0.06) percentage points over the century relative to annualized consumption growth in the baseline that is between 1.6% and 3% per year. Estimates at the high end of these cost ranges are from models that are relatively inflexible to achieve the deep emissions reductions required in the long run to meet these goals and/or include assumptions about market imperfections that would raise costs. Under the absence or limited availability of technologies, mitigation costs can increase substantially depending on the technology considered (Table SPM.2, grey segment). Delaying additional mitigation further increases mitigation costs in the medium- to long-term (Table SPM.2, orange segment). Many models could not achieve atmospheric concentration levels of about 450 ppm CO2eq by 2100 if additional mitigation is considerably delayed or under limited availability of key technologies, such as bioenergy, CCS, and their combination (BECCS). [6.3]

[bookmark: _Toc525298439]SPM.4.2 Sectoral and cross-sectoral mitigation pathways and measures
[bookmark: _Toc525298440]SPM.4.2.1 Cross-sectoral mitigation pathways and measures
There are strong interdependencies in mitigation scenarios between the pace of introducing mitigation measures in energy supply and energy end-use and developments in the AFOLU sector (high confidence). The distribution of the mitigation effort across sectors is strongly influenced by the availability and performance of BECCS and large scale afforestation (Figure SPM.7). This is particularly the case in scenarios reaching CO2eq concentrations of about 450 ppm by 2100. Well-designed systemic and cross-sectoral mitigation strategies are more cost-effective in cutting emissions than a focus on individual technologies and sectors. At the energy system level these include reductions in the GHG emission intensity of the energy supply sector, a switch to low-carbon energy carriers (including low-carbon electricity) and reductions in energy demand in the end-use sectors without compromising development (Figure SPM.8). [6.3.5, 6.4, 6.8, 7.11, Table TS.2]
[bookmark: _Toc525298441]SPM.4.2.2. Energy supply
Combining bioenergy with CCS (BECCS) offers the prospect of energy supply with large-scale net negative emissions which plays an important role in many low-stabilization scenarios, while it entails challenges and risks (limited evidence, medium agreement). These challenges and risks include those associated with the upstream large-scale provision of the biomass that is used in the CCS facility as well as those associated with the CCS technology itself. [7.5.5, 7.9, 11.13]
[bookmark: _Toc525298442]SPM.4.2.4 Agriculture, Forestry and Other Land Use (AFOLU)
The AFOLU sector accounts for about a quarter (~10–12 GtCO2eq/yr) of net anthropogenic GHG emissions mainly from deforestation, agricultural emissions from soil and nutrient management and livestock (medium evidence, high agreement). Most recent estimates indicate a decline in AFOLU CO2 fluxes, largely due to decreasing deforestation rates and increased afforestation. However, the uncertainty in historical net AFOLU emissions is larger than for other sectors, and additional uncertainties in projected baseline net AFOLU emissions exist. Nonetheless, in the future, net annual baseline CO2 emissions from AFOLU are projected to decline, with net emissions potentially less than half the 2010 level by 2050 and the possibility of the AFOLU sectors becoming a net CO2 sink before the end of century (medium evidence, high agreement). (Figure SPM. 7) [6.3.1.4, 11.2, Figure 6.5]
AFOLU plays a central role for food security and sustainable development. The most cost-effective mitigation options in forestry are afforestation, sustainable forest management and reducing deforestation, with large differences in their relative importance across regions. In agriculture, the most cost-effective mitigation options are cropland management, grazing land management, and restoration of organic soils (medium evidence, high agreement). The economic mitigation potential of supply-side measures is estimated to be 7.2 to 11 GtCO2eq/year25 in 2030 for mitigation efforts consistent with carbon prices26 up to 100 USD/tCO2eq, about a third of which can be achieved at a <20 USD/tCO2eq (medium evidence, medium agreement). There are barriers to the implementation of available mitigation options [11.7, 11.8]. Demand-side measures, such as changes in diet and reductions of losses in the food supply chain, have a significant, but uncertain, potential to reduce GHG emissions from food production (medium evidence, medium agreement). Estimates vary from roughly 0.76–8.6 GtCO2eq/yr by 2050 (limited evidence, medium agreement). [11.4, 11.6, Figure 11.14]
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TS.3 Mitigation pathways and measures in the context of sustainable development
[bookmark: _Toc525298444]TS.3.1 Mitigation pathways
[bookmark: _Toc525298445]TS.3.1.2 Short- and long-term requirements of mitigation pathways
Depending on the level of overshoot, many overshoot scenarios rely on the availability and widespread deployment of bioenergy with carbon dioxide capture and storage (BECCS) and/or afforestation in the second half of the century (high confidence). These and other carbon dioxide removal (CDR) technologies and methods remove CO2 from the atmosphere (negative emissions). Scenarios with overshoot of greater than 0.4 W/m2 (>  35–50 ppm CO2eq concentration) typically deploy CDR technologies to an extent that net global CO2 emissions become negative in the second-half of the century (Figure TS.8, right panel). CDR is also prevalent in many scenarios without concentration overshoot to compensate for residual emissions from sectors where mitigation is more expensive. The availability and potential of BECCS, afforestation, and other CDR technologies and methods are uncertain and CDR technologies and methods are, to varying degrees, associated with challenges and risks. There is uncertainty about the potential for large-scale deployment of BECCS, large-scale afforestation, and other CDR technologies and methods. [6.3, 6.9]
Reaching atmospheric concentration levels of about 450 to about 500ppm CO2eq by 2100 will require substantial cuts in anthropogenic GHG emissions by mid-century (high confidence). Scenarios reaching about 450ppm CO2eq by 2100 are associated with GHG emissions reductions of about 40% to 70% by 2050 compared to 2010 and emissions levels near zero GtCO2eq or below in 2100.11 Scenarios with GHG emissions reductions in 2050 at the lower end of this range are characterized by a greater reliance on CDR technologies beyond midcentury. The majority of scenarios that reach about 500ppm CO2eq in 2100 without overshooting roughly 530ppm CO2eq at any point during the century are associated with GHG emissions reductions of 40% to 55% by 2050 compared to 2010 (Figure TS.8, left panel; Table TS.1). In contrast, in some scenarios in which concentrations rise to well above 530ppm CO2eq during the century before descending to concentrations below this level by 2100, emissions rise to as high as 20% above 2010 levels in 2050. However, these high-overshoot scenarios are characterized by negative global emissions of well over 20 GtCO2 per year in the second half of the century (Figure TS.8, right panel). Cumulative CO2 emissions between 2011 and 2100 are 630–1180 GtCO2 in scenarios reaching about 450ppm CO2eq in 2100; they are 960–1550 GtCO2 in scenarios reaching about 500ppm CO2eq in 2100. The variation in cumulative CO2 emissions across scenarios is due to differences in the contribution of non-CO2 GHGs and other radiatively active substances as well as the timing of mitigation (Table TS.1). [6.3]
Figure TS.8| Development of total GHG emissions for different long-term concentration levels (left panel) and for scenarios reaching about 450 to about 500 (430–530) ppm CO2eq in 2100 with and without net negative CO2 emissions larger than 20 GtCO2/yr (right panel). Ranges are given for the 10th–90th percentile of scenarios. [Figure 6.7]
Figure TS.9| The implications of different 2030 GHG emissions levels for the rate of CO2 emissions reductions from 2030 to 2050 in mitigation scenarios reaching about 450 to about 500 (430–530) ppm CO2eq concentrations by 2100. The scenarios are grouped according to different emissions levels by 2030 (coloured in different shades of green). The left panel shows the pathways of GHG emissions (GtCO2eq/yr) leading to these 2030 levels. The black bar shows the estimated uncertainty range of GHG emissions implied by the Cancún Pledges. Black dot with whiskers gives historic GHG emission levels and associated uncertainties in 2010 as reported in Figure TS.1. The right panel denotes the average annual CO2 emissions reduction rates for the period 2030–2050. It compares the median and interquartile range across scenarios from recent intermodel comparisons with explicit 2030 interim goals to the range of scenarios in the Scenario Database for WGIII AR5. Annual rates of historical emissions change between 1900–2010 (sustained over a period of 20 years) and the average annual emissions change between 2000–2010 are shown in grey. Note: Scenarios with large net negative global emissions (> 20 GtCO2/yr) are not included in the WGIII AR5 scenario range, but rather shown as independent points. Only scenarios that apply the full, unconstrained mitigation technology portfolio of the underlying models (default technology assumption) are shown. Scenarios with exogenous carbon price assumptions or other policies affecting the timing of mitigation (other than 2030 interim targets) as well as scenarios with 2010 emissions significantly outside the historical range are excluded. [Figure 6.32, 13.13.1.3]
Figure TS.10| The up-scaling of low-carbon energy in scenarios meeting different 2100 CO2eq concentration levels (left panel). The right panel shows the rate of up-scaling subject to different 2030 GHG emissions levels in mitigation scenarios reaching about 450 to about 500 (430–530) ppm CO2eq concentrations by 2100. Colored bars show the interquartile range and white bars indicate the full range across the scenarios, excluding those with large, global net negative CO2 emissions (> 20 GtCO2/yr). Scenarios with large net negative global emissions are shown as individual points. The arrows indicate the magnitude of zero- and low-carbon energy supply up-scaling from 2030 to 2050. Zero- and lowcarbon energy supply includes renewables, nuclear energy, fossil energy with carbon dioxide capture and storage (CCS), and bioenergy with CCS (BECCS). Note: Only scenarios that apply the full, unconstrained mitigation technology portfolio of the underlying models (default technology assumption) are shown. Scenarios with exogenous carbon price assumptions are excluded in both panels. In the right panel, scenarios with policies affecting the timing of mitigation other than 2030 interim targets are also excluded. [Figure 7.16]
Figure TS.11| Near-term GHG emissions from mitigation scenarios reaching about 450 to about 500 (430–530) ppm CO2eq concentrations by 2100. The Figure includes only scenarios for which temperature exceedance probabilities were calculated. Individual model results are indicated with a data point when 2 °C exceedance probability is below 50% as assessed by a simple carbon cycle/climate model (MAGICC). Colours refer to scenario classification in terms of whether net CO2 emissions become negative before 2100 (negative vs. no negative) and the timing of international participation in climate mitigation (immediate vs. delay until 2020 vs. delay until 2030). Number of reported individual results is shown in legend. The range of global GHG emissions in 2020 implied by the Cancún Pledges is based on analysis of alternative interpretations of national pledges. Note: In the WGIII AR5 scenario database, only four reported scenarios were produced based on delayed mitigation without net negative emissions while still lying below 530 ppm CO2eq by 2100. They do not appear in the figure, because the model had insufficient coverage of non-gas species to enable a temperature calculation. Delay in these scenarios extended only to 2020, and their emissions fell in the same range as the ‘No Negative/Immediate’ category. Delay scenarios include both delayed global mitigation and fragmented action scenarios. [Figure 6.31, 13.13.1.3]
[bookmark: _Toc525298446]TS.3.2 Sectoral and cross-sectoral mitigation measures
The availability of CDR technologies affects the size of the mitigation challenge for the energy end-use sectors (robust evidence, high agreement) [6.8, 7.11]. There are strong interdependencies in mitigation scenarios between the required pace of decarbonization of energy supply and end-use sectors. The more rapid decarbonization of supply generally provides more flexibility for the end-use sectors. However, barriers to decarbonizing the supply side, resulting for example from a limited availability of CCS to achieve negative emissions when combined with bioenergy, require a more rapid and pervasive decarbonisation of the energy end-use sectors in scenarios achieving lowCO2eq concentration levels (Figure TS.17). The availability of mature large-scale biomass supply for energy, or carbon sequestration technologies in the AFOLU sector also provides flexibility for the development of mitigation technologies in the energy supply and energy enduse sectors [11.3] (limited evidence, medium agreement), though there may be adverse impacts on sustainable development.
[bookmark: _Toc525298447]TS.3.2.2 Energy supply
Combining bioenergy with CCS (BECCS) offers the prospect of energy supply with large-scale net negative emissions, which plays an important role in many low-stabilization scenarios, while it entails challenges and risks (limited evidence, medium agreement). Until 2050, bottom-up studies estimate the economic potential to be between 2–10 GtCO2 per year [11.13]. Some mitigation scenarios show higher deployment of BECCS towards the end of the century. Technological challenges and risks include those associated with the upstream provision of the biomass that is used in the CCS facility, as well as those associated with the CCS technology itself. Currently, no large-scale projects have been financed. [6.9, 7.5.5, 7.9, 11.13]
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2.6.6 Public support and opposition to climate policy
Policy discussions on particular technologies often revolve around the health and safety risks associated with technology options, transition pathways, and systems such as nuclear energy (Pidgeon et al., 2008; Whitfield et al., 2009), coal combustion (Carmichael
et al., 2009; Hill et al., 2009), and underground carbon storage (Itaoka et al., 2009; Shackley et al., 2009).

[bookmark: _Toc525298449]2.6.6.2 Local support and opposition to infrastructure projects
The issue of local support or opposition to infrastructure projects in implementing climate policy is related to the role that perceived technological risks play in the process. This has been especially important with respect to nuclear energy, but is of increasing concern for carbon storage and renewable energy projects, and has become a major issue when considering expansion of low carbon energy technologies (Ellis et al., 2007; Van Alphen et al., 2007; Zoellner et al., 2008).

Many studies have assessed the risks and examined local support for carbon dioxide capture and storage (CCS). According to Ha-Duong et al. (1997), the health and safety risks associated with carbon dioxide capture and transportation technologies differ across causal pathways but are similar in magnitude to technologies currently supported by the fossil-fuel industry. Using natural analogues, Roberts et al. (2011) concluded that the health risks of natural CO2 seepage in Italy was significantly lower than many socially accepted risks. For example, it were three orders of magnitude lower than the probability of being struck by lightning. 

Despite these risk assessments, there is mixed evidence of public acceptance of CO2 storage. For example, a storage research project was authorized in Lacq, France, but another was halted in Barendreich, The Netherlands due to public opposition. On the other hand, Van Alphen et al. (2007) evaluated the concerns with CCS among important stakeholders, including government, industry, and NGO representatives and found support if the facility could be shown to have a low probability of leakage and was viewed as a temporary measure. 

Wallquist et  al. (2012) used conjoint analysis to interpret a Swiss survey on the acceptability of CCS and found that concerns over local risks and impacts dominated the fears of the long-term climate impacts of leakage. The local concerns were less severe, and the public acceptance higher, for CCS projects combined with biomass combustion, suggesting that positive feelings about removing CO2 from the atmosphere, rather than simply preventing its emission into the atmosphere, influences perceptions of local risks. Terwel et al. (2011) found that support for CCS varied as a function of the stakeholders promoting and opposing it, in a manner similar to the debate on renewable energy. Hence, there was greater support of CCS when its promoters were perceived to be acting in the public interest rather than purely for profit. Those opposing CCS were less likely to succeed when they were perceived to be acting to protect their own economic interests, such as property values, rather than focusing on environmental quality and the public good.
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	2°C delayed scenarios are characterized by substantially higher rates of emissions reductions from 2030 to 2050, a larger reliance on CDR technologies in the long term, and higher transitional and long-term economic impacts
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	Large-scale deployment of CDR technologies is relied upon in many of these scenarios in the second-half of the century
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	7
	Model runs can be infeasible if climate action is delayed and CDR options are unavailable
	6.1.1

	8
	Major advances in model development include an increase in the number of scenarios exploring for instance overshoot emissions trajectories with and without CDR technologies
	6.1.2

	9
	However, beyond cases where physical laws might be violated to achieve a particular scenario (for example, a 2100 carbon budget is exceeded prior to 2100 with no option for negative emissions), these integrated models cannot determine feasibility in an absolute sense.
	6.2.4

	10
	The most critical set of technologies in the context of the timing of emission reductions is CDR technologies, which can be used to generate negative emissions
	6.3.2.2

	11
	By removing emissions from the atmosphere, CDR technologies can compensate for residual emissions from technologies and sectors with more expensive abatement
	6.3.2.2

	12
	CDR technologies can create net negative emissions flows, which allow faster declines in concentrations in the second half of the century and thus facilitate higher near-term emissions, effectively expanding the potential scope for overshoot
	6.3.2.2

	13
	In model comparison studies, many of the models that could not produce scenarios leading to concentrations of about 450 ppm CO2eq by 2100, particularly in combination with delayed or fragmented policy approaches, did not include CDR techniques (Clarke et al., 2009)
	6.3.2.2

	14
	The vast majority of scenarios with overshoot of greater than 0.4 W / m2 (greater than 20 ppm CO2eq) deploy CDR technologies to an extent that net global CO2 emissions become negative. 
	6.3.2.2

	15
	Evidence is still mixed whether CDR technologies are essential for achieving very low GHG concentration goals (Rose et al., 2013). 
	6.3.2.2

	16
	A limited number of studies have explored scenarios with net negative emissions as large as 20 GtCO2 per year or more (lower panels Figure 6.7), which allow for very substantial delays in emission reductions.
	6.3.2.2

	17
	The intersection of these three factors — overshoot, CDR technologies, and delayed mitigation — can be viewed in the context of emissions pathways over the next several decades, for example, the emissions level in 2030 (Figure 6.8).
	6.3.2.2

	18
	High emissions in 2030 leads to more rapid declines in the medium term and lower or eventually net negative emissions in the long-run, with the pattern exaggerated in a few extreme scenarios exploring deployment of CDR of 20 GtCO2 / yr or more.
	6.3.2.2

	19
	Deeper longterm goals also interact with these factors. For example, scenarios leading to concentrations below 430 ppm CO2eq by 2100 (Rogelj et al., 2013a,b; Luderer et al., 2013) feature large-scale application of CDR technologies in the long-term, and most of them have deep emission reductions in the near term.
	6.3.2.2

	20
	One difficulty in interpreting this range is that many scenarios were developed from models that do not explicitly look at strategies to reduce net AFOLU CO2 emissions. Nonetheless, the spread in net AFOLU emissions still reflects the implications of land-use related mitigation activities — bioenergy, avoided deforestation, and afforestation — in both models that explicitly represent land use and those that do not
	6.3.2.4

	21
	The two budgets are not fully comparable, however, since the WG I budget relates to the cumulative emissions at the time of peak warming which are higher than the cumulative emissions until 2100 in overshoot scenarios with net negative emissions by the end of the century.
	6.3.2.6

	22
	The key forces associated with mitigation are (1) the demand for bioenergy, (2) the demand to store carbon in land by reducing deforestation, encouraging afforestation, and altering soil management practices, and (3) reductions in non-CO2 GHG emissions by changing management practices.
	6.3.5

	23
	Some of the variations in projected land cover change are attributable to specific assumptions, such as fixed pasture acreage, prioritized food provision, land availability constraints for energy crops, and the inclusion or exclusion of afforestation options (e. g. Popp et al., 2014).
	6.3.5

	24
	Bioenergy incentives alone can produce energy cropland expansion, with increased forest and other land conversion (Wise et al., 2009; Reilly et al., 2012)
	6.3.5

	25
	Some models do not represent certain technologies such as BECCS and therefore do not exhibit a strong cost increase if these options are restricted. These models may instead have difficulties in achieving tighter concentration goals regardless of the restriction (Krey et al., 2014).
	6.3.6

	26
	Many models could not produce scenarios leading to about 450 ppm CO2eq by 2100 with limited technology portfolios, particularly when assumptions preclude or limit the use of BECCS (Azar et al., 2006; van Vliet et al., 2009; Krey et al., 2014; Kriegler et al., 2014a).
	6.3.6

	27
	In addition to the ability to produce negative emissions when coupled with bioenergy, CCS is a versatile technology that can be combined with electricity, synthetic fuel, and hydrogen production from several feedstocks and in energy-intensive industries such as cement and steel.
	6.3.6.3

	28
	Bioenergy shares some of these characteristics with CCS. It is also an essential ingredient for BECCS, and it can be applied in various sectors of the energy system, including for the provision of liquid low-carbon fuels for transportation (see Chapter 11, Bioenergy Annex for a discussion of related challenges and risks). In contrast, those options that are largely confined to the electricity sector (e. g., wind, solar, and nuclear energy) and heat generation tend to show a lower value, both because they cannot be used to generate negative emissions and because there are a number of low-carbon electricity supply options available that can generally substitute each other (Krey et al., 2014).
	6.3.6.3

	29
	Delayed mitigation further increases the dependence on the full availability of mitigation options, especially on CDR technologies such as BECCS (Luderer et al., 2013; Rogelj et al., 2013b; Riahi et al., 2014). (See Section 6.3.6.3, Section 6.4).
	6.3.6.4

	30
	In particular, many scenarios rely on technologies with potentially large land footprints, such as bioenergy and afforestation or reforestation, to achieve mitigation goals. The scenarios surveyed in the chapter universally project the majority of bioenergy primary energy will occur in developing economies (50 – 90 % in non-OECD in 2050, see Section 6.3.5). These abatement patterns imply significant challenges for developing countries in general, and LDCs in particular, where large land-use abatement potentials lie.
	6.4.2

	31
	A large number of scenarios reaching CO2eq concentrations below 530 ppm CO2eq by 2100 deploy CDR technologies at large enough scales that net global emissions become negative in the second half of the century.
	6.4.2

	32
	The availability of CDR options, as well as the representation of intertemporal flexibility, varies significantly across models and studies. 
	6.4.2

	33
	The spread in reliance on CDR options across scenarios reveals a strong impact on the timing of emissions pathways. In scenarios reaching the 2100 concentration range of 430 – 530 ppm CO2eq in which global net CO2 emissions remain positive through the century, near-term emissions are generally lower than if the scenario deploys CDR technologies to a large enough scale to lead to net negative total global CO2 emissions later in the century (Figure 6.31, top panel). 
	6.4.2

	34
	More generally, the scenarios indicate that a reliance on large-scale CDR, whether or not emissions become net negative, leads to higher near-term emissions (van Vuuren and Riahi, 2011).
	6.4.2

	35
	However, there are instances where the combination of delay and limited options for CDR has been explored and has resulted in model infeasibilities (Luderer et al., 2013; Rogelj et al., 2013b; Riahi et al., 2014), which supports the notion that this combination presents important challenges. For example, in the AMPERE study, seven out of nine models could not produce a scenario with global delay through 2030 and a restriction on CCS technology that reached 450 CO2eq by 2100 (one of the remaining two had net negative global emissions through other channels and the other did not run past 2050). Several individual modelling team studies have also explored this space, and have found situations in which they could not reach solutions for more ambitious goals and delayed mitigation or constrained technology, including O’Neill et al. (2010), Edmonds et al. (2008), and Edmonds et al. (2013). Studies have found that delayed reductions through 2020 do not have as substantial an effect on the cost and challenge more broadly of meeting 2100 concentration levels such as 450 ppm CO2eq as delayed reductions through 2030 (Kriegler et al., 2013b; Luderer et al., 2013; Rogelj et al., 2013b)
	6.4.2

	36
	However, based on the MAGICC results, not all pathways in this range are consistent with at least a 50 % chance of remaining below 2 °C, in particular those that rely on net negative global emissions. Based on the MAGICC results, very few scenarios in the 430 – 530 ppm CO2eq range have a 50 % chance of remaining below 1.5 °C, and none with delay or limited deployment of CDR technologies; most have a probability between 0 and 25 %. A few studies have explored scenarios that lead to concentrations below 430 ppm CO2eq in 2100 (e. g., Luderer et al., 2013, Rogelj et al., 2013a, b), some of which have been found to have more than a 66 % chance of returning to 1.5 °C by the end of the century after peaking at higher levels; these scenarios are characterized by immediate emissions reductions followed by very low mid-century emissions and extensive deployment of CDR technologies.
	6.4.2

	37
	Whether due to delayed mitigation or widespread use of CDR options or some combination of the two, higher levels of emissions in the nearterm imply an emissions pathway shifted in time, resulting in steeper reductions later to remain consistent with a given long-term forcing goal.
	6.4.2

	38
	The primary biodiversity-related side-effects from mitigation involve the potentially large role of reforestation and afforestation efforts and of bioenergy production.
	6.6.2.5

	39
	Similarly, reforestation and afforestation efforts, as well as attempts to avoid deforestation, will impact both water use and water quality. The net effects could be either positive (Townsend et al., 2012) or negative (Jackson et al., 2005), depending on the local situation (see Section 11.7).
	6.6.2.6

	40
	The integrated modelling literature provides limited information regarding the sufficiency of current technology, because virtually all baseline and mitigation scenarios assume that technology will improve significantly over time, especially for technologies with a large potential for advancement (see Riahi et al., 2013, and van der Zwaan et al., 2013, for two recent cross-model comparison examples).
	6.5.1

	41
	The current scientific literature also emphasizes that the development and deployment of CDR technologies (see Section 6.9), are a further requirement for particular transformation pathways, for example those leading to 450 ppm CO2eq by 2100 yet assuming substantial near-term delays in mitigation.
	6.5.1

	42
	Direct options in AFOLU involve storing carbon in terrestrial systems (for example, through afforestation).
	6.8.1

	43
	More so than any other energy supply technology, the availability of BECCS and its role as a primary CDR technology (Sections 6.3.2 and 6.9) has a substantial effect on this dynamic, allowing for energy supply sectors to serve as a net negative emissions source by mid-century and allowing for more gradual emissions reductions in other sectors. In contrast, sectoral studies show available pathways to deep reductions in emissions (both direct and indirect) already by mid-century (see, e. g., Chapter 9).
	6.8.2

	44
	There is a wide uncertainty in the role of afforestation and reforestation in mitigation, however. In some mitigation scenarios the AFOLU sectors can become a significant carbon sink (Section 6.3.2.4).
	6.8.2

	45
	The one exception to this flexibility in energy supply surrounds the use of BECCS. CDR technologies such as BECCS are fundamental to many scenarios that achieve low-CO2eq concentrations, particularly those based on substantial overshoot as might occur if near-term mitigation is delayed (Sections 6.3.2 and 6.4). 
	6.8.3

	46
	In contrast to the electricity sector, decarbonization of the non-electric energy-supply sector (e. g., liquid fuels supply) is progressing typically at much lower pace (Section 7.11.3, Figures 7.14 and 7.15) and could therefore constitute a bottleneck in the transformation process.
	6.8.3

	47
	However, in deep emission-reduction scenarios, indirect emissions from electricity are largely eliminated by 2050, and in many scenarios, the electricity sector even becomes a sink for CO2 through the use of BECCS (Figure 6.35, left panel).
	6.8.4

	48
	The integrated modelling studies sketch out a wide range of ways in which these forces might affect the land surface, from widespread afforestation under comprehensive climate policies to widespread deforestation if carbon storage on land is not included in the mitigation policy (Sections 6.3.5 and 11.9).
	6.8.5

	49
	These challenges raise questions about transformation pathways (Section 11.6). For example, although increasing the land area covered by natural forests could enhance biodiversity and a range of other ecosystem services, afforestation occurring through large-scale plantations could negatively impact biodiversity, water, and other ecosystem services (Sections 11.7 and 11.13.6). 
	6.8.5

	50
	Similarly, the use of large land areas for afforestation or dedicated feedstocks for bioenergy could increase food prices and compromise food security if land normally used for food production is converted to bioenergy or forests (Section 11.4). The degree of these effects is uncertain and depends on a variety of sector-specific details regarding intensification of land use, changes in dietary habits, global market interactions, and biophysical characteristics and dynamics.
	6.8.5

	51
	Two categories of geoengineering are generally distinguished. Removal of GHGs, in particular carbon dioxide termed ‘carbon dioxide removal’ or CDR, would reduce atmospheric GHG concentrations. The boundary between some mitigation and some CDR methods is not always clear (Boucher et al., 2011, 2013).
	6.9

	52
	Most assessments agree that geoengineering technologies should not be treated as a replacement for conventional mitigation and adaptation due to the high costs involved for some techniques, particularly most CDR methods, and the potential risks, or pervasive uncertainties involved with nearly all techniques (Royal Society, 2009; Rickels et al., 2011).
	6.9

	53
	Proposed CDR methods involve removing CO2 from the atmosphere and storing the carbon in land, ocean, or geological reservoirs. These methods vary greatly in their estimated costs, risks to humans and the environment, potential scalability, and notably in the depth of research about their potential and risks. Some techniques that fall within the definition of CDR are also regarded as mitigation measures such as afforestation and BECCS (see Glossary). 
	6.9.1

	54
	The term ‘negative emissions technologies’ can be used as an alternative to CDR (McGlashan et al., 2012; McLaren, 2012; Tavoni and Socolow, 2013).
	6.9.1.1

	55
	CDR techniques can be categorized in alternative ways. For example, they can be categorized (1) as industrial technologies versus ecosystem manipulation; (2) by the pathway for carbon dioxide capture (e. g. McLaren, 2012; Caldeira et al., 2013); (3) by the fate of the stored carbon (Stephens and Keith, 2008); and (4) by the scale of implementation (Boucher et al., 2013). Removal of other GHGs, e. g., CH4 and N2O, have also been proposed (Boucher and Folberth, 2010; de Richter and Caillol, 2011; Stolaroff et al., 2012).
	6.9.1.1

	56
	All CDR techniques have a similar slow impact on rates of warming as mitigation measures (van Vuuren and Stehfest, 2013) (see WG I Section 6.5.1). An atmospheric ‘rebound effect’ (see WG I Glossary) dictates that CDR requires roughly twice as much CO2 removed from the atmosphere for any desired net reduction in atmospheric CO2 concentration, as some CO2 will be returned from the natural carbon sinks (Lenton and Vaughan, 2009; Matthews, 2010). 
	6.9.1.1

	57
	Permanence of the storage reservoir is a key consideration for CDR efficacy. Permanent (larger than tens of thousands of years) could be geological reservoirs while nonpermanent reservoirs include oceans and land (the latter could, among others, be affected by the magnitude of future climate change) (see WG I Section 6.5.1). Storage capacity estimates suggest geological reservoirs could store several thousand GtC; the oceans a few thousand GtC in the long term, and the land may have the potential to store the equivalent to historical land-use loss of 180 ±  80 GtC (also see Table 6.15 of WG I) (IPCC, 2005; House et al., 2006; Orr, 2009; Matthews, 2010).
	6.9.1.1

	58
	The use of CCS technologies (IPCC, 2005) with biomass energy also creates a carbon sink (Azar et al., 2006; Gough and Upham, 2011). BECCS is included in the RCP 2.6 (van Vuuren et al., 2007, 2011b) and a wide range of scenarios reaching similar and higher concentration goals. From a technical perspective, BECCS is very similar to a combination of other techniques that are part of the mitigation portfolio: the production of bio-energy and CCS for fossil fuels. 
	6.9.1.1

	59
	Estimates of the global technical potential for BECCS vary greatly ranging from 3 to more than 10 GtCO2 / yr (Koornneef et al., 2012; McLaren, 2012; van Vuuren et al., 2013), while initial cost estimates also vary greatly from around 60 to 250 USD / tCO2 (McGlashan et al., 2012; McLaren, 2012). Important limiting factors for BECCS include land availability, a sustainable supply of biomass and storage capacity (Gough and Upham, 2011; McLaren, 2012). There is also a potential issue of competition for biomass under bioenergy-dependent mitigation pathways.
	6.9.1.1

	60
	Carbon dioxide captured through CCS, BECCS, and DAC are all intended to use the same storage reservoirs (in particular deep geologic reservoirs), potentially limiting their combined use under a transition pathway.
	6.9.1.1

	61
	Two of the CDR techniques listed above, BECCS and afforestation, are already evaluated in the current integrated models. For concentration goals on the order of 430 – 530 ppm CO2eq by 2100, BECCS forms an essential component of the response strategy for climate change in the majority of scenarios in the literature, particularly in the context of concentration overshoot. 
	6.9.1.2

	62
	As discussed in Section 6.2.2, BECCS offers additional mitigation potential, but also an option to delay some of the drastic mitigation action that would need to happen to reach lower GHG-concentration goals by the second half of the century. 
	6.9.1.2

	63
	In scenarios aiming at such low-concentration levels, BECCS is usually competitive with conventional mitigation technologies, but only after these have been deployed at very large scale (see Azar et al., 2010; Tavoni and Socolow, 2013). At same time, BECCS applications do not feature in less ambitious mitigation pathways (van Vuuren et al., 2011a). Key implications of the use of BECCS in transition pathways is that emission reduction decisions are directly related to expected availability and deployment of BECCS in the second half of the century and that scenarios might temporarily overshoot temperature or concentration goals.
	6.9.1.2

	64
	Additionally afforestation as part of mitigation policy is included in a smaller set of models. In these models, afforestation measures increase for lower-concentration categories, potentially leading to net uptake of carbon of around 10 GtCO2 / yr.
	6.9.1.2

	65
	There are broader discussions in the literature regarding the technological challenges and potential risks of large-scale BECCS deployment. The potential role of BECCS will be influenced by the sustainable supply of large-scale biomass feedstock and feasibility of capture, transport, and long-term underground storage of CO2 as well as the perceptions of these issues. The use of BECCS faces large challenges in financing, and currently no such plants have been built and tested at scale. Integrated modeling studies have therefore explored the sensitivities regarding the availability of BECCS in the technology portfolio by limiting bioenergy supply or CCS storage (Section 6.3.6.3).
	6.9.1.2

	66
	Only a few papers have assessed the role of DAC in mitigation scenarios (e. g. Keith et al., 2006; Keller et al., 2008a; Pielke Jr, 2009; Nemet and Brandt, 2012; Chen and Tavoni, 2013). These studies generally show that the contribution of DAC hinges critically on the stringency of the concentration goal, the costs relative to other mitigation technologies, time discounting and assumptions about scalability. In these models, the influence of DAC on the mitigation pathways is similar to that of BECCS (assuming similar costs). That is, it leads to a delay in short-term emission reduction in favour of further reductions in the second half of the century. Other techniques are even less mature and currently not evaluated in integrated models.
	6.9.1.2

	67
	There are some constraints to the use of CDR techniques as emphasized in the scenario analysis. First of all, the potential for BECCS, afforestation, and DAC are constrained on the basis of available land and / or safe geologic storage potential for CO2. Both the potential for sustainable bio-energy use (including competition with other demands, e.g., food, fibre, and fuel production) and the potential to store > 100 GtC of CO2 per decade for many decades are very uncertain (see previous section) and raise important societal concerns. Finally, the largescale availability of CDR, by shifting the mitigation burden in time, could also exacerbate inter-generational impacts.
	6.9.1.2

	68
	It has been suggested that this risk could be minimized if SRM geoengineering was used moderately and combined with strong CDR geoengineering and mitigation efforts (Ross and Matthews, 2009; Smith and Rasch, 2012).
	6.9.2

	69
	While current evidence is limited to few studies in a very narrow range of cultural contexts, in a first review of early studies on perceptions of geoengineering, Corner et al. (2012) find that participants of different studies tend to prefer CDR over SRM and mitigation over geoengineering
	6.9.2

	70
	Despite the assumption of some form of negative CO2 emissions in many scenarios, including those leading to 2100 concentrations approaching 450 ppm CO2eq, whether proposed CDR or SRM geoengineering techniques can actually play a useful role in transformation pathways is uncertain as the efficacy and risks of many techniques are poorly understood at present. 
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	A broad definition of CDR would cover afforestation and BECCS, which are sometimes classified as mitigation techniques, but also proposals that are very distinct from mitigation in terms of technical maturity, scientific understanding, and risks such as ocean iron fertilization. 
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	BECCS are often included in current integrated models and scenarios and are, in terms of their impact on the climate, directly comparable with techniques that are considered to be conventional mitigation, notably fossil CCS and bio-energy use. 
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	Both BECCS and afforestation may play a key role in reaching low-GHG concentrations, but at a large scale have substantial land-use demands that may conflict with other mitigation strategies and societal needs such as food production. 
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	Whether other CDR techniques would be able to supplement mitigation at any significant scale in the future depends upon efficacy, cost, and risks of these techniques, which at present are highly uncertain. 
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	The properties of potential carbon storage reservoirs are also critically important, as limits to reservoir capacity and longevity will constrain the quantity and permanence of CO2 storage. 
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	Furthermore, some CDR techniques such as ocean iron fertilization may pose transboundary risks. The impacts of CDR would be relatively slow: climate effects would unfold over the course of decades.
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	In contrast to CDR, SRM would aim to cool the climate by shielding sunlight. These techniques would not reduce elevated GHG concentrations, and thus not affect other consequences of high-GHG concentrations, such as ocean acidification. Some SRM proposals could potentially cause a large cooling within years, much quicker than mitigation or CDR, and a few studies suggest that costs might be considerably lower than CDR for some SRM techniques.
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Executive summary
Scenarios can be distinguished by the long-term concentration level they reach by 2100; however, the degree to which concentrations exceed (overshoot) this level before 2100 is also important (high confidence). The large majority of scenarios produced in the literature that reach about 450 ppm CO2eq by 2100 are characterized by concentration overshoot facilitated by the deployment of carbon dioxide removal (CDR) technologies. Many scenarios have been constructed to reach about 550 ppm CO2eq by 2100 without overshoot. Scenarios with more overshoot exhibit less mitigation today, but they often rest on the assumption that future decision makers deploy CDR technologies at large scale. An assessment in this chapter of geophysical climate uncertainties consistent with the dynamics of Earth System Models assessed in Working Group I (WG I) provides estimates of the temperature implications of different emissions pathways. This assessment found that the likelihood of exceeding temperature goals this century increases with peak concentration levels, which are higher in overshoot scenarios. [6.3.2]
Bringing concentrations to about 550 ppm CO2eq or below by 2100 will require large-scale changes to global and national energy systems, and potentially to the use of land; these changes are inconsistent with both long- and short-term trends (high confidence). Accelerated electrification of energy end use, coupled with decarbonization of the majority of electricity generation by 2050 and an associated phaseout of freely emitting coal generation, is a common feature of scenarios reaching about 550 ppm CO2eq or less by 2100. Scenarios suggest that sectors currently using liquid fuel are more costly to decarbonize than electricity and may be among the last sectors to be decarbonized for deep CO2 emissions reductions. Scenarios articulate very different changes in the land surface, reflecting different assumptions about the potential for bioenergy production, afforestation, and reduced deforestation. Studies indicate a large potential for energy use reductions, but also demonstrate that these reductions will not be sufficient by themselves to constrain GHG emissions. [6.3.4, 6.3.5, 6.8]
There is uncertainty about the potential of geoengineering by CDR or solar radiation management (SRM) to counteract climate change, and all techniques carry risks and uncertainties (high confidence). A range of different SRM and CDR techniques has been proposed, but no currently existing technique could fully replace mitigation or adaptation efforts. Nevertheless, many low-GHG concentration scenarios rely on two CDR techniques, afforestation and biomass energy with carbon dioxide capture and storage (BECCS), which some studies consider to be comparable with conventional mitigation methods. Solar radiation management could reduce global mean temperatures, but with uneven regional effects, for example on temperature and precipitation, and it would not address all of the impacts of increased CO2 concentrations, such as ocean acidification. Techniques requiring large-scale interventions in the earth system, such as ocean fertilization or stratospheric aerosol injections, carry significant risks. Although proposed geoengineering techniques differ substantially from each other, all raise complex questions about costs, risks, governance, and ethical implications of research and potential implementation. [6.9]
Despite the advances in our understanding of transformation pathways since AR4, many avenues of inquiry remain unanswered. Important future research directions include the following: development of a broader set of socioeconomic and technological storylines to support development of scenarios; scenarios explicitly pursuing a wider set of climate goals, including those related to temperature change; more mitigation scenarios that include impacts from, and adaptations to, a changing climate, including energy and land use systems critical for mitigation; expanded treatment of the benefits and risks of CDR and SRM options; expanded treatment of co-benefits and adverse side-effects of mitigation pathways; improvements in the treatment and understanding of mitigation options and responses in end-use sectors in transformation pathways; and more sophisticated treatments of land use and land use-based mitigation options in mitigation scenarios. [6.10]
Emissions through 2030 will have strong implications for the challenges of, and options for, bringing concentrations to about 450 to about 500 ppm CO2eq by the end of the twenty-first century (high confidence). The vast majority of cost-effective scenarios leading to 2100 concentrations of about 450 to about 500 ppm CO2eq are characterized by 2030 emissions roughly between 30 GtCO2eq and 50 GtCO2eq. Scenarios with emissions above 55 GtCO2eq in 2030 are predominantly driven by delays in additional mitigation relative to what would be most cost-effective. These scenarios are characterized by substantially higher rates of emissions reductions from 2030 to 2050, a larger reliance on CDR technologies in the long term, and higher transitional and long-term economic impacts. Due to these challenges, many models with 2030 emissions in this range could not produce scenarios reaching about 450 ppm CO2eq in 2100. Studies confirm that delaying additional mitigation through 2030 has substantially larger influence on the subsequent challenges of mitigation than delaying only through 2020. [6.3.2, 6.4]
The availability of key technologies and improvements in the cost and performance of these technologies will have important implications for the challenge of achieving concentration goals (high confidence). Many models in recent multi-model comparisons could not produce scenarios reaching approximately 450 ppm CO2eq by 2100 with broadly pessimistic assumptions about key mitigation technologies. Large-scale deployment of CDR technologies in particular is relied upon in many of these scenarios in the second-half of the century. For those models that could produce such scenarios, pessimistic assumptions about important technologies for decarbonizing non-electric energy supply significantly increased the discounted global mitigation costs of reaching about 450 ppm and about 550 ppm CO2eq by the end of the century, with the effect being larger for more stringent goals. These studies also showed that reducing energy demand can potentially decrease mitigation costs significantly. [6.3.2, 6.3.4, 6.3.6, 6.4]
6.1 Introduction
[bookmark: _Toc525298451]6.1.1 Framing and evaluating transformation pathways
A question that is often raised about particular stabilization goals and transformation pathways to those goals is whether the goals or pathways are ‘feasible’. In many circumstances, there are clear physical constraints that can render particular long-term goals physically impossible. For example, if additional mitigation beyond that of today is delayed to a large enough degree and carbon dioxide removal (CDR) options are not available (see Section 6.9), a goal of reaching 450 ppm CO2eq by the end of the 21st century can be physically impossible. However, in many cases, statements about feasibility are bound up in subjective assessments of the degree to which other characteristics of particular transformation pathways might influence the ability or desire of human societies to follow them. Important characteristics include economic implications, social acceptance of new technologies that underpin particular transformation pathways, the rapidity at which social and technological systems would need to change to follow particular pathways, political feasibility, and linkages to other national objectives. A primary goal of this chapter is to illuminate these characteristics of transformation pathways.
[bookmark: _Toc525298452]6.1.2 New mitigation scenario since AR4
Since the IPCC Fourth Assessment Report (AR4), the integrated modelling community has produced a range of new transformation pathway scenarios. Major advances include an increase in the number of scenarios exploring the following: low-concentration goals such as 450 ppm CO2eq; overshoot emissions trajectories with and without CDR technologies; a variety of international mitigation policy configurations, including fragmented action and delays in additional mitigation beyond that of today; and the implications of variations in technology cost, performance, and availability. The literature also includes a small but growing set of scenarios and research exploring the linkage between mitigation and other policy objectives, an increasingly sophisticated treatment of the role of land use in mitigation, and scenarios exploring non-market approaches to mitigation. Two particularly important categories for the discussion in this chapter are non-idealized international implementation scenarios and scenarios with limits on technology cost, performance, or availability. These categories of scenarios are discussed in more detail below.
[bookmark: _Toc525298453]6.2.4 Interpretation of model inability to produce particular scenarios
A question that is often raised about particular stabilization goals and transformation pathways is whether the goals or pathways are ‘feasible’ (see Section 6.1). Integrated models can be helpful in informing this question by providing information about key elements of transformation pathways that might go into assessments of feasibility, such as rates of deployment of energy technologies, rates of reductions in global and regional emissions, aggregate economic costs, financial flows among regions, and links to other policy objectives such as energy security or energy prices. However, beyond cases where physical laws might be violated to achieve a particular scenario (for example, a 2100 carbon budget is exceeded prior to 2100 with no option for negative emissions), these integrated models cannot determine feasibility in an absolute sense.
	
[bookmark: _Toc525298454]6.3.2 Emissions trajectories, concentrations, and temperature in transformation pathways
[bookmark: _Toc525298455]6.3.2.2 The timing of emissions reductions: The influence of technology, policy, and overshoot
The second consideration is technology. The most critical set of technologies in the context of the timing of emission reductions is CDR technologies, which can be used to generate negative emissions (van Vuuren et al., 2007; Edenhofer et al., 2010; Azar et al., 2010, 2013; van Vuuren and Riahi, 2011; Tavoni and Socolow, 2013). In most model studies in the literature, negative emissions are generated via the use of biomass energy with carbon dioxide capture and storage (BECCS), and to a lesser extent, afforestation, though in principle other options could potentially result in negative emissions as well (see Section 6.9). CDR technologies have not been applied yet at large scale. The potential of afforestation is limited, and the use of BECCS is ultimately constrained by the potential for CCS and biomass supply (van Vuuren et al., 2013). CDR technologies have two key implications for transformation pathways. One is that by removing emissions from the atmosphere, CDR technologies can compensate for residual emissions from technologies and sectors with more expensive abatement. The second is that CDR technologies can create net negative emissions flows, which allow faster declines in concentrations in the second half of the century and thus facilitate higher near-term emissions, effectively expanding the potential scope for overshoot. In model comparison studies, many of the models that could not produce scenarios leading to concentrations of about 450 ppm CO2eq by 2100, particularly in combination with delayed or fragmented policy approaches, did not include CDR techniques (Clarke et al., 2009). The vast majority of scenarios with overshoot of greater than 0.4 W / m2 (greater than 20 ppm CO2eq) deploy CDR technologies to an extent that net global CO2 emissions become negative. Evidence is still mixed whether CDR technologies are essential for achieving very low GHG concentration goals (Rose et al., 2013). A limited number of studies have explored scenarios with net negative emissions as large as 20 GtCO2 per year or more (lower panels Figure 6.7), which allow for very substantial delays in emission reductions. However, the majority of studies have explored futures with smaller, but often still quite substantial, contributions of CDR technologies. Technology portfolio assumptions other than CDR technologies (e. g., regarding renewables, CCS, efficiency, and nuclear power) can also have implications for emissions trajectories, although these are often less pronounced and may in fact shift mitigation earlier or later (Rogelj et al., 2012; Eom et al., 2014; Krey et al., 2014; Kriegler et al., 2014a; Riahi et al., 2014).
The intersection of these three factors — overshoot, CDR technologies, and delayed mitigation — can be viewed in the context of emissions pathways over the next several decades, for example, the emissions level in 2030 (Figure 6.8). For a given range of forcing at the end of the century, pathways with the lowest levels in 2030 have higher emissions in the long run and slower rates of decline in the middle of the century. On the other hand, high emissions in 2030 leads to more rapid declines in the medium term and lower or eventually net negative emissions in the long-run, with the pattern exaggerated in a few extreme scenarios exploring deployment of CDR of 20 GtCO2 / yr or more. (See Section 6.4 for a more thorough discussion of the relationship between near-term actions and long-term goals.) Deeper longterm goals also interact with these factors. For example, scenarios leading to concentrations below 430 ppm CO2eq by 2100 (Rogelj et al., 2013a,b; Luderer et al., 2013) feature large-scale application of CDR technologies in the long-term, and most of them have deep emission reductions in the near term.
[bookmark: _Toc525298456]6.3.2.4 Projected CO2 emissions from land use
Scenarios provide a wide range of outcomes for the contribution of CO2 emissions from land use (see Section 11.9 for a sample from a model intercomparison study). However, one difficulty in interpreting this range is that many scenarios were developed from models that do not explicitly look at strategies to reduce net AFOLU CO2 emissions. Nonetheless, the spread in net AFOLU emissions still reflects the implications of land-use related mitigation activities — bioenergy, avoided deforestation, and afforestation — in both models that explicitly represent land use and those that do not (see Section 6.3.5 for a detailed discussion). Some studies emphasize a potential increase in net AFOLU emissions due to bioenergy production displacing forests (van Vuuren et al., 2007; Searchinger et al., 2008; Wise et al., 2009; Melillo et al., 2009; Reilly et al., 2012). Others show a decrease in net AFOLU emissions as a result of decreased deforestation, forest protection, and / or net afforestation enacted as a mitigation measure (e. g. Wise et al., 2009; Popp et al., 2011b; Riahi et al., 2011; Reilly et al., 2012). Wise et al. (2009) show a range of results from a single model, first focusing mitigation policy on the energy sector, thereby emphasizing the bioenergy production effect, and then focusing policy more broadly to also encourage afforestation and slow deforestation. Reilly et al. (2012) conduct a similar analysis, but with more policy design alternatives. However, policies to induce large-scale land-related mitigation will be challenging and actual implementation will affect costs and net benefits (Lubowski and Rose, 2013) (see Section 6.3.5, Section 6.8 and Chapter 11).
[bookmark: _Toc525298457]6.3.2.6 The link between concentrations, radiative forcing, and temperature
For lower-emission scenarios, the MAGICC uncertainty range is more narrow, mainly due to the larger range methodologies representing non-CO2 forcings in the CMIP5 models, as well as the fact that MAGICC does not reflect all of the structural uncertainty represented by the range of CMIP5 models (see panels a and b in Figure 6.12, and WG I Figure 12.8 and Section 12.4.1.2). Uncertainty ranges are largest for emissions driven runs (only available for RCP 8.5 from CMIP5 models), since uncertainties in carbon-cycle feedbacks play a larger role (see also WG I Section 12.4.8.1). The relationship between the cumulative CO2 emissions and the transient temperature increase from MAGICC is well aligned with the CMIP5 model results for the RCP pathways (Figure 6.12 panel c, and WG I Section 12.5.4.2, Figure 12.46, TFE.8 Figure 1). WG I has estimated that a cumulative CO2 emissions budget of around 1000 GtCO2 from 2011 onward is associated with a likely (> 66 %) chance of maintaining temperature change to less than 2 °C. For the database of scenarios assessed here, the majority of scenarios with a greater than 66 % chance of limiting temperature change to less than 2 °C, based on the MAGICC analysis, are those that reach between 430 and 480 ppm CO2eq, and these are associated with cumulative emissions over the century of 630 – 1180 GtCO2 (Table 6.3). The two budgets are not fully comparable, however, since the WG I budget relates to the cumulative emissions at the time of peak warming which are higher than the cumulative emissions until 2100 in overshoot scenarios with net negative emissions by the end of the century. In addition, the WGI AR5 estimate is based on a single scenario for non-CO2 substances, whereas the database assessed here considers a much wider range of non-CO2 emissions.
[bookmark: _Toc525298458]6.3.5 Land and bioenergy in transformation pathways
Scenarios suggest a substantial cost-effective, and possibly essential, role for land in transformation pathways (Section 6.3.2.4 and Section 11.9), with baseline land-use emissions and sequestration an important uncertainty (Section 6.3.1.4). Changes in land use and management will result from a confluence of factors, only some of which are due to mitigation. The key forces associated with mitigation are (1) the demand for bioenergy, (2) the demand to store carbon in land by reducing deforestation, encouraging afforestation, and altering soil management practices, and (3) reductions in non-CO2 GHG emissions by changing management practices. Other forces include demand for food and other products, such as forest products, land for growing urban environments, and protecting lands for environmental, aesthetic, and economic purposes. Currently, only a subset of models explicitly model LUC in scenarios. The development of fully integrated land use models is an important area of model development.
A common, but not universal, characteristic of mitigation scenarios is an expansion of energy cropland to support the production of modern bioenergy. There is also a clear tradeoff in the scenarios between energy cropland cover and other cover types. Most scenarios project reduced non-energy cropland expansion, relative to baseline expansion, with some projections losing cropland relative to today. On the other hand, there are projected pasture changes of every kind. Forest changes depend on the incentives and constraints considered in each scenario. Some of the variations in projected land cover change are attributable to specific assumptions, such as fixed pasture acreage, prioritized food provision, land availability constraints for energy crops, and the inclusion or exclusion of afforestation options (e. g. Popp et al., 2014). Others are more subtle outcomes of combinations of modelling assumption and structure, such as demands for food and energy, land productivity and heterogeneity, yield potential, land-production options, and land-conversion costs.
Which mitigation activities are available or incentivized has important implications for land conversion (Figure 6.19). Bioenergy incentives alone can produce energy cropland expansion, with increased forest and other land conversion (Wise et al., 2009; Reilly et al., 2012). In general, forest land contraction results when increased demand for energy crops is not balanced by policies that incentivize or protect the storage of carbon in terrestrial systems. However, the degree of this forest conversion will depend on a range of factors, including the potential for agricultural intensification and underlying modelling approaches. For example, Melillo et al. (2009) find twice as much forest land conversion by 2050 when they ignore agricultural intensification responses. Forest land expansion is projected when forests are protected, there are constraints on bioenergy deployment levels, or there are combined incentives for bioenergy and terrestrial carbon stocks (e. g., Wise et al., 2009; Reilly et al., 2012, and GCAM-EMF27 in Figure 6.19). Differences in forest land expansion result largely from differences in approaches to incorporating land carbon in the mitigation regime. For example, in Figure 6.19, GCAM-EMF27 (all variants), Wise et al. (2009) (low bioe+land) and Reilly et al. (2012)(low bioe and bioe+land) include an explicit price incentive to store carbon in land, which serves to encourage afforestation and reduce deforestation of existing forests, and discourage energy cropland expansion. In contrast, other scenarios consider only avoided deforestation (REMIND-MAgPIE-EMF27), or land conversion constraints (IMAGE-EMF27). Both protect existing forests, but neither encourages afforestation. In other studies, Melillo et al. (2009) protect existing natural forests based on profitability and Popp et al. (2011a) (not shown) impose conservation policies that protect forest regardless of cost. The explicit pricing of land carbon incentives can lead to large land use carbon sinks in scenarios, and an afforestation incentive or constraint on bioenergy use can result in less land conversion from bioenergy, but not necessarily less land conversion as afforestation may increase.

An important issue with respect to bioenergy, and therefore to land transformation, is the availability and use of BECCS. As discussed in Section 6.3.2, BECCS could be valuable for reaching lower-concentration levels, in part by facilitating concentration overshoot. The availability of CCS could therefore also have land-use implications. Constraints on the use of CCS would prohibit BECCS deployment. However, CCS (for BECCS as well as fossil energy with CCS) may not increase land conversion through 2050 relative to scenarios without BECCS. Instead, the presence of BECCS could decrease near-term energy crop expansion as some models project delayed mitigation with BECCS (Rose et al., 2014a, 6.3.2.2). In addition to biomass feedstock requirements, BECCS land considerations include bioenergy CCS facility land, as well as optimal siting relative to feedstock, geologic storage, and infrastructure.
As noted above, land transformation is tightly linked to the role of bioenergy in mitigation. To understand bioenergy’s role in transformation pathways, it is important to understand bioenergy’s role within the energy system. The review by Chum et al. (2011) estimated technical potential for bioenergy of 300 and 500 EJ / year in 2020 and 2050, respectively, and deployment of 100 to 300 EJ of biomass for energy globally in 2050, while Rose et al. (2012) found bioenergy contributing up to 15 % of cumulative primary energy over the century under climate policies. Rose et al. (2014a) analyze more recent results from 15 models (Figure 6.20). They find that modelled bioenergy structures vary substantially across models, with differences in feedstock assumptions, sustainability constraints, and conversion technologies. Nonetheless, the scenarios project increasing deployment of, and dependence on, bioenergy with tighter climate change goals, both in a given year as well as earlier in time. Shares of total primary energy increase under climate policies due to both increased deployment of bioenergy and shrinking energy systems. Bioenergy’s share of total regional electricity and liquid fuels is projected to be up to 35 % and 75 %, respectively, by 2050. However, there is no single vision about where biomass is cost-effectively deployed within the energy system (electricity, liquid fuels, hydrogen, and / or heat), due in large part to uncertainties about relative technology options and costs over time. (See Chapter 7 for more detail on bioenergy’s role in energy supply.) As noted above, the availability of CCS, and therefore BECCS, has important implications for bioenergy deployment. In scenarios that do include BECCS technologies, BECCS is deployed in greater quantities and earlier in time the more stringent the goal, potentially representing 100 % of bioenergy in 2050 (Figure 6.20).
[bookmark: _Toc525298459]6.3.6 The aggregate economic implications of transformation pathways
[bookmark: _Toc525298460]6.3.6.3 The implications of technology portfolios for aggregate global economic costs
Because technology will underpin the transition to a low-carbon economy, the availability, cost, and performance of technologies will exert an influence on economic costs. Several multi-model studies and a wide range of individual model studies have explored this space (see Section 6.1.2.2). A precise understanding of the implications of technology availability on costs is confounded by several factors. One issue is that the sensitivities among technologies are not necessarily comparable across models or scenarios. Some models do not represent certain technologies such as BECCS and therefore do not exhibit a strong cost increase if these options are restricted. These models may instead have difficulties in achieving tighter concentration goals regardless of the restriction (Krey et al., 2014). In addition, assumptions about cost and performance can vary across models, even within a single, multi-model study. Moreover, many limited technology scenarios are characterized by frequent model infeasibilities, as shown by the fraction of models in the EMF27 study (Kriegler et al., 2014a) able to meet a particular goal with different technology combinations at the bottom of Figure 6.24. (See Section 6.2.4 regarding interpretation of model infeasibility).
Despite these limitations, the literature broadly confirms that mitigation costs are heavily influenced by the availability, cost, and performance of mitigation technologies. In addition, these studies indicate that the influence of technology on costs generally increases with increasing stringency of the concentration goal (Figure 6.24). The effect on mitigation costs varies by technology, however, the ranges reported by the different models tend to strongly overlap (Figure 6.24, Krey et al., 2014), reflecting the general variation of mitigation costs across models (Section 6.3.6.2, Fisher et al., 2007). In general, models have been able to produce scenarios leading to about 550 ppm CO2eq by 2100, even under limited technology assumptions. However, many models could not produce scenarios leading to about 450 ppm CO2eq by 2100 with limited technology portfolios, particularly when assumptions preclude or limit the use of BECCS (Azar et al., 2006; van Vliet et al., 2009; Krey et al., 2014; Kriegler et al., 2014a).
As noted above, the lack of availability of CCS is most frequently associated with the most significant cost increase (Edenhofer et al., 2010; Tavoni et al., 2012; Krey et al., 2014; Kriegler et al., 2014a; Riahi et al., 2014), particularly for concentration goals approaching 450 ppm CO2eq, which are characterized by often substantial overshoot. One fundamental reason for this is that the combination of biomass with CCS can serve as a CDR technology in the form of BECCS (Azar et al., 2006; Krey and Riahi, 2009; van Vliet et al., 2009; Edmonds et al., 2013; Kriegler et al., 2013a; van Vuuren et al., 2013) (see Sections 6.3.2 and 6.9). In addition to the ability to produce negative emissions when coupled with bioenergy, CCS is a versatile technology that can be combined with electricity, synthetic fuel, and hydrogen production from several feedstocks and in energy-intensive industries such as cement and steel. The CCS can also act as bridge technology that is compatible with existing fossil-fuel dominated supply structures (see Sections 7.5.5, 7.9, and 6.9 for a discussion of challenges and risks of CCS and CDR). Bioenergy shares some of these characteristics with CCS. It is also an essential ingredient for BECCS, and it can be applied in various sectors of the energy system, including for the provision of liquid low-carbon fuels for transportation (see Chapter 11, Bioenergy Annex for a discussion of related challenges and risks). In contrast, those options that are largely confined to the electricity sector (e. g., wind, solar, and nuclear energy) and heat generation tend to show a lower value, both because they cannot be used to generate negative emissions and because there are a number of low-carbon electricity supply options available that can generally substitute each other (Krey et al., 2014).
[bookmark: _Toc525298461]6.3.6.4 Economic implications of non-idealized international mitigation policy implementation
Studies have consistently found that delays through 2030 have substantially more profound aggregate economic implications than delays through 2020, both in terms of higher transitional impacts due to more rapidly increasing mitigation costs at the time of adopting the longterm strategy and higher long-term costs (Kriegler et al., 2013b; Rogelj et al., 2013a; Luderer et al., 2014a). This is directly related to prolonged delays in mitigation leading to both larger carbon lock-ins and higher short term emissions that need to be compensated by deeper emissions cuts in the long run (Sections 6.3.2 and 6.4). Moreover, delayed mitigation further increases the dependence on the full availability of mitigation options, especially on CDR technologies such as BECCS (Luderer et al., 2013; Rogelj et al., 2013b; Riahi et al., 2014). (See Section 6.3.6.3, Section 6.4).
[bookmark: _Toc525298462]Box 6.2
The literature on the transformation pathways has also indicated the need for large deployment of low-carbon technologies. These projections pose critical challenges and uncertainties for LDCs when taking into account issues related to deployment, institutions and program design, and non-climate socioeconomic implications. In particular, many scenarios rely on technologies with potentially large land footprints, such as bioenergy and afforestation or reforestation, to achieve mitigation goals. The scenarios surveyed in the chapter universally project the majority of bioenergy primary energy will occur in developing economies (50 – 90 % in non-OECD in 2050, see Section 6.3.5). These abatement patterns imply significant challenges for developing countries in general, and LDCs in particular, where large land-use abatement potentials lie.

6.4 Integrating long- and short-term perspectives
[bookmark: _Toc525298463]6.4.2 Near-term emissions and long-term transformation pathways
A second distinction that can play a critical role is the extent to which CDR options are available and deployed. In scenarios designed with a forcing goal applied only at the end of the century, particularly concentrations in the range of 430 – 530 ppm CO2eq, idealized implementation scenarios often choose to temporarily overshoot the 2100 concentration (Section 6.3.2). As noted in Section 6.3.2, CDR options, typically represented in integrated models by BECCS but also afforestation in some cases, facilitate more rapid declines in emissions, amplifying this overshoot pattern (Krey et al., 2014). A large number of scenarios reaching CO2eq concentrations below 530 ppm CO2eq by 2100 deploy CDR technologies at large enough scales that net global emissions become negative in the second half of the century. The availability of CDR options, as well as the representation of intertemporal flexibility, varies significantly across models and studies. The spread in reliance on CDR options across scenarios reveals a strong impact on the timing of emissions pathways. In scenarios reaching the 2100 concentration range of 430 – 530 ppm CO2eq in which global net CO2 emissions remain positive through the century, near-term emissions are generally lower than if the scenario deploys CDR technologies to a large enough scale to lead to net negative total global CO2 emissions later in the century (Figure 6.31, top panel). More generally, the scenarios indicate that a reliance on large-scale CDR, whether or not emissions become net negative, leads to higher near-term emissions (van Vuuren and Riahi, 2011).
The interaction between delayed mitigation and CDR options is also important. Very few scenarios are available to demonstrate emissions pathways consistent with 2100 concentrations of 430 – 530 ppm CO2eq in which mitigation effort is delayed in some form and global carbon emissions do not become net negative. Whether these circumstances are not represented because they have been under-examined or because they have been examined and the scenarios failed is a crucial distinction, yet one that it is currently not possible to fully report (see discussion of model infeasibility in Section 6.3.2). However, there are instances where the combination of delay and limited options for CDR has been explored and has resulted in model infeasibilities (Luderer et al., 2013; Rogelj et al., 2013b; Riahi et al., 2014), which supports the notion that this combination presents important challenges. For example, in the AMPERE study, seven out of nine models could not produce a scenario with global delay through 2030 and a restriction on CCS technology that reached 450 CO2eq by 2100 (one of the remaining two had net negative global emissions through other channels and the other did not run past 2050). Several individual modelling team studies have also explored this space, and have found situations in which they could not reach solutions for more ambitious goals and delayed mitigation or constrained technology, including O’Neill et al. (2010), Edmonds et al. (2008), and Edmonds et al. (2013). Studies have found that delayed reductions through 2020 do not have as substantial an effect on the cost and challenge more broadly of meeting 2100 concentration levels such as 450 ppm CO2eq as delayed reductions through 2030 (Kriegler et al., 2013b; Luderer et al., 2013; Rogelj et al., 2013b) 
The implications of delayed mitigation, CDR options, and overshoot for possible temperature outcomes are also significant. Numerous studies have attempted to place the possible outcome of the Cancún Agreements in the context of longer-term climate goals (Höhne et al., 2012; UNEP, 2012). Due to the factors discussed above, but also variation in assumptions about baseline growth, mitigation costs, tradeoffs between sectors such as energy and land use, and the evolution of non-gas forcing agents, models have found that a wide range of near-term emissions could be consistent with a given long-term outcome. Among scenarios with 2100 concentrations between 430 and 530 ppm CO2eq, focusing on those scenarios in the AR5 database for which temperature implications were calculated (see Section 6.3.2), near-term global emissions range from 22 to 56 GtCO2eq in 2020 and from 18 to 66 GtCO2eq in 2030 (Figure 6.31, top panel). However, based on the MAGICC results, not all pathways in this range are consistent with at least a 50 % chance of remaining below 2 °C, in particular those that rely on net negative global emissions. Pathways reaching the same 2100 concentration with higher emissions in 2030 tend to have more overshoot; when forcing stays higher for longer, the likelihood of reaching a temperature threshold increases. Based on the MAGICC results, very few scenarios in the 430 – 530 ppm CO2eq range have a 50 % chance of remaining below 1.5 °C, and none with delay or limited deployment of CDR technologies; most have a probability between 0 and 25 %. A few studies have explored scenarios that lead to concentrations below 430 ppm CO2eq in 2100 (e. g., Luderer et al., 2013, Rogelj et al., 2013a, b), some of which have been found to have more than a 66 % chance of returning to 1.5 °C by the end of the century after peaking at higher levels; these scenarios are characterized by immediate emissions reductions followed by very low mid-century emissions and extensive deployment of CDR technologies. Based on the MAGICC results, nearly all scenarios reaching 2100 concentrations in the range of 530 – 650 ppm CO2eq, have a greater than 50 % chance of exceeding 2 °C by 2100, but many have a probability of less than 50 % of exceeding 2.5 °C (Figure 6.31, bottom panel). Because of the higher long-term forcing range, some growth in emissions can occur, and the preferred leastcost range is similar to the delayed range and largely consistent with the global GHG emissions reductions through 2020 implied by the Cancún Pledges (see Section 13.13.1.3).
Whether due to delayed mitigation or widespread use of CDR options or some combination of the two, higher levels of emissions in the nearterm imply an emissions pathway shifted in time, resulting in steeper reductions later to remain consistent with a given long-term forcing goal. As discussed in Section 6.3.2, emissions in 2030 have been used as a rough indicator for understanding the relationship between nearterm and long-term mitigation. Higher emissions in 2030 require more rapid decreases in emissions from 2030 through 2050, both to make up for the larger cumulative emissions up through 2030 and because emissions must be reduced from a higher 2030 level (Figure 6.32). Emissions decline rates for any scenario that meets 2100 concentration goals such as 450 or 550 ppm CO2eq must at some point push beyond historical experience, because emissions have in general followed growth, with past instances of decline associated only with large-scale disruptions such as the collapse of the Soviet Union or special cases of policy intervention such as France and Sweden (see Chapter 5). Less mitigation over the coming decades will only exacerbate the required departure from the past to meet long-term goals — pathways with emissions above 55 GtCO2eq in 2030 indicate decline rates between 2030 and 2050 of around 6 % for scenarios in the range of 430 – 530 ppm CO2eq in 2100 (Figure 6.32).
6.6 Sustainable development and transformation pathways, taking into account differences across regions
[bookmark: _Toc525298464]6.6.2 Transformation pathways studies with links to other policy objectives
[bookmark: _Toc525298465]6.6.2.5 Biodiversity conservation
The primary biodiversity-related side-effects from mitigation involve the potentially large role of reforestation and afforestation efforts and of bioenergy production. These elements of mitigation strategy could either impose risks or lead to co-benefits, depending on where and how they are implemented (see Table 6.7). The integrated modelling literature does not at this time provide an explicit enough treatment of these issues to effectively capture the range of transformation pathways. One study (PBL, 2012) suggests that it is possible to stabilize average global biodiversity at the 2020 / 2030 level (MSA = 65 %) by 2050 even if land-use mitigation measures are deployed. Such an achievement represents more than a halving of all biodiversity loss projected to occur by mid-century in the baseline scenario and is interpreted to be in accordance with the Aichi Biodiversity Targets (CBD, 2010). Of critical importance in this regard are favourable institutional and policy mechanisms for reforestation / afforestation and bioenergy that complement mitigation actions (as described in Section 11.13).
[bookmark: _Toc525298466]6.6.2.6 Water use
Renewable energy technologies such as solar PV and wind power will reduce freshwater withdrawals for thermal cooling relative to fossil alternatives. On the other hand, CCS and some forms of renewable energy, especially bioenergy, could demand a significant amount of water (see Table 6.7 and Section 7.9.2). For bioenergy in particular, the overall effect will depend importantly on which feedstocks are grown, where, and if they require irrigation (see Section 11.13.7). Similarly, reforestation and afforestation efforts, as well as attempts to avoid deforestation, will impact both water use and water quality. The net effects could be either positive (Townsend et al., 2012) or negative (Jackson et al., 2005), depending on the local situation (see Section 11.7).

[bookmark: _Toc525298467]6.5.1 Technological change
A primary question regarding technological change is whether current technology is sufficient for the deep emissions reductions ultimately needed to stabilize GHG concentrations. Arguments have been made on both sides of this debate (see Hoffert et al. (2002), and Pacala and Socolow (2004), for complementary perspectives on this question). The integrated modelling literature provides limited information regarding the sufficiency of current technology, because virtually all baseline and mitigation scenarios assume that technology will improve significantly over time, especially for technologies with a large potential for advancement (see Riahi et al., 2013, and van der Zwaan et al., 2013, for two recent cross-model comparison examples). There is generally more agreement about the rate of incremental cost and performance improvements for mature technologies than for emerging technologies upon which transformation pathways may depend (see McCollum et al., 2013b, for a cross-model study on the investment dimension of this matter). Nonetheless, the literature makes clear that improvements in technology and the availability of advanced technologies can dramatically alter the costs of climate change mitigation (see also Section 6.3.6.3). The current scientific literature also emphasizes that the development and deployment of CDR technologies (see Section 6.9), are a further requirement for particular transformation pathways, for example those leading to 450 ppm CO2eq by 2100 yet assuming substantial near-term delays in mitigation.
6.7 Risks of transformation pathways
The various risks associated with transformation pathways can be grouped into several categories, and many of these are discussed elsewhere in this chapter. One set of risks is associated with the linkage of mitigation with other policy objectives, such as clean air, energy security, or energy access. These linkages may be positive (co-benefits) or negative (risks). These relationships are discussed in Section 6.6. Another set of risks is associated with the possibility that particular mitigation measures might be taken off the table because of perceived negative side-effects and that stabilization will prove more challenging that what might have been expected (Strachan and Usher, 2012). These issues are discussed in Section 6.3 as well as elsewhere in the chapter, including Section 6.9 for CDR options. Another risk is that the economic costs may be higher or lower than anticipated, because the implications of mitigation cannot be understood with any degree of certainty today, for a wide range of reasons. This issue is discussed in Section 6.3.6. It is important to emphasize that both the economic costs and the economic benefits of mitigation are uncertain. One of the most fundamental risks associated with mitigation is that any transformation pathway may not maintain temperatures below a particular threshold, such as 2 °C or 1.5 °C above preindustrial levels due to limits in our understanding of the relationship between emissions and concentrations and, more importantly, the relationship between GHG concentrations and atmospheric temperatures. This topic is discussed in Section 6.3.2.
A broad risk that underpins all the mitigation scenarios in this chapter is that every long-term pathway depends crucially not just on actions by today’s decision makers, but also by future decision-makers and future generations. Indeed, mitigation must be framed within a sequential decision making not just because it is good practice, but more fundamentally because decision makers today cannot make decisions for those in the future. A consistent risk is that future decision makers may not undertake the mitigation that is required to meet particular longterm goals. In this context, actions today can be seen as creating or limiting options to manage risk rather than leading to particular goals. This topic is discussed in Sections 6.3 and 6.4 through the exploration of the consequences of different levels of near-term mitigation. This issue is particularly important in the context of scenarios that lead to concentration goals such as 450 ppm CO2eq by 2100. The vast majority of these scenarios temporarily overshoot the long-term goal and then descend to it by the end of the century through increasing emissions reductions. When near-term mitigation is not sufficiently strong, future mitigation must rely heavily on CDR technologies such as BECCS, putting greater pressure on future decision makers and highlighting any uncertainties and risks surrounding these technologies. While these scenarios are possible in a physical sense, they come with a very large risk that future decision makers will not take on the ambitious action that would ultimately be required. Indeed, studies have shown that delayed and fragmented mitigation can lead to a relaxation of long-term goals if countries that delay their participation in a global mitigation strategy are not willing or unable to pick up the higher costs of compensating higher short-term emissions (Blanford et al., 2014; Kriegler et al., 2014c).
6.7 Risks of transformation pathways
A broad risk that underpins all the mitigation scenarios in this chapter is that every long-term pathway depends crucially not just on actions by today’s decision makers, but also by future decision-makers and future generations. Indeed, mitigation must be framed within a sequential decision making not just because it is good practice, but more fundamentally because decision makers today cannot make decisions for those in the future. A consistent risk is that future decision makers may not undertake the mitigation that is required to meet particular longterm goals. In this context, actions today can be seen as creating or limiting options to manage risk rather than leading to particular goals. This topic is discussed in Sections 6.3 and 6.4 through the exploration of the consequences of different levels of near-term mitigation. This issue is particularly important in the context of scenarios that lead to concentration goals such as 450 ppm CO2eq by 2100. The vast majority of these scenarios temporarily overshoot the long-term goal and then descend to it by the end of the century through increasing emissions reductions. When near-term mitigation is not sufficiently strong, future mitigation must rely heavily on CDR technologies such as BECCS, putting greater pressure on future decision makers and highlighting any uncertainties and risks surrounding these technologies. While these scenarios are possible in a physical sense, they come with a very large risk that future decision makers will not take on the ambitious action that would ultimately be required. Indeed, studies have shown that delayed and fragmented mitigation can lead to a relaxation of long-term goals if countries that delay their participation in a global mitigation strategy are not willing or unable to pick up the higher costs of compensating higher short-term emissions (Blanford et al., 2014; Kriegler et al., 2014c).
6.8 Integrating sector analyses and transformation scenarios
[bookmark: _Toc525298468]6.8.1 The sectoral composition of GHG emissions along transformation pathways
Options for reducing GHG emissions exist across a wide spectrum of human activities. The majority of these options fall into three broad areas: energy supply, energy end-use, and AFOLU. The primary focus of energy supply options is to provide energy from low- or zero-carbon energy sources; that is, to decarbonize energy supply. Options in energy end-use sectors focus either on reducing the use of energy and / or on using energy carriers produced from low-carbon sources, including electricity generated from low-carbon sources. Direct options in AFOLU involve storing carbon in terrestrial systems (for example, through afforestation). This sector is also the source of bioenergy. Options to reduce non-CO2 emissions exist across all these sectors, but most notably in agriculture, energy supply, and industry.
[bookmark: _Toc525298469]6.8.2 Mitigation from a cross-sectoral perspective: Insights from integrated models
In mitigation scenarios from integrated models, decarbonization of the electricity sector takes place at a pace more rapid than reduction of direct emissions in the energy end-use sectors (see Sections 7.11.3 and Figure 6.35). For example, in 450 ppm CO2eq scenarios, the electricity sector is largely decarbonized by 2050, whereas deep reductions in direct emissions in the end-use sectors largely arise beyond mid-century. More so than any other energy supply technology, the availability of BECCS and its role as a primary CDR technology (Sections 6.3.2 and 6.9) has a substantial effect on this dynamic, allowing for energy supply sectors to serve as a net negative emissions source by mid-century and allowing for more gradual emissions reductions in other sectors. In contrast, sectoral studies show available pathways to deep reductions in emissions (both direct and indirect) already by mid-century (see, e. g., Chapter 9).
Within the end-use sectors, deep emissions reductions in transport are generally the last to emerge in integrated modelling studies because of the assumption that options to switch to low-carbon energy carriers in transport are more limited than in buildings and industry, and also because of the expected high growth for mobility and freight transport (Section 8.9.1). In the majority of baseline scenarios from integrated models, net AFOLU CO2 emissions largely disappear by mid-century, with some models projecting a net sink after 2050 (Section 6.3.1.4). There is a wide uncertainty in the role of afforestation and reforestation in mitigation, however. In some mitigation scenarios the AFOLU sectors can become a significant carbon sink (Section 6.3.2.4).
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Virtually all integrated modelling studies indicate that decarbonization of electricity is critical for mitigation, but there is no general consensus regarding the precise low-carbon technologies that might support this decarbonization (Fischedick et al., 2011; Clarke et al., 2012) (Section 7.11.3). These studies have presented a wide range of combinations of renewable energy sources (Krey and Clarke, 2011; Luderer et al., 2014b), nuclear power (Bauer et al., 2012; Rogner and Riahi, 2013), and CCS-based technologies (McFarland et al., 2009; Bauer et al., 2014a; McCollum et al., 2014a; van der Zwaan et al., 2014) as both viable and cost-effective (see Section 7.11). The breadth of different, potentially cost-effective strategies raises the possibility not only that future costs and performances of competing electricity technologies are uncertain today, but also that regional circumstances, including both energy resources and links to other regional objectives (e. g., national security, local air pollution, energy security, see Section 6.6), might be as important decision making factors as economic costs (Krey et al., 2014). The one exception to this flexibility in energy supply surrounds the use of BECCS. CDR technologies such as BECCS are fundamental to many scenarios that achieve low-CO2eq concentrations, particularly those based on substantial overshoot as might occur if near-term mitigation is delayed (Sections 6.3.2 and 6.4). In contrast to the electricity sector, decarbonization of the non-electric energy-supply sector (e. g., liquid fuels supply) is progressing typically at much lower pace (Section 7.11.3, Figures 7.14 and 7.15) and could therefore constitute a bottleneck in the transformation process.
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This evolution can be clearly seen through a comparison of direct and indirect emissions in end-use sectors in integrated modelling scenarios (Figure 6.36). In 2010, the largest part of emissions from the buildings sector are the indirect emissions from electricity. This trend continues in baseline scenarios (Figure 6.36). However, in deep emission-reduction scenarios, indirect emissions from electricity are largely eliminated by 2050, and in many scenarios, the electricity sector even becomes a sink for CO2 through the use of BECCS (Figure 6.35, left panel). There are only minimal indirect emissions from electricity in the transport sector today and by 2050 in mitigation scenarios. Those scenarios that decarbonize the transportation sector through electrification do so by taking advantage of a largely decarbonized electricity sector. The industrial sector lies between the buildings and transport sectors. Of importance, the observed trends can be very regional in character. For example, the value of electrification will be higher in countries or regions that already have low-carbon electricity portfolios.
[bookmark: _Toc525298472]6.8.5 Options for bioenergy production, reducing land-use change emissions, and creating land-use GHG sinks
As noted in Section 6.3.5, land use has three primary roles in mitigation: bioenergy production, storage of carbon in terrestrial systems, mitigation of non-CO2 GHGs. It also influences mitigation through biogeophysical factors such as albedo. Integrated modelling studies are the primary means by which the tradeoffs and synergies between these different roles, in particular the first two, might unfold over the rest of the century. The integrated modelling studies sketch out a wide range of ways in which these forces might affect the land surface, from widespread afforestation under comprehensive climate policies to widespread deforestation if carbon storage on land is not included in the mitigation policy (Sections 6.3.5 and 11.9).
Sectoral studies complement integrated modelling studies by exploring the ability of policy and social structures to support broad changes in land-use practices over time (Section 11.6). In general, sectoral studies point to the challenges associated with making large-scale changes to the land surface in the name of mitigation, such as challenges associated with institutions, livelihoods, social and economic concerns, and technology and infrastructure. These challenges raise questions about transformation pathways (Section 11.6). For example, although increasing the land area covered by natural forests could enhance biodiversity and a range of other ecosystem services, afforestation occurring through large-scale plantations could negatively impact biodiversity, water, and other ecosystem services (Sections 11.7 and 11.13.6). Similarly, the use of large land areas for afforestation or dedicated feedstocks for bioenergy could increase food prices and compromise food security if land normally used for food production is converted to bioenergy or forests (Section 11.4). The degree of these effects is uncertain and depends on a variety of sector-specific details regarding intensification of land use, changes in dietary habits, global market interactions, and biophysical characteristics and dynamics. The implications of transformation pathways that rely heavily on reductions of non-CO2 GHGs from agriculture depend on whether mitigation is achieved through reduced absolute emissions, or through reduced emissions per unit of agricultural product (Section 11.6), and the role of large-scale intensive agriculture, which has often not been implemented sustainably (e. g., large areas of monoculture food or energy crops or intensive livestock production, potentially damaging ecosystem services). Furthermore, sector studies are beginning to elucidate implementation issues, such as the implications of staggered and / or partial regional adoption of land mitigation policies, as well as institutional design. For example, realizing large-scale bioenergy without compromising the terrestrial carbon stock might require strong institutional conditions, such as an implemented and enforced global price on land carbon. Finally, sector studies will continue to provide revised and new characterizations of mitigation technologies that can be evaluated in a portfolio context (Section 11.9). 
6.9 Carbon and radiation management and other geo-engineering options including environmental risks
Some scientists have argued that it might be useful to consider, in addition to mitigation and adaptation measures, various intentional interventions into the climate system as part of a broader climate policy strategy (Keith, 2000; Crutzen, 2006). Such technologies have often been grouped under the blanket term ‘geoengineering’ or, alternatively, ‘climate engineering’ (Keith, 2000; Vaughan and Lenton, 2011). Calls for research into these technologies have increased in recent years (Caldeira and Keith, 2010; Science and Technology Committee, 2010), and several assessments have been conducted (Royal Society, 2009; Edenhofer et al., 2011; Ginzky et al., 2011; Rickels et al., 2011). Two categories of geoengineering are generally distinguished. Removal of GHGs, in particular carbon dioxide termed ‘carbon dioxide removal’ or CDR, would reduce atmospheric GHG concentrations. The boundary between some mitigation and some CDR methods is not always clear (Boucher et al., 2011, 2013). ‘Solar radiation management’ or SRM technologies aim to increase the reflection of sunlight to cool the planet and do not fall within the usual definitions of mitigation and adaptation. Within each of these categories, there is a wide range of techniques that are addressed in more detail in Sections 6.5 and 7.7 of the WG I report. 
Many geoengineering technologies are presently only hypothetical. Whether or not they could actually contribute to the avoidance of future climate change impacts is not clear (Blackstock et al., 2009; Royal Society, 2009). Beyond open questions regarding environmental effects and technological feasibility, questions have been raised about the sociopolitical dimensions of geoengineering and its potential implications for climate politics (Barrett, 2008; Royal Society, 2009; Rickels et al., 2011). In the general discussion, geoengineering has been framed in a number of ways (Nerlich and Jaspal, 2012; Macnaghten and Szerszynski, 2013; Luokkanen et al., 2013; Scholte et al., 2013), for instance, as a last resort in case of a climate emergency (Blackstock et al., 2009; McCusker et al., 2012), or as a way to buy time for implementing conventional mitigation (Wigley, 2006; Institution of Mechanical Engineers, 2009; MacCracken, 2009). Most assessments agree that geoengineering technologies should not be treated as a replacement for conventional mitigation and adaptation due to the high costs involved for some techniques, particularly most CDR methods, and the potential risks, or pervasive uncertainties involved with nearly all techniques (Royal Society, 2009; Rickels et al., 2011). The potential role of geoengineering as a viable component of climate policy is yet to be determined, and it has been argued that geoengineering could become a distraction from urgent mitigation and adaptation measures (Lin; Preston, 2013).
[bookmark: _Toc525298473]6.9.1 Carbon Dioxide Removal
[bookmark: _Toc525298474]6.9.1.1 Proposed carbon dioxide removal methods and characteristics
Proposed CDR methods involve removing CO2 from the atmosphere and storing the carbon in land, ocean, or geological reservoirs. These methods vary greatly in their estimated costs, risks to humans and the environment, potential scalability, and notably in the depth of research about their potential and risks. Some techniques that fall within the definition of CDR are also regarded as mitigation measures such as afforestation and BECCS (see Glossary). The term ‘negative emissions technologies’ can be used as an alternative to CDR (McGlashan et al., 2012; McLaren, 2012; Tavoni and Socolow, 2013).
The WG I report (Section 6.5.1) provides an extensive but not exhaustive list of CDR techniques (WG I Table 6.14). Here only techniques that feature more prominently in the literature are covered. This includes (1) increased land carbon sequestration by reforestation and afforestation, soil carbon management, or biochar (see WG III Chapter 11); (2) increased ocean carbon sequestration by ocean fertilization; (3) increased weathering through the application of ground silicates to soils or the ocean; and (4) chemical or biological capture with geological storage by BECCS or direct air capture (DAC). CDR techniques can be categorized in alternative ways. For example, they can be categorized (1) as industrial technologies versus ecosystem manipulation; (2) by the pathway for carbon dioxide capture (e. g. McLaren, 2012; Caldeira et al., 2013); (3) by the fate of the stored carbon (Stephens and Keith, 2008); and (4) by the scale of implementation (Boucher et al., 2013). Removal of other GHGs, e. g., CH4 and N2O, have also been proposed (Boucher and Folberth, 2010; de Richter and Caillol, 2011; Stolaroff et al., 2012). 
All CDR techniques have a similar slow impact on rates of warming as mitigation measures (van Vuuren and Stehfest, 2013) (see WG I Section 6.5.1). An atmospheric ‘rebound effect’ (see WG I Glossary) dictates that CDR requires roughly twice as much CO2 removed from the atmosphere for any desired net reduction in atmospheric CO2 concentration, as some CO2 will be returned from the natural carbon sinks (Lenton and Vaughan, 2009; Matthews, 2010). Permanence of the storage reservoir is a key consideration for CDR efficacy. Permanent (larger than tens of thousands of years) could be geological reservoirs while nonpermanent reservoirs include oceans and land (the latter could, among others, be affected by the magnitude of future climate change) (see WG I Section 6.5.1). Storage capacity estimates suggest geological reservoirs could store several thousand GtC; the oceans a few thousand GtC in the long term, and the land may have the potential to store the equivalent to historical land-use loss of 180 ±  80 GtC (also see Table 6.15 of WG I)(IPCC, 2005; House et al., 2006; Orr, 2009; Matthews, 2010). 
Ocean fertilization field experiments show no consensus on the efficacy of iron fertilization (Boyd et al., 2007; Smetacek et al., 2012). Modelling studies estimate between 15 ppm and less than 100 ppm drawdown of CO2 from the atmosphere over 100 years (Zeebe and Archer, 2005; Cao and Caldeira, 2010) while simulations of mechanical upwelling suggest 0.9 Gt / yr (Oschlies et al., 2010). The latter technique has not been field tested. There are a number of possible risks including downstream decrease in productivity, expanded regions of low-oxygen concentration, and increased N2O emissions (See WG I Section 6.5.3.2) (low confidence). Given the uncertainties surrounding effectiveness and impacts, this CDR technique is at a research phase with no active commercial ventures. Furthermore, current international governance states that marine geoengineering including ocean fertilization is to be regulated under amendments to the London Convention / London Protocol on the Prevention of Marine Pollution by Dumping of Wastes and Other Matter, only allowing legitimate scientific research (Güssow et al., 2010; International Maritime Organization, 2013).
Enhanced weathering on land using silicate minerals mined, crushed, transported, and spread on soils has been estimated to have a potential capacity, in an idealized study, of 1 GtC / yr (Köhler et al., 2010). Ocean-based weathering CDR methods include use of carbonate or silicate minerals processed or added directly to the ocean (see WG I Section 6.5.2.3). All of these measures involve a notable energy demand through mining, crushing, and transporting bulk materials. Preliminary hypothetical cost estimates are in the order of 23 – 66 USD / tCO2 (Rau and Caldeira, 1999; Rau et al., 2007) for land and 51 – 64 USD / tCO2 for ocean methods (McLaren, 2012). The confidence level on the carbon cycle impacts of enhanced weathering is low (WG I Section 6.5.3.3). 
The use of CCS technologies (IPCC, 2005) with biomass energy also creates a carbon sink (Azar et al., 2006; Gough and Upham, 2011). BECCS is included in the RCP 2.6 (van Vuuren et al., 2007, 2011b) and a wide range of scenarios reaching similar and higher concentration goals. From a technical perspective, BECCS is very similar to a combination of other techniques that are part of the mitigation portfolio: the production of bio-energy and CCS for fossil fuels. Estimates of the global technical potential for BECCS vary greatly ranging from 3 to more than 10 GtCO2 / yr (Koornneef et al., 2012; McLaren, 2012; van Vuuren et al., 2013), while initial cost estimates also vary greatly from around 60 to 250 USD / tCO2 (McGlashan et al., 2012; McLaren, 2012). Important limiting factors for BECCS include land availability, a sustainable supply of biomass and storage capacity (Gough and Upham, 2011; McLaren, 2012). There is also a potential issue of competition for biomass under bioenergy-dependent mitigation pathways.
Direct air capture uses a sorbent to capture CO2 from the atmosphere and the long-term storage of the captured CO2 in geological reservoirs (GAO, 2011; McGlashan et al., 2012; McLaren, 2012). There are a number of proposed capture methods including adsorption of CO2 using amines in a solid form and the use of wet scrubbing systems based on calcium or sodium cycling. Current research efforts focus on capture methodologies (Keith et al., 2006; Baciocchi et al., 2006; Lackner, 2009; Eisenberger et al., 2009; Socolow et al., 2011) with storage technologies assumed to be the same as CCS (IPCC, 2005). A U. S. Government Accountability Office (GAO) (2011) technology assessment concluded that all DAC methods were currently immature. A review of initial hypothetical cost estimates, summarizes 40 – 300 USD / tCO2 for supported amines and 165 – 600 USD / tCO2 for sodium or calcium scrubbers (McLaren, 2012) reflecting an ongoing debate across very limited literature. Carbon dioxide captured through CCS, BECCS, and DAC are all intended to use the same storage reservoirs (in particular deep geologic reservoirs), potentially limiting their combined use under a transition pathway.
[bookmark: _Toc525298475]6.9.1.2 Role of Carbon Dioxide Removal in the context of transformation pathways
Two of the CDR techniques listed above, BECCS and afforestation, are already evaluated in the current integrated models. For concentration goals on the order of 430 – 530 ppm CO2eq by 2100, BECCS forms an essential component of the response strategy for climate change in the majority of scenarios in the literature, particularly in the context of concentration overshoot. As discussed in Section 6.2.2, BECCS offers additional mitigation potential, but also an option to delay some of the drastic mitigation action that would need to happen to reach lower GHG-concentration goals by the second half of the century. In scenarios aiming at such low-concentration levels, BECCS is usually competitive with conventional mitigation technologies, but only after these have been deployed at very large scale (see Azar et al., 2010; Tavoni and Socolow, 2013). At same time, BECCS applications do not feature in less ambitious mitigation pathways (van Vuuren et al., 2011a). Key implications of the use of BECCS in transition pathways is that emission reduction decisions are directly related to expected availability and deployment of BECCS in the second half of the century and that scenarios might temporarily overshoot temperature or concentration goals.
The vast majority of scenarios in the literature show CO2 emissions of LUC become negative in the second half of the century — even in the absence of mitigation policy (see Section 6.3.2). This is a consequence of demographic trends and assumptions on land-use policy. Additionally afforestation as part of mitigation policy is included in a smaller set of models. In these models, afforestation measures increase for lower-concentration categories, potentially leading to net uptake of carbon of around 10 GtCO2 / yr.
There are broader discussions in the literature regarding the technological challenges and potential risks of large-scale BECCS deployment. The potential role of BECCS will be influenced by the sustainable supply of large-scale biomass feedstock and feasibility of capture, transport, and long-term underground storage of CO2 as well as the perceptions of these issues. The use of BECCS faces large challenges in financing, and currently no such plants have been built and tested at scale. Integrated modeling studies have therefore explored the sensitivities regarding the availability of BECCS in the technology portfolio by limiting bioenergy supply or CCS storage (Section 6.3.6.3).
Only a few papers have assessed the role of DAC in mitigation scenarios (e. g. Keith et al., 2006; Keller et al., 2008a; Pielke Jr, 2009; Nemet and Brandt, 2012; Chen and Tavoni, 2013). These studies generally show that the contribution of DAC hinges critically on the stringency of the concentration goal, the costs relative to other mitigation technologies, time discounting and assumptions about scalability. In these models, the influence of DAC on the mitigation pathways is similar to that of BECCS (assuming similar costs). That is, it leads to a delay in short-term emission reduction in favour of further reductions in the second half of the century. Other techniques are even less mature and currently not evaluated in integrated models.
There are some constraints to the use of CDR techniques as emphasized in the scenario analysis. First of all, the potential for BECCS, afforestation, and DAC are constrained on the basis of available land and / or safe geologic storage potential for CO2. Both the potential for sustainable bio-energy use (including competition with other demands, e. g., food, fibre, and fuel production) and the potential to store > 100 GtC of CO2 per decade for many decades are very uncertain (see previous section) and raise important societal concerns. Finally, the largescale availability of CDR, by shifting the mitigation burden in time, could also exacerbate inter-generational impacts.
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[bookmark: _Toc525298477]6.9.2.2 The relation of solar radiation management to climate policy and transformation pathways
A key determinant of the potential role, if any, of SRM in climate policy is that some methods might act relatively quickly. For example, stratospheric aerosol injection could be deployable within months to years, if and when the technology is available, and the climate response to the resulting changes in radiative forcing could occur on a timescale of a decade or less (e. g. Keith, 2000; Matthews and Caldeira, 2007; Royal Society, 2009; Swart and Marinova, 2010; Goes et al., 2011). Mitigating GHG emissions would affect global mean temperatures only on a multi-decadal to centennial time-scale because of the inertia in the carbon cycle (van Vuuren and Stehfest, 2013). Hence, it has been argued that SRM technologies could potentially complement mitigation activities, for example, by countering global GHG radiative forcing while mitigation activities are being implemented, or by providing a back-up strategy for a hypothetical future situation where short-term reductions in radiative forcing may be desirable (Royal Society, 2009; Rickels et al., 2011). However, the relatively fast and strong climate response expected from some SRM techniques would also impose risks. The termination of SRM geoengineering forcing either by policy choice or through some form of failure would result in a rapid rise of global mean temperature and associated changes in climate, the magnitude of which would depend on the degree of SRM forcing that was being exerted and the rate at which the SRM forcing was withdrawn (Wigley, 2006; Matthews and Caldeira, 2007; Goes et al., 2011; Irvine et al., 2012; Jones et al., 2013). It has been suggested that this risk could be minimized if SRM geoengineering was used moderately and combined with strong CDR geoengineering and mitigation efforts (Ross and Matthews, 2009; Smith and Rasch, 2012). The potential of SRM to significantly impact the climate on short time-scales, at potentially low cost, and the uncertainties and risks involved in this raise important socio-political questions in addition to natural scientific and technological considerations in the section above.
Whether SRM field research or even deployment would be socially and politically acceptable is also dependent on the wider discursive context in which the topic is being discussed. Bellamy et al. (2013) show that the success of mitigation policies is likely to have an influence on stakeholder acceptability of SRM. While current evidence is limited to few studies in a very narrow range of cultural contexts, in a first review of early studies on perceptions of geoengineering, Corner et al. (2012) find that participants of different studies tend to prefer CDR over SRM and mitigation over geoengineering. Considerations that influence opinions are, amongst others, the perceived ‘naturalness’ of a technology, its reversibility, and the capacity for responsible and transparent governance (Corner et al., 2012). Furthermore, the way that the topic is framed in the media and by experts plays an important role in influencing opinions on SRM research or deployment (Luokkanen et al., 2013; Scholte et al., 2013). The direction that future discussions may take is impossible to predict, since deepened and highly differentiated information is rapidly becoming available (Corner et al., 2012; Macnaghten and Szerszynski, 2013).
[bookmark: _Toc525298478]6.9.3 Summary
Despite the assumption of some form of negative CO2 emissions in many scenarios, including those leading to 2100 concentrations approaching 450 ppm CO2eq, whether proposed CDR or SRM geoengineering techniques can actually play a useful role in transformation pathways is uncertain as the efficacy and risks of many techniques are poorly understood at present. CDR techniques aim to reduce CO2 (or potentially other GHG) concentrations. A broad definition of CDR would cover afforestation and BECCS, which are sometimes classified as mitigation techniques, but also proposals that are very distinct from mitigation in terms of technical maturity, scientific understanding, and risks such as ocean iron fertilization. The former are often included in current integrated models and scenarios and are, in terms of their impact on the climate, directly comparable with techniques that are considered to be conventional mitigation, notably fossil CCS and bio-energy use. Both BECCS and afforestation may play a key role in reaching low-GHG concentrations, but at a large scale have substantial land-use demands that may conflict with other mitigation strategies and societal needs such as food production. Whether other CDR techniques would be able to supplement mitigation at any significant scale in the future depends upon efficacy, cost, and risks of these techniques, which at present are highly uncertain. The properties of potential carbon storage reservoirs are also critically important, as limits to reservoir capacity and longevity will constrain the quantity and permanence of CO2 storage. Furthermore, some CDR techniques such as ocean iron fertilization may pose transboundary risks. The impacts of CDR would be relatively slow: climate effects would unfold over the course of decades.
In contrast to CDR, SRM would aim to cool the climate by shielding sunlight. These techniques would not reduce elevated GHG concentrations, and thus not affect other consequences of high-GHG concentrations, such as ocean acidification. Some SRM proposals could potentially cause a large cooling within years, much quicker than mitigation or CDR, and a few studies suggest that costs might be considerably lower than CDR for some SRM techniques. It has thus been suggested that SRM could be used to quickly reduce global temperatures or to limit temperature rise while mitigation activities are being implemented. However, to avoid warming, SRM would need to be maintained as long as GHG concentrations remain elevated. Modelling studies show that SRM may be able to reduce global average temperatures but would not perfectly reverse all climatic changes that occur due to elevated GHG concentrations, especially at local to regional scales. For example, SRM is expected to weaken the global hydrological cycle with consequences for regional precipitation patterns and surface hydrology, and is expected to change the seasonality and variability of climate. Because the potential climate impacts of any SRM intervention are uncertain and evidence is very limited, it is too early to conclude how effective SRM would be in reducing climate risks. SRM approaches may also carry significant non-climatic side-effects. For example, sulphate aerosol injection would modify stratospheric chemistry, potentially reducing ozone levels, and would change the appearance of the sky. The risks of SRM interventions and large-scale experiments, alongside any potential benefits, raise a number of ethical and political questions that would require public engagement and international cooperation to address adequately.
6.10 Gaps in knowledge and data
Throughout this chapter, a number of areas of further development have been highlighted. Several areas would be most valuable to further the development of information and insights regarding long-term transformation pathways. These include the following: development of a broader set of socioeconomic and technological storylines to support the development of future scenarios; scenarios pursuing a wider set of climate goals including those related to temperature change; more mitigation scenarios that include impacts from, and adaptations to, a changing climate, including energy and land-use systems critical for mitigation; expanded treatment of the benefits and risks of CDR and SRM options; expanded treatment of co-benefits and risks of mitigation pathways; improvements in the treatment and understanding of mitigation options and responses in end-use sectors in transformation pathways; and more sophisticated treatments of land use and land use-based mitigation options in mitigation scenarios. In addition, a major weakness of the current integrated modelling suite is that regional definitions are often not comparable across models. An important area of advancement would be to develop some clearly defined regional definitions that can be met by most or all models.
6.11 Frequently Asked Questions
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	Combining bioenergy with CCS (BECCS) offers the prospect of energy supply with large-scale net negative emissions, which plays an important role in many low-stabilization scenarios, while it entails challenges and risks (limited evidence, medium agreement).
	ES

	2
	These challenges and risks include those associated with the upstream provision of the biomass that is used in the CCS facility as well as those associated with the CCS technology itself.
	ES

	3
	BECCS faces large challenges in financing and currently no such plants have been built and tested at scale.
	ES

	4
	a combination of bio-energy and CCS (BECCS) generally will result in net negative emissions
	7.5.5

	5
	Currently, two small-scale examples of commercial precursors to BECCS are capturing CO2 emissions from ethanol production facilities for enhanced oil recovery in close-proximity facilities (DiPietro and Balash, 2012).
	7.5.5

	6
	BECCS is one of the few technologies that is capable of removing past CO2 emissions remaining in the atmosphere.
	7.5.5

	7
	As this enhances the ‘when’ (i.e., temporal) flexibility during the design of mitigation scenarios considerably, BECCS plays a prominent role in many of the low-stabilization pathways discussed in Chapter 6 and Section 7.11.
	7.5.5

	8
	Potential risks associated with BECCS technologies are related to those associated with the upstream provision of the used biomass9 (see Section 11.13) as well as those originating from the capture, transport, and long-term underground storage of CO2 that would be emitted otherwise
	7.5.5

	9
	BECCS costs can be reduced by using large-scale biomass conversion facilities, which, in turn, require the development of cost-effective and low-emitting largescale feedstock and supply logistics
	7.5.5

	10
	The CCS technologies applied in the power sector will only become competitive with unabated technologies if the additional equipment attached to the power plant and their decreased efficiency as well as the additional cost for CO2 transport and storage is compensated by sufficiently high carbon prices or direct financial support
	7.8.2

	11
	BECCS faces large challenges in financing and currently no such plants have been built and tested at scale
	7.8.2

	12
	Integrated models (see Section 6.2) tend to agree that at about USD 100–150/tCO2 the electricity sector is largely decarbonized with a significant fraction being from CCS deployment
	7.11.2

	13
	Many scenarios in the WGIII AR5 Scenario Database achieve this decarbonization at a carbon tax of approximately USD 100/tCO2. This price is sufficient, in most scenarios, to produce large-scale utilization of bioenergy with CCS (BECCS)
	7.11.2

	14
	BECCS in turn allows net removal of CO2 from the atmosphere while simultaneously producing electricity
	7.11.2
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	“Significant challenges remain in growing CCS from the megatonne level where it is today to the gigatonne level where it needs to be to help mitigate global climate change. These challenges, none of which are showstoppers, include lowering costs, developing needed infrastructure, reducing subsurface uncertainty, and addressing legal and regulatory issues”.
	7.11.2

	16
	the up-scaling of BECCS, which plays a prominent role in many of the stringent mitigation scenarios in the literature, will require overcoming potential technical barriers to increase the size of biomass plants. 
	7.11.2

	17
	Potential adverse side effects related to the biomass feedstock usage remain the same as for biomass technologies without CCS
	7.11.2

	18
	By 2050, the contribution of fossil CCS technologies is in most scenarios larger than BECCS (see Figure 7.11).
	7.11.3

	19
	For any stable concentration of CO2, emissions must peak and then decline toward zero, and for low concentrations, some period of negative emissions may prove necessary.
	7.11.4

	20
	‘Overshoot scenarios’ are scenarios for which target values are exceeded during the period before the target date. They are possible because carbon is removed from the atmosphere by the oceans over an extended period of time, and can be further extended by the ability of society to create negative emissions through sequestration in terrestrial systems (Section 7.5, Chapter 11), production of bioenergy in conjunction with CCS technology (Section 7.5.5), and/or direct air capture (DAC).
	7.11.4

	21
	Especially, there is a lack of consistent and comprehensive global surveys concerning the current cost of sourcing and using unconventional fossil fuels, RE, nuclear power, and the expected ones for CCS and BECCS.
	7.13



[bookmark: _Toc525298480]Executive summary
Combining bioenergy with CCS (BECCS) offers the prospect of energy supply with large-scale net negative emissions, which plays an important role in many low-stabilization scenarios, while it entails challenges and risks (limited evidence, medium agreement). These challenges and risks include those associated with the upstream provision of the biomass that is used in the CCS facility as well as those associated with the CCS technology itself. BECCS faces large challenges in financing and currently no such plants have been built and tested at scale. [7.5.5, 7.8.2, 7.9, 7.12, 11.13]
[bookmark: _Toc525298481]7.5.5 Carbon dioxide capture and storage (CCS)
The direct CO2 emissions from biogenic feedstock combustion broadly correspond to the amount of atmospheric CO2 sequestered through the growth cycle of bioenergy production.8 A net removal of atmospheric CO2 therefore would result, once the direct emissions are captured and stored using CCS technologies (see Section 11.13, Figure 11.22). As a consequence, a combination of bio-energy and CCS (BECCS) generally will result in net negative emissions (see IEA, 2011c, 2012c; IEAGHG, 2011). Currently, two small-scale examples of commercial precursors to BECCS are capturing CO2 emissions from ethanol production facilities for enhanced oil recovery in close-proximity facilities (DiPietro and Balash, 2012).
BECCS is one of the few technologies that is capable of removing past CO2 emissions remaining in the atmosphere. As this enhances the ‘when’ (i.e., temporal) flexibility during the design of mitigation scenarios considerably, BECCS plays a prominent role in many of the low-stabilization pathways discussed in Chapter 6 and Section 7.11. Potential risks associated with BECCS technologies are related to those associated with the upstream provision of the used biomass9 (see Section 11.13) as well as those originating from the capture, transport, and long-term underground storage of CO2 that would be emitted otherwise (see above).
Footnote 9: BECCS costs can be reduced by using large-scale biomass conversion facilities, which, in turn, require the development of cost-effective and low-emitting largescale feedstock and supply logistics (Section 11.13.3).
[bookmark: _Toc525298482]7.8.2 Cost assessment of mitigation measures
As there is still no commercial large-scale CCS power plant in operation today, the estimation of their projected costs has to be carried on the basis of design studies and few existing pilot projects. The associated problems are described in (Yeh and Rubin, 2010; Global CCS Institute, 2011; Rubin, 2012). The CCS technologies applied in the power sector will only become competitive with unabated technologies if the additional equipment attached to the power plant and their decreased efficiency as well as the additional cost for CO2 transport and storage is compensated by sufficiently high carbon prices or direct financial support (Lohwasser and Madlener, 2011; IEA, 2013c). BECCS faces large challenges in financing and currently no such plants have been built and tested at scale (see Section 7.5.5).
[bookmark: _Toc525298483]7.11.2 Energy supply in low-stabilization scenarios
Integrated models (see Section 6.2) tend to agree that at about USD 100–150/tCO2 the electricity sector is largely decarbonized with a significant fraction being from CCS deployment (Krey and Riahi, 2009; Luckow et al., 2010; Wise et al., 2010). Many scenarios in the WGIII AR5 Scenario Database achieve this decarbonization at a carbon tax of approximately USD 100/tCO2. This price is sufficient, in most scenarios, to produce large-scale utilization of bioenergy with CCS (BECCS) (Krey and Riahi, 2009; Azar et al., 2010; Luckow et al., 2010; Edmonds et al., 2013). BECCS in turn allows net removal of CO2 from the atmosphere while simultaneously producing electricity (Sections 7.5.5 and 11.13). In terms of large-scale deployment of CCS in the power sector, Herzog (2011, p. 597), and many others have noted that “Significant challenges remain in growing CCS from the megatonne level where it is today to the gigatonne level where it needs to be to help mitigate global climate change. These challenges, none of which are showstoppers, include lowering costs, developing needed infrastructure, reducing subsurface uncertainty, and addressing legal and regulatory issues”. In addition, the up-scaling of BECCS, which plays a prominent role in many of the stringent mitigation scenarios in the literature, will require overcoming potential technical barriers to increase the size of biomass plants. Potential adverse side effects related to the biomass feedstock usage remain the same as for biomass technologies without CCS (Sections 7.5.5, 11.13, particularly 11.7, 11.13.6, and 11.13.7).
[bookmark: _Toc525298484]7.11.3 Role of the electricity sector in climate change mitigation
Figure 7.15 shows the evolution over time of transformation pathways for primary energy supply, electricity supply, and liquid fuels supply for reference scenarios and low-concentration scenarios (430–530 ppm CO2eq). The development of the full scenario ensemble is further compared to the three illustrative mitigation scenarios by the ReMIND, MESSAGE, and GCAM models discussed in Section 7.11.2 (see Figure 7.10). The effect of climate policy plays out differently in each of the three supply domains. In aggregate, mitigation leads to a reduction in primary energy demands. However, two distinctly different mitigation portfolios emerge–one in which hydro-carbon fuels, including biomass, BECCS, and fossil CCS play a prominent role; and the other where, taken together, non-biomass renewables and nuclear power take center stage. In both instances, the share of fossil energy without CCS declines to less than 20% of the total by 2100. Note that in the scenarios examined here, the major branch point occurs around the 2050 period, while the foundations are laid in the 2030 to 2050 period.
Electricity generation is a somewhat different story. While as previously noted, electricity generation decarbonizes rapidly and completely (in many scenarios emissions actually become negative), taken together, non-biomass renewables and nuclear power always play an important role. The role of CCS varies greatly, but even when CCS becomes extremely important to the overall mitigation strategy, it never exceeds half of power generation. By 2050, the contribution of fossil CCS technologies is in most scenarios larger than BECCS (see Figure 7.11). In contrast to the overall scale of primary energy supply, which falls in climate policy scenarios relative to baseline scenarios, the scale of power generation can be higher in the presence of climate policy depending on whether the pace of electrification proceeds more or less rapidly than the rate of end-use energy demand reductions. With regards to the deployment of individual non-biomass renewables or different CCS technologies, see also Figure 7.11 and Figure 7.12.
[bookmark: _Toc525298485]7.11.4 Relationship between short-term action and long-term targets
First, it is cumulative emissions over the entire century that to a first approximation determines the CO2 concentration at the end of the century, and therefore no individual year’s emissions are critical (for cumulative CO2 emissions consistent with different concentration goals see Section 6.3.2, and Meinshausen et al, 2009). For any stable concentration of CO2, emissions must peak and then decline toward zero, and for low concentrations, some period of negative emissions may prove necessary.
Second, minimization of global social cost implies an immediate initiation of global emissions mitigation, relative to a reference, no-climatepolicy scenario, with a marginal value of carbon that rises exponentially (Hotelling, 1931; Peck and Wan, 1996). The consequence of this latter feature is that emissions abatement and the deployment of mitigation technologies grows over time. When only a long-term state, e.g., a fixed level of radiative forcing in a specific year such as 2.6 Wm–2 in 2100, is prescribed, the interim path can theoretically take on any value before the target year. ‘Overshoot scenarios’ are scenarios for which target values are exceeded during the period before the target date. They are possible because carbon is removed from the atmosphere by the oceans over an extended period of time, and can be further extended by the ability of society to create negative emissions through sequestration in terrestrial systems (Section 7.5, Chapter 11), production of bioenergy in conjunction with CCS technology (Section 7.5.5), and/or direct air capture (DAC). See for example, Edmonds, et al. (2013).
[bookmark: _Toc525298486]7.13 Gaps in knowledge and data
The current literature provides a limited number of comprehensive studies on the economic, environmental, social, and cultural implications that are associated with low-carbon emission paths. Especially, there is a lack of consistent and comprehensive global surveys concerning the current cost of sourcing and using unconventional fossil fuels, RE, nuclear power, and the expected ones for CCS and BECCS. In addition, there is a lack of globally comprehensive assessments of the external cost of energy supply and GHG related mitigation options (Sections 7.8, 7.9, 7.10).
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Statements
	#
	Statements
	Loc.

	1
	In spite of a large range across global Forestry and Other Land Use (FOLU) flux estimates, most approaches indicate a decline in FOLU carbon dioxide (CO2) emissions over the most recent years, largely due to decreasing deforestation rates and increased afforestation (limited evidence, medium agreement).
	Exec. Summ.

	2
	Forest management, followed by afforestation, dominate in OECD-1990, EIT, and Asia (medium evidence, strong agreement) [11.6].
	Exec. Summ.

	3
	Anthropogenic land-use activities (e.g., management of croplands, forests, grasslands, wetlands), and changes in land use/cover (e.g., conversion of forest lands and grasslands to cropland and pasture, afforestation) cause changes superimposed on these natural fluxes.
	11.1

	4
	AFOLU activities lead to both sources of CO2 (e.g., deforestation, peatland drainage) and sinks of CO2 (e.g., afforestation, management for soil carbon sequestration), and to non-CO2 emissions primarily from agriculture (e.g., CH4 from livestock and rice cultivation, N2O from manure storage and agricultural soils and biomass burning (Section 11.2).
	11.1

	5
	Enhancement of carbon sequestration in soils, biota, and longlived products through increases in the area of carbon-rich ecosystems such as forests (afforestation, reforestation), increased carbon storage per unit area, e.g., increased stocking density in forests, carbon sequestration in soils, and wood use in construction activities.
	11.3

	6
	Various types of carbon sinks (e.g., afforestation/reforestation, agricultural soil C) have an inherent risk of future reversals.
	11.3.2

	7
	Coupling bioenergy and CCS (BECCS) has attracted particular attention since AR4 because it offers the prospect of negative emissions.
	Box 11.5

	8
	Until 2050, the economic potential is estimated to be between 2–10 GtCO2 per year. Some climate stabilization scenarios see considerable higher deployment towards the end of the century, even in some 580–650 ppm scenarios, operating under different time scales, socioeconomic assumptions, technology portfolios, CO2 prices, and interpreting BECCS as part of an overall mitigation framework.
	Box 11.5

	9
	Technological challenges and potential risks of BECCS include those associated with the provision of the biomass feedstock as well as with the capture, transport and longterm underground storage of CO2.
	Box 11.5

	10
	BECCS faces large challenges in financing and currently no such plants have been built and tested at scale (Sections 7.5.5, 7.9, 11.13.3).
	Box 11.5

	11
	Some changes in demand for food and fibre can reduce GHG emissions in the production chain (Table 11.3) through (i) a switch to the consumption of products with higher GHG emissions in the process chain to products with lower GHG emissions and (ii) by making land available for other GHG reduction activities e.g., afforestation or bioenergy (Section 11.4.4).
	11.4.3

	12
	Table 11.4 shows that demand-side options save GHG by freeing up land for bioenergy or afforestation and related carbon sequestration.
	11.4.3

	13
	The systemic effects of land-demanding mitigation options such as bioenergy or afforestation depend not only on their own area demand, but also on land demand for food and fibre supply (Chum et al., 2011; Coelho et al., 2012; Erb et al., 2012b).
	11.4.4

	14
	Increased pressure on land systems may also emerge when afforestation claims land, or forest conservation restricts farmland expansion (Murtaugh and Schlax, 2009; Popp et al., 2011).
	11.4.4

	15
	Restrictions to agricultural expansion due to forest conservation, increased energy crop area, afforestation and reforestation may increase costs of agricultural production and food prices.
	11.4.4

	16
	Land-use choices driven by mitigation concerns (e.g., forest conservation, afforestation) may have consequences for adaptive responses and/or development objectives of other sectors (e.g., expansion of agricultural land).
	11.5.5

	17
	Forest and biodiversity conservation, protected area formation, and mixed-species forestry-based afforestation are practices that can help to maintain or enhance carbon stocks, while also providing adaptation options to enhance resilience of forest ecosystems to climate change (Ravindranath, 2007).
	11.5.5

	18
	Mitigation technology competition, in particular, can lead to intensification (and increases in agricultural emissions intensities) that support cost-effective adoption of other mitigation strategies, such as afforestation or bioenergy (Sections 11.9 and 6.3.5).
	11.6.2

	19
	Forest management, followed by afforestation, dominate in OECD-1990, EIT, and Asia (Figure 11.18).
	11.6.3

	20
	Potential impacts on equity and benefit-sharing mechanisms arise for AFOLU activities using forestry measures in developing countries including conservation, restoration, reduced deforestation and degradation, as well as sustainable management and afforestation/reforestation (Combes Motel et al., 2009; Cattaneo et al., 2010; Rosemary, 2011).
	11.7.1

	21
	AFOLU mitigation options can promote conservation of biological diversity (Smith et al., 2013a) both by reducing deforestation (Chhatre et al., 2012; Murdiyarso et al., 2012; Putz and Romero, 2012; VisserenHamakers et  al., 2012), and by using reforestation/afforestation to restore biodiverse communities on previously developed farmland (Harper et  al., 2007).
	11.7.2

	22
	Water yields can be manipulated with forest management, through afforestation, reforestation, forest thinning, or deforestation.
	11.7.2

	23
	. In general, reduction in water yields in afforestation/reforestation projects has been reported in both groundwater or surface catchments (Jackson et al., 2005), or where irrigation water is used to produce bioenergy crops.
	11.7.2

	24
	). However, there are concerns about competition between food and AFOLU outcomes, either because of an increasing use of land for biofuel plantations (Fargione et  al., 2008; Alves Finco and Doppler, 2010), or afforestation/reforestation (Mitchell et al., 2012), or by blocking the transformation of forest land into agricultural land (Harvey and Pilgrim, 2011).
	11.7.3

	25
	Financial concerns, including reduced access to loan and credits, high transaction costs or reduced income due to price changes of carbon credits over the project duration, are potential risks for AFOLU measures, especially in developing countries, and when land holders use market mechanisms (e.g., Afforestation and Reforestation (A/R) Clean Development Mechanism (CDM); Madlener et al., 2006).
	11.8.1

	26
	Some mitigation technologies are already applied now (e.g., afforestation, cropland, and grazing land management, improved livestock breeds and diets) so there are no technological barriers for these options, but others (e.g., some livestock dietary additives, crop trait manipulation) are still at the development stage (see Table 11.2).	
	11.8.4

	27
	). In addition to competition between energy crops and forest carbon strategies, there is also competition between avoided deforestation and afforestation mitigation strategies, but synergies between forest management and afforestation (Rose and Sohngen, 2011).
	11.9.1

	28
	The implications of transformation pathway scenarios with large regional expansion of forest cover for carbon sequestration, depends in part on how the forest area increases (Figure 11.19; Popp et  al., 2013). If forest areas increase through the expansion of natural vegetation, biodiversity and a range of other ecosystem services provided by forests could be enhanced. If afforestation occurs through large-scale plantation, however, some negative impacts on biodiversity, water, and other ecosystem services could arise, depending on what land cover the plantation replaces and the rotation time (Section 11.7).
	11.9.2

	29
	Currently, AFOLU projects in CDM only include specific types of projects: for agriculture—methane avoidance (manure management), biogas projects, agricultural residues for biomass energy; for forestry—reforestation and afforestation.
	11.10.1

	30
	By June 2013, the total number of registered CDM projects was 6989, 0.6 and 2.5 % of this total being related to afforestation/reforestation and agriculture, respectively (UNFCCC—CDM); therefore, finance streams coming from A/R CDM Projects are marginal from the global perspective. An analysis of A/R CDM projects suggests crucial factors for the performance of these projects are initial funding support, design, and implementation guided by large organizations with technical expertise, occurrence on private land (land with secured property rights attached), and that most revenue from Certified Emission Reductions (CERs) is directed back to local communities (Thomas et al., 2010).
	
11.10.1

	31
	Improved understanding of the mitigation potential, interplay, and costs as well as environmental and socio-economic consequences of land use-based mitigation options such as improved agricultural management, forest conservation, bioenergy production, and afforestation on the national, regional, and global scale.
	11.11

	32
	SRREN (IPCC, 2011) provided a comprehensive overview on bioenergy (Chum et  al., 2011). However, a specific bioenergy Appendix in the context of the WGIII AR5 contribution is necessary because (1) many of the more stringent mitigation scenarios (resulting in 450 ppm, but also 550 ppm CO2eq concentration by 2100, see Section 11.9.1) heavily rely on a large-scale deployment of bioenergy with carbon dioxide capture and storage (BECCS);
	11.13.1

	33
	As an update to the SRREN, this report presents (1) a more fine-grained assessment of the technical bioenergy potential reflecting diverse perspectives in the literature; (2) recent potential estimates on technological solutions such as BECCS; (3) an in-depth description of different lifecycle emission accounting methods and their results; (4) a small increase in uncertainty on the future economic bioenergy potential; (5) a comprehensive assessment of diverse livelihood and sustainability effects of bioenergy deployment, identifying the need for systematic aggregation.
	11.13.1

	34
	Bioenergy coupled with CCS (Spath and Mann, 2004; Liu et al., 2010) is seen as an option to mitigate climate change through negative emissions if CCS can be successfully deployed (Cao and Caldeira 2010; Lenton and Vaughan 2009).
	11.13.3

	35
	BECCS features prominently in long-run mitigation scenarios (Sections 6.3.2 and 6.3.5) for two reasons: (1) The potential for negative emissions may allow shifting emissions in time; and (2) in scenarios, negative emissions from BECCS compensate for residual emissions in other sectors (most importantly transport) in the second half of the 21st century.
	11.13.3

	36
	As illustrated in Figure 11.22, BECCS is markedly different than fossil CCS because it not only reduces CO2 emissions by storing C in long-term geological sinks, but it continually sequesters CO2 from the air through regeneration of the biomass resource feedstock.
	11.13.3

	37
	BECCS deployment is in the development and exploration stages.
	11.13.3

	38
	The most relevant BECCS project is the ‘Illinois Basin—Decatur Project’ that is projected to inject 1 MtCO2/yr (Gollakota and McDonald, 2012; Senel and Chugunov, 2013). In the United States, two ethanol fuel production by fermentation facilities are currently integrated commercially with carbon dioxide capture, pipeline transport, and use in enhanced oil recovery in nearby facilities at a rate of about 0.2 MtCO2/yr (DiPietro et  al., 2012).
	11.13.3

	39
	Altogether, there are 16 global BECCS projects in exploration stage (Karlsson and Byström, 2011).
	11.13.3

	40
	Some climate stabilization scenarios see considerable higher deployment towards the end of the century, even in some 580–650 ppm scenarios, operating under different time scales, socioeconomic assumptions, technology portfolios, CO2 prices, and interpreting BECCS as part of an overall mitigation framework (e.g., Rose et  al., 2012; Kriegler et al., 2013; Tavoni and Socolow, 2013).
	11.13.3



	41
	Possible climate risks of BECCS relate to reduction of land carbon stock, feasible scales of biomass production and increased N2O emissions, and potential leakage of CO2, which has been stored in deep geologic reservoirs (Rhodes and Keith, 2008).
	11.13.3


	42
	The literature highlights that BECCS as well as CCS deployment is dependent on strong financial incentives, as they are not cost competitive otherwise (Sections 7.5.5; 7.6.4; 7.9; 7.12).
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	Figure 11.22 illustrates some GHG effects associated with BECCS pathways. Tradeoffs between CO2 capture rate and feedstock conversion efficiency are possible. Depicted are pathways with the highest removal rate but not necessarily with the highest feedstock conversion rate.
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	Among all BECCS pathways, those based on integrated gasification combined cycle produce most significant geologic storage potential from biomass, alone (shown in Figure 11.23, electricity) or coupled with coal.
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	Fischer-Tropsch diesel fuel production with biomass as feedstock and CCS attached to plant facilities could enable BECCS for transport; uncertainties in input factors, and output metrics warrant further research (van Vliet et al., 2009).
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	Economics of scale in power plant size are crucial to improve economic viability of envisaged BECCS projects.
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	In the future, increased operating experience of BECCS IGCC-CCS through technological improvements and learning could enable carbon neutral electricity and, in combination with CCS, could result in net removal of CO2 (Figure 11.22).
	11.13.3


	48
	BECCS is among the lowest cost CCS options for a number of key industrial sectors (Meerman et al., 2013).
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	It should be noted that primary empiric cost and performance data for dedicated bioenergy plants are not yet available and needed for comprehensively assessing BECCS. The current status of CCS and on-going research issues are discussed in Sections 7.5.5 and 7.6.4.
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	Figure 11.23 illustrates the range of lifecycle global direct climate impact (in g CO2 equivalents per MJ, after characterization with GWP time horizon=100 years) attributed to major global bioenergy products reported in the peer-reviewed literature after 2010. Results are broadly comparable to those of Chapter 2 in SRREN (Figures 2.10 and 2.11 in SRREN; Chum et al., 2011) Those figures displayed negative emissions, resulting from crediting emission reduction due to substitution effects.
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	BECCS features prominently in many mitigation scenarios.
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	BECCS is deployed in greater quantities and earlier in time the more stringent the climate policy (Section 6.3.5).
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	Whether BECCS is essential for mitigation, or even sufficient, is unclear.
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	In addition, the likelihood of BECCS deployment is difficult to evaluate and depends on safety confirmations, affordability and public acceptance (see Section 11.13.3 for details).
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	BECCS may also affect the cost-effective emissions trajectory (Richels et al., In Review; Rose et al., 2013).
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	There are many mitigation options in the AFOLU sector that are already being implemented, e.g., afforestation, reducing deforestation, cropland and grazing land management, fire management, and improved livestock breeds and diets.
	FAQ 11.2

	57
	Especially, forestry mitigation options—including reduced deforestation, forest management, afforestation, and agro-forestry—are estimated to contribute 0.2–13.8 GtCO2/yr of economically viable abatement in 2030 at carbon prices up to 100 USD/tCO2eq.
	FAQ 11.3

	58
	In several cases, the implementation of AFOLU mitigation measures may result in an improvement in land management and therefore have socio-economic, health, and environmental benefits: For example, reducing deforestation, reforestation, and afforestation can improve local climatic conditions, water quality, biodiversity conservation, and help to restore degraded or abandoned land.
	FAQ 11.4

	59
	Further considerations on economic co-benefits are related to the access to carbon payments either within or outside the UNFCCC agreements and new income opportunities especially in developing countries (particularly for labour-intensive mitigation options such as afforestation).

	FAQ 11.4



[bookmark: _Toc525298488]Executive Summary
The AFOLU sector is responsible for just under a quarter (~10–12 GtCO2eq/yr) of anthropogenic GHG emissions mainly from deforestation and agricultural emissions from livestock, soil and nutrient management (robust evidence; high agreement) [11.2]. Anthropogenic forest degradation and biomass burning (forest fires and agricultural burning) also represent relevant contributions. Annual GHG emissions from agricultural production in 2000–2010 were estimated at 5.0–5.8 GtCO2eq/yr while annual GHG flux from land use and land-use change activities accounted for approximately 4.3–5.5 GtCO2eq/yr. Leveraging the mitigation potential in the sector is extremely important in meeting emission reduction targets (robust evidence; high agreement) [11.9]. Since publication of the IPCC Fourth Assessment Report (AR4), emissions from the AFOLU sector have remained similar but the share of anthropogenic emissions has decreased to 24% (in 2010), largely due to increases in emissions in the energy sector (robust evidence, high agreement). In spite of a large range across global Forestry and Other Land Use (FOLU) flux estimates, most approaches indicate a decline in FOLU carbon dioxide (CO2) emissions over the most recent years, largely due to decreasing deforestation rates and increased afforestation (limited evidence, medium agreement). As in AR4, most projections suggest declining annual net CO2 emissions in the long run. In part, this is driven by technological change, as well as projected declining rates of agriculture area expansion, which, in turn, is related to the expected slowing in population growth. However, unlike AR4, none of the more recent scenarios projects growth in the near-term [11.9].
Economic mitigation potential of supply-side measures in the AFOLU sector is estimated to be 7.18 to 10.60 (full range: 0.49–10.60) GtCO2eq/yr in 2030 for mitigation efforts consistent with carbon prices up to 100 USD/tCO2eq, about a third of which can be achieved at 20 USD/tCO2eq (medium evidence; medium agreement) [11.6]. These estimates are based on studies that cover both forestry and agriculture and that include agricultural soil carbon sequestration. Estimates from agricultural sector-only studies range from 0.3 to 4.6 GtCO2eq/yr at prices up to 100 USD/tCO2eq, and estimates from forestry sector-only studies from 0.2 to 13.8 GtCO2eq/yr at prices up to 100 USD/tCO2eq (medium evidence; medium agreement) [11.6]. The large range in the estimates arises due to widely different collections of options considered in each study, and because not all GHGs are considered in all of the studies. The composition of the agricultural mitigation portfolio varies with the carbon price, with the restoration of organic soils having the greatest potential at higher carbon prices (100 USD/tCO2eq) and cropland and grazing land management at lower (20 USD/tCO2eq). In forestry there is less difference between measures at different carbon prices, but there are significant differences between regions, with reduced deforestation dominating the forestry mitigation potential in Latin America and Caribbean (LAM) and Middle East and Africa (MAF), but very little potential in the member countries of the Organisation for Economic Co-operation and Development (OECD-1990) and Economies in Transition (EIT). Forest management, followed by afforestation, dominate in OECD-1990, EIT, and Asia (medium evidence, strong agreement) [11.6]. Among demand-side measures, which are under-researched compared to supply-side measures, changes in diet and reductions of losses in the food supply chain can have a significant, but uncertain, potential to reduce GHG emissions from food production (0.76–8.55 GtCO2eq/yr by 2050), with the range being determined by assumptions about how the freed land is used (limited evidence; medium agreement) [11.4]. More research into demand-side mitigation options is merited. There are significant regional differences in terms of mitigation potential, costs, and applicability, due to differing local biophysical, socioeconomic, and cultural circumstances, for instance between developed and developing regions, and among developing regions (medium evidence; high agreement) [11.6].
[bookmark: _Toc525298489]11.1 Introduction
Agriculture, Forestry, and Other Land Use (AFOLU1 ) plays a central role for food security and sustainable development (Section 11.9). Plants take up carbon dioxide (CO2) from the atmosphere and nitrogen (N) from the soil when they grow, re-distributing it among different pools, including above and below-ground living biomass, dead residues, and soil organic matter. The CO2 and other non-CO2 greenhouse gases (GHG), largely methane (CH4) and nitrous oxide (N2O), are in turn released to the atmosphere by plant respiration, by decomposition of dead plant biomass and soil organic matter, and by combustion (Section 11.2). Anthropogenic land-use activities (e.g., management of croplands, forests, grasslands, wetlands), and changes in land use/cover (e.g., conversion of forest lands and grasslands to cropland and pasture, afforestation) cause changes superimposed on these natural fluxes. AFOLU activities lead to both sources of CO2 (e.g., deforestation, peatland drainage) and sinks of CO2 (e.g., afforestation, management for soil carbon sequestration), and to non-CO2 emissions primarily from agriculture (e.g., CH4 from livestock and rice cultivation, N2O from manure storage and agricultural soils and biomass burning (Section 11.2).
Figure 11.8
[bookmark: _Toc525298490]11.3 Mitigation technology options and practices, and behavioural aspects
[bookmark: _Toc525298491]Mitigation activities in the AFOLU sector can reduce climate forcing in different ways: • Reductions in CH4 or N2O emissions from croplands, grazing lands, and livestock. • Conservation of existing carbon stocks, e.g., conservation of forest biomass, peatlands, and soil carbon that would otherwise be lost. • Reductions of carbon losses from biota and soils, e.g., through management changes within the same land-use type (e.g., reducing soil carbon loss by switching from tillage to no-till cropping) or by reducing losses of carbon-rich ecosystems, e.g., reduced deforestation, rewetting of drained peatlands. • Enhancement of carbon sequestration in soils, biota, and longlived products through increases in the area of carbon-rich ecosystems such as forests (afforestation, reforestation), increased carbon storage per unit area, e.g., increased stocking density in forests, carbon sequestration in soils, and wood use in construction activities. • Changes in albedo resulting from land-use and land-cover change that increase reflection of visible light. • Provision of products with low GHG emissions that can replace products with higher GHG emissions for delivering the same service (e.g., replacement of concrete and steel in buildings with wood, some bioenergy options; see Section 11.13). • Reductions of direct (e.g., agricultural machinery, pumps, fishing craft) or indirect (e.g., production of fertilizers, emissions resulting from fossil energy use in agriculture, fisheries, aquaculture, and forestry or from production of inputs); though indirect emission reductions are accounted for in the energy end-use sectors (buildings, industry, energy generation, transport) so are not discussed further in detail in this chapter.
Table 11.2
[bookmark: _Toc525298492]11.3.2 Mitigation effectiveness (non-permanence: saturation, human and natural impacts, displacement)
Non-permanence/reversibility. Reversals are the release of previously sequestered carbon, which negates some or all of the benefits from sequestration that has occurred in previous years. This issue is sometimes referred to as ‘non-permanence’ (Smith, 2005). Various types of carbon sinks (e.g., afforestation/reforestation, agricultural soil C) have an inherent risk of future reversals.
Box 11.5 | Bioenergy
Coupling bioenergy and CCS (BECCS) has attracted particular attention since AR4 because it offers the prospect of negative emissions. Until 2050, the economic potential is estimated to be between 2–10 GtCO2 per year. Some climate stabilization scenarios see considerable higher deployment towards the end of the century, even in some 580–650 ppm scenarios, operating under different time scales, socioeconomic assumptions, technology portfolios, CO2 prices, and interpreting BECCS as part of an overall mitigation framework. Technological challenges and potential risks of BECCS include those associated with the provision of the biomass feedstock as well as with the capture, transport and longterm underground storage of CO2. BECCS faces large challenges in financing and currently no such plants have been built and tested at scale (Sections 7.5.5, 7.9, 11.13.3).
11.4.3 Demand-side options for reducing GHG emissions from AFOLU
Some changes in demand for food and fibre can reduce GHG emissions in the production chain (Table 11.3) through (i) a switch to the consumption of products with higher GHG emissions in the process chain to products with lower GHG emissions and (ii) by making land available for other GHG reduction activities e.g., afforestation or bioenergy (Section 11.4.4). Food demand change is a sensitive issue due to the prevalence of hunger, malnutrition, and the lack of food security in many regions (Godfray et al., 2010). Sufficient production of, and equitable access to, food are both critical for food security (Misselhorn et al., 2012). GHG emissions may be reduced through changes in food demand without jeopardizing health and well-being by (1) reducing losses and wastes of food in the supply chain as well as during final consumption; (2) changing diets towards less GHG-intensive food, e.g., substitution of animal products with plant-based food, while quantitatively and qualitatively maintaining adequate protein content, in regions with high animal product consumption; and (3) reduction of overconsumption in regions where this is prevalent. Substituting plant-based diets for animal-based diets is complex since, in many circumstances, livestock can be fed on plants not suitable for human consumption or growing on land with high soil carbon stocks not suitable for cropping; hence, food production by grazing animals contributes to food security in many regions of the world (Wirsenius, 2003; Gill et al., 2010).
Table 11.4
[bookmark: _Toc525298493]11.4.4 Feedbacks of changes in land demand
Table 11.4 shows that demand-side options save GHG by freeing up land for bioenergy or afforestation and related carbon sequestration. The effect is strong and non-linear, and more than cancels out reduced C sequestration potentials on farmland. Demand-side potentials are substantial compared to supply-side mitigation potentials (Section 11.3), but implementation may be difficult (Sections 11.7; 11.8). Estimates of GHG savings from bioenergy are subject to large uncertainties related to the assumptions regarding power plants, utilization pathway, energy crop yields, and effectiveness of sustainability criteria (Sections 11.4.5; 11.7; 11.13).
The systemic effects of land-demanding mitigation options such as bioenergy or afforestation depend not only on their own area demand, but also on land demand for food and fibre supply (Chum et al., 2011; Coelho et al., 2012; Erb et al., 2012b). In 2007, energy crops for transport fuels covered about 26.6 Mha or 1.7% of global cropland (UNEP, 2009). Assumptions on energy crop yields (Section 11.13) are the main reason for the large differences in estimates of future area demand of energy crops in the next decades, which vary from  1000 Mha, i.e., 7–70% of current cropland (Sims et al., 2006; Smeets et al., 2007; Pacca and Moreira, 2011; Coelho et al., 2012). Increased pressure on land systems may also emerge when afforestation claims land, or forest conservation restricts farmland expansion (Murtaugh and Schlax, 2009; Popp et al., 2011).
Restrictions to agricultural expansion due to forest conservation, increased energy crop area, afforestation and reforestation may increase costs of agricultural production and food prices. In a modelling study, conserving C-rich natural vegetation such as tropical forests was found to increase food prices by a factor of 1.75 until 2100, due to restrictions of cropland expansion, even if no growth of energy crop area was assumed (Wise et  al., 2009). Food price indices (weighted average of crop and livestock products) are estimated to increase until 2100 by 82% in Africa, 73% in Latin America, and 52% in Pacific Asia if large-scale bioenergy deployment is combined with strict forest conservation, compared to a reference scenario without forest conservation and bioenergy (Popp et al., 2011). Further trade liberalization can lead to lower costs of food, but also increases the pressure on land, especially on tropical forests (Schmitz et al., 2011).
[bookmark: _Toc525298494]11.5.5 Mitigation and adaptation synergies and tradeoffs
Mitigation choices taken in a particular land-use sector may further enhance or reduce resilience to climate variability and change within or across sectors, in light of the multiple, and often competing, pressures on land (Section 11.4), and shifting demographics and consumption patterns (e.g., (O’Brien et al., 2004; Sperling et al., 2008; Hunsberger and Evans, 2012). Land-use choices driven by mitigation concerns (e.g., forest conservation, afforestation) may have consequences for adaptive responses and/or development objectives of other sectors (e.g., expansion of agricultural land). For example, reducing emissions from deforestation and degradation may also yield co-benefits for adaptation by maintaining biodiversity and other ecosystem goods and services, while plantations, if they reduce biological diversity may diminish adaptive capacity to climate change (e.g., Chum et al., 2011). Primary forests tend to be more resilient to climate change and other human-induced environmental changes than secondary forests and plantations (Thompson et al., 2009). The impact of plantations on the carbon balance is dependent on the land-use system they replace. While plantation forests are often monospecies stands, they may be more vulnerable to climatic change (see IPCC WGII Chapter 4). Smith and Olesen (2010) identified a number of synergies between options that deliver mitigation in agriculture while also enhancing resilience to future climate change, the most prominent of which was enhancement of soil carbon stocks.
Adaptation measures in return may help maintain the mitigation potential of land-use systems. For example, projects that prevent fires and restore degraded forest ecosystems also prevent release of GHGs and enhance carbon stocks (CBD and GiZ, 2011). Mitigation and adaptation benefits can also be achieved within broader-level objectives of AFOLU measures, which are linked to sustainable development considerations. Given the exposure of many livelihoods and communities to multiple stressors, recommendations from case stud ies suggest that climate risk-management strategies need to appreciate the full hazard risk envelope, as well as the compounding socioeconomic stressors (O’Brien et al., 2004; Sperling et al., 2008). Within this broad context, the potential tradeoffs and synergies between mitigation, adaptation, and development strategies and measures need to be considered. Forest and biodiversity conservation, protected area formation, and mixed-species forestry-based afforestation are practices that can help to maintain or enhance carbon stocks, while also providing adaptation options to enhance resilience of forest ecosystems to climate change (Ravindranath, 2007). Use of organic soil amendments as a source of fertility could potentially increase soil carbon (Gattinger et  al., 2012). Most categories of adaptation options for climate change have positive impacts on mitigation. In the agriculture sector, cropland adaptation options that also contribute to mitigation are ‘soil management practices that reduce fertilizer use and increase crop diversification; promotion of legumes in crop rotations; increasing biodiversity, the availability of quality seeds and integrated crop/livestock systems; promotion of low energy production systems; improving the control of wildfires and avoiding burning of crop residues; and promoting efficient energy use by commercial agriculture and agro-industries’ (FAO, 2008, 2009a). Agroforestry is an example of mitigation-adaptation synergy in the agriculture sector, since trees planted sequester carbon and tree products provide livelihood to communities, especially during drought years (Verchot et al., 2007).
[bookmark: _Toc525298495]11.6.2 Global estimates of costs and potentials in the AFOLU sector
Agriculture and forestry-related mitigation could cost-effectively contribute to transformation pathways associated with long-run climate change management (Sections 11.9 and 6.3.5). Transformation pathway modelling includes LUC, as well as land-management options that reduce emissions intensities and increase sequestration intensities. However, the resulting transformation pathway emissions (sequestration) intensities are not comparable to those discussed here. Transformation pathways are the result of integrated modelling and the resulting intensities are the net result of many effects. The intensities capture mitigation technology adoption, but also changes in levels of production, land-cover change, mitigation technology competition, and model-specific definitions for sectors/regions/and assigned emissions inventories. Mitigation technology competition, in particular, can lead to intensification (and increases in agricultural emissions intensities) that support cost-effective adoption of other mitigation strategies, such as afforestation or bioenergy (Sections 11.9 and 6.3.5).
Figure 11.16
[bookmark: _Toc525298496]11.6.3 Regional disaggregation of global costs and potentials in the AFOLU sector
Differences between the most effective forestry options in each region (Figure 11.18) are particularly striking, with reduced deforestation dominating the forestry mitigation potential LAM and MAF, but very little potential in OECD-1990 and EIT. Forest management, followed by afforestation, dominate in OECD-1990, EIT, and Asia (Figure 11.18). Among agricultural options, among the most striking of regional differences are the rice management practices for which almost all of the global potential is in Asia, and the large potential for restoration of organic soils also in Asia (due to cultivated Southeast Asian peats), and OECD-1990 (due to cultivated northern peatlands; Figure 11.18).
Figure 11.18
[bookmark: _Toc525298497]11.7.1 Socio-economic effects
A major area of concern is related to the potential impacts of AFOLU mitigation measures on equity (Sections 3.3; 4.2; 4.7; 4.8). Depending on the actual and perceived distribution of socioeconomic benefits, responsibilities (burden sharing), as well the access to decision making, financing mechanisms, and technology, AFOLU mitigation measures can promote inter- and intra-generational equity (Di Gregorio et al., 2013). Conversely, depending on the policy instruments and the implementation schemes of these mitigation measures, they can increase inequity and land conflicts, or marginalize small-scale farm/forest owners or users (Robinson et al., 2011; Kiptot and Franzel, 2012; Huettner, 2012; Mattoo and Subramanian, 2012). Potential impacts on equity and benefit-sharing mechanisms arise for AFOLU activities using forestry measures in developing countries including conservation, restoration, reduced deforestation and degradation, as well as sustainable management and afforestation/reforestation (Combes Motel et al., 2009; Cattaneo et al., 2010; Rosemary, 2011).
[bookmark: _Toc525298498]11.7.2 Environmental effects
AFOLU mitigation options can promote conservation of biological diversity (Smith et al., 2013a) both by reducing deforestation (Chhatre et al., 2012; Murdiyarso et al., 2012; Putz and Romero, 2012; VisserenHamakers et  al., 2012), and by using reforestation/afforestation to restore biodiverse communities on previously developed farmland (Harper et  al., 2007). However, promoting land-use changes (e.g., through planting monocultures on biodiversity hot spots) can have adverse side-effects, reducing biodiversity (Koh and Wilcove, 2008; Beringer et al., 2011; Pandit and Grumbine, 2012; Ziv et al., 2012; Hertwich, 2012; Gardner et al., 2012).
AFOLU mitigation measures can have either positive or negative impacts on water resources, with responses dependant on the mitigation measure used, site conditions (e.g., soil thickness and slope, hydrological setting, climate; Yu et al., 2013) and how the particular mitigation measure is managed. There are two main components: water yield and water quality. Water yields can be manipulated with forest management, through afforestation, reforestation, forest thinning, or deforestation. In general, reduction in water yields in afforestation/reforestation projects has been reported in both groundwater or surface catchments (Jackson et al., 2005), or where irrigation water is used to produce bioenergy crops. For water supply security, it is important to consider the relative yield reduction and this can have severe consequences in dry regions with inherent water shortages (Wang et al., 2011c). Where there is a water imbalance, however, this additional water use can be beneficial by reducing the efflux of salts (Jackson et al., 2005). Another aspect of water yield is the reduction of flood peaks, and also prolonged periods of water flow, because discharge is stabilized (Jackson et  al., 2005), however low flows can be reduced because of increased forest water use. Water quality can be affected by AFOLU in several ways. For example, minimum tillage systems have been reported to reduce water erosion and thus sedimentation of water courses (Lal, 2011). Deforestation is well known to increase erosion and thus efflux of silt; avoiding deforestation will prevent this. In other situations, watershed scale reforestation can result in the restoration of water quality (e.g., Townsend et  al., 2012). Furthermore, strategic placement of tree belts in lands affected by dryland salinity can remediate the affected lands by lowering the water table (Robinson et al., 2004) . Various types of AFOLU mitigation can result in degradation of water sources through the losses of pesticides and nutrients to water (Smith et al., 2013a).
[bookmark: _Toc525298499]11.7.3 Public perception
Mitigation measures that support sustainable development are likely to be viewed positively in terms of public perception, but a large-scale drive towards mitigation without inclusion of key stakeholder communities involved would likely not be greeted favourably (Smith and Wollenberg, 2012). However, there are concerns about competition between food and AFOLU outcomes, either because of an increasing use of land for biofuel plantations (Fargione et  al., 2008; Alves Finco and Doppler, 2010), or afforestation/reforestation (Mitchell et al., 2012), or by blocking the transformation of forest land into agricultural land (Harvey and Pilgrim, 2011).
11.8.1 Socio-economic barriers and opportunities
Scale of financing sources can become either a barrier (if a relevant financial volume is not secured) or create an opportunity (if financial sources for AFOLU suffice) for using AFOLU mitigation potential (Streck, 2012; Chapter 16). Another element is the accessibility to AFOLU financing for farmers and forest stakeholders (Tubiello et  al., 2009, p.  200; Havemann, 2011; Colfer, 2011). Financial concerns, including reduced access to loan and credits, high transaction costs or reduced income due to price changes of carbon credits over the project duration, are potential risks for AFOLU measures, especially in developing countries, and when land holders use market mechanisms (e.g., Afforestation and Reforestation (A/R) Clean Development Mechanism (CDM); Madlener et al., 2006).
[bookmark: _Toc525298500]11.8.4 Technological barriers and opportunities
Technological barriers refer to the limitations in generating, procuring, and applying science and technology to identify and solve an environmental problem. Some mitigation technologies are already applied now (e.g., afforestation, cropland, and grazing land management, improved livestock breeds and diets) so there are no technological barriers for these options, but others (e.g., some livestock dietary additives, crop trait manipulation) are still at the development stage (see Table 11.2).
[bookmark: _Toc525298501]11.9.1 Characterization of transformation pathways
More recently, the literature has begun analyzing more realistic policy contexts. This work has identified a number of policy coordination and implementation issues. There are many dimensions to policy coordination: technologies, sectors, regions, climate and non-climate policies, and timing. There are three prominent issues. First, there is coordination between mitigation activities. For instance, increased bioenergy incentives without global terrestrial carbon stock incentives or global forest protection policy, could result in substantial land conversion and emissions with large-scale deployment of energy crops. The projected emissions come primarily from the displacement of pasture, grassland, and natural forest (Sections 6.3.5 and 11.4.3). Energy cropland expansion also results in non-energy cropland conversion. These studies find that ignoring land conversion emissions with energy crop expansion, results in the need for deeper emissions reductions in the fossil and industrial sectors, and increased total mitigation costs. However, illustrative scenarios by (Calvin et al., 2013a) suggest that extensive forest protection policies may be needed for managing bioenergy driven deforestation. Note that providing energy crops, especially while protecting terrestrial carbon stocks, could result in a significant increase in food prices, potentially further exacerbated if also expanding forests (Wise et al., 2009; Popp et al., 2011; Reilly et al., 2012; Calvin et  al., 2013a; see also Sections 11.4.3 and 11.13.7). In addition to competition between energy crops and forest carbon strategies, there is also competition between avoided deforestation and afforestation mitigation strategies, but synergies between forest management and afforestation (Rose and Sohngen, 2011). Bioenergy sustainability policies across sectors also need to be coordinated (Frank et al., 2013).
[bookmark: _Toc525298502]11.9.2 Implications of transformation pathways for the AFOLU sector
The implications of transformation pathway scenarios with large regional expansion of forest cover for carbon sequestration, depends in part on how the forest area increases (Figure 11.19; Popp et  al., 2013). If forest areas increase through the expansion of natural vegetation, biodiversity and a range of other ecosystem services provided by forests could be enhanced. If afforestation occurs through large-scale plantation, however, some negative impacts on biodiversity, water, and other ecosystem services could arise, depending on what land cover the plantation replaces and the rotation time (Section 11.7). Similar issues arise with large-scale bioenergy, and environmental impacts of energy crop plantations, which largely depend upon where, how, and at what scale they are implemented, and how they are managed (Davis et al., 2013; see Section 11.13.6). Not surprisingly, the realistic policy coordination and implementation issues discussed in Section 11.9.1 could have significant land-use consequences, and additional policy design research is essential to better characterize mitigation costs, net emissions, and other social implications.
11.10.1 Economic incentives
Emissions trading: Carbon markets occur under both compliance schemes and as voluntary programmes. A review of existing offset programmes was provided by Kollmuss et al. (2010). More details are also presented in Section 15.5.3. Compliance markets (Kyoto offset mechanisms, mandatory cap-and-trade systems, and other mandatory GHG systems) are created and regulated by mandatory national, regional, or international carbon reduction regimes (Kollmuss et al., 2010). The three Kyoto Protocol mechanisms are very important for the regulatory market: CDM, Joint Implementation (JI) and the Emissions Trading System (ETS). Currently, AFOLU projects in CDM only include specific types of projects: for agriculture—methane avoidance (manure management), biogas projects, agricultural residues for biomass energy; for forestry—reforestation and afforestation. By June 2013, the total number of registered CDM projects was 6989, 0.6 and 2.5 % of this total being related to afforestation/reforestation and agriculture, respectively (UNFCCC—CDM); therefore, finance streams coming from A/R CDM Projects are marginal from the global perspective. An analysis of A/R CDM projects suggests crucial factors for the performance of these projects are initial funding support, design, and implementation guided by large organizations with technical expertise, occurrence on private land (land with secured property rights attached), and that most revenue from Certified Emission Reductions (CERs) is directed back to local communities (Thomas et al., 2010).
11.11 Gaps in knowledge and data
Improved understanding of the mitigation potential, interplay, and costs as well as environmental and socio-economic consequences of land use-based mitigation options such as improved agricultural management, forest conservation, bioenergy production, and afforestation on the national, regional, and global scale.
[bookmark: _Toc525298503]11.13 Appendix Bioenergy: Climate effects, mitigation options, potential and sustain- ability implications 11.13.1 Introduction
SRREN (IPCC, 2011) provided a comprehensive overview on bioenergy (Chum et  al., 2011). However, a specific bioenergy Appendix in the context of the WGIII AR5 contribution is necessary because (1) many of the more stringent mitigation scenarios (resulting in 450 ppm, but also 550 ppm CO2eq concentration by 2100, see Section 11.9.1) heavily rely on a large-scale deployment of bioenergy with carbon dioxide capture and storage (BECCS); (2) there has been a large body of literature published since SRREN, which complements and updates the analysis presented in this last report; (3) bioenergy is important for many chapters (Chapters 6; 7; 8; 10; 11), which makes it more useful to treat it in a single section instead of in many scattered chapter sections throughout the report. Chapter 11 is the appropriate location for the Appendix, as bioenergy analysis relies crucially on land-use assessments.
As an update to the SRREN, this report presents (1) a more fine-grained assessment of the technical bioenergy potential reflecting diverse perspectives in the literature; (2) recent potential estimates on technological solutions such as BECCS; (3) an in-depth description of different lifecycle emission accounting methods and their results; (4) a small increase in uncertainty on the future economic bioenergy potential; (5) a comprehensive assessment of diverse livelihood and sustainability effects of bioenergy deployment, identifying the need for systematic aggregation.
[bookmark: _Toc525298504]11.13.3 Bioenergy conversion: technologies and management practices
Bioenergy coupled with CCS (Spath and Mann, 2004; Liu et al., 2010) is seen as an option to mitigate climate change through negative emissions if CCS can be successfully deployed (Cao and Caldeira 2010; Lenton and Vaughan 2009). BECCS features prominently in long-run mitigation scenarios (Sections 6.3.2 and 6.3.5) for two reasons: (1) The potential for negative emissions may allow shifting emissions in time; and (2) in scenarios, negative emissions from BECCS compensate for residual emissions in other sectors (most importantly transport) in the second half of the 21st century. As illustrated in Figure 11.22, BECCS is markedly different than fossil CCS because it not only reduces CO2 emissions by storing C in long-term geological sinks, but it continually sequesters CO2 from the air through regeneration of the biomass resource feedstock.
BECCS deployment is in the development and exploration stages. The most relevant BECCS project is the ‘Illinois Basin—Decatur Project’ that is projected to inject 1 MtCO2/yr (Gollakota and McDonald, 2012; Senel and Chugunov, 2013). In the United States, two ethanol fuel production by fermentation facilities are currently integrated commercially with carbon dioxide capture, pipeline transport, and use in enhanced oil recovery in nearby facilities at a rate of about 0.2 MtCO2/yr (DiPietro et  al., 2012). Altogether, there are 16 global BECCS projects in exploration stage (Karlsson and Byström, 2011).
The overall technical potential is estimated to be around 10 GtCO2 storage per year for both Integrated Gasification Combined Cycle (IGCC)-CCS co-firing (IGCC with co-gasification of biomass), and Biomass Integrated Gasification Combined Cycle (BIGCC)-CCS dedicated, and around 6 GtCO2 storage for biodiesel based on gasification and Fischer-Tropsch synthesis (FT diesel), and 2.7 GtCO2 for biomethane production (Koornneef et al., 2012, 2013). Another study estimates the potential capacity (similar to technical potential) to be between 2.4 and 10 GtCO2 per year for 2030–2050 (McLaren, 2012). The economic potential, at a CO2 price of around 70 USD/t is estimated to be around 3.3 GtCO2, 3.5 GtCO2, 3.1 GtCO2 and 0.8 GtCO2 in the corresponding four cases, judged to be those with highest economic potential (Koornneef et al., 2012, 2013). Potentials are assessed on a route-by-route basis and cannot simply be added, as they may compete and substitute each other. Practical figures might be not much higher than 2.4 GtCO2 per year at 70–250 USD/tCO2 (McLaren, 2012). Altogether, until 2050, the economic potential is anywhere between 2–10 GtCO2 per year. Some climate stabilization scenarios see considerable higher deployment towards the end of the century, even in some 580–650 ppm scenarios, operating under different time scales, socioeconomic assumptions, technology portfolios, CO2 prices, and interpreting BECCS as part of an overall mitigation framework (e.g., Rose et  al., 2012; Kriegler et al., 2013; Tavoni and Socolow, 2013).
Possible climate risks of BECCS relate to reduction of land carbon stock, feasible scales of biomass production and increased N2O emissions, and potential leakage of CO2, which has been stored in deep geologic reservoirs (Rhodes and Keith, 2008). The assumptions of sufficient spatially appropriate CCS capture, pipeline, and storage infrastructure are uncertain. The literature highlights that BECCS as well as CCS deployment is dependent on strong financial incentives, as they are not cost competitive otherwise (Sections 7.5.5; 7.6.4; 7.9; 7.12).
Figure 11.22 illustrates some GHG effects associated with BECCS pathways. Tradeoffs between CO2 capture rate and feedstock conversion efficiency are possible. Depicted are pathways with the highest removal rate but not necessarily with the highest feedstock conversion rate. Among all BECCS pathways, those based on integrated gasification combined cycle produce most significant geologic storage potential from biomass, alone (shown in Figure 11.23, electricity) or coupled with coal. Fischer-Tropsch diesel fuel production with biomass as feedstock and CCS attached to plant facilities could enable BECCS for transport; uncertainties in input factors, and output metrics warrant further research (van Vliet et al., 2009). Fischer-Tropsch diesel would also allow net removal but at lower rates than BIGCC.
Economics of scale in power plant size are crucial to improve economic viability of envisaged BECCS projects. Increasing power plant size requires higher logistic challenges in delivering biomass.
Scales of 4,000 to 10,000 Mg/day needed for > 600 MW power plants could become feasible as the biomass feedstock supply logistic development with manageable logistic costs if biomass is derived from high-yield monocrops; logistical costs are more challenging when biomass is derived from residues (e.g., Argo et al., 2013; Junginger et al., 2014). Large-scale biomass production with flexible integrated polygeneration facilities for fuels and/or power can improve the technoeconomic performance, currently above market prices to become more economically competitive over time (Meerman et  al., 2011). In the future, increased operating experience of BECCS IGCC-CCS through technological improvements and learning could enable carbon neutral electricity and, in combination with CCS, could result in net removal of CO2 (Figure 11.22). BECCS is among the lowest cost CCS options for a number of key industrial sectors (Meerman et al., 2013). It should be noted that primary empiric cost and performance data for dedicated bioenergy plants are not yet available and needed for comprehensively assessing BECCS. The current status of CCS and on-going research issues are discussed in Sections 7.5.5 and 7.6.4. Social concerns constitute a major barrier for implement demonstration and deployment projects.
[bookmark: _Toc525298505]11.13.4 GHG emission estimates of bioenergy production systems
Figure 11.23 illustrates the range of lifecycle global direct climate impact (in g CO2 equivalents per MJ, after characterization with GWP time horizon=100 years) attributed to major global bioenergy products reported in the peer-reviewed literature after 2010. Results are broadly comparable to those of Chapter 2 in SRREN (Figures 2.10 and 2.11 in SRREN; Chum et al., 2011) Those figures displayed negative emissions, resulting from crediting emission reduction due to substitution effects. This appendix refrains from allocating credits to feedstocks to avoid double accounting.
[bookmark: _Toc525298506]11.13.5 Aggregate future potential deployment in integrated models
BECCS features prominently in many mitigation scenarios. BECCS is deployed in greater quantities and earlier in time the more stringent the climate policy (Section 6.3.5). Whether BECCS is essential for mitigation, or even sufficient, is unclear. In addition, the likelihood of BECCS deployment is difficult to evaluate and depends on safety confirmations, affordability and public acceptance (see Section 11.13.3 for details). BECCS may also affect the cost-effective emissions trajectory (Richels et al., In Review; Rose et al., 2013).

[bookmark: _Toc525298507]FAQ 11.2 How will mitigation actions in AFOLU affect GHG emissions over different timescales?
There are many mitigation options in the AFOLU sector that are already being implemented, e.g., afforestation, reducing deforestation, cropland and grazing land management, fire management, and improved livestock breeds and diets. These can be implemented now. Others (such as some forms of biotechnology and livestock dietary additives) are still in development and may not be applicable for a number of years. In terms of the mode of action of the options, in common with other sectors, non-CO2 greenhouse gas emission reduction is immediate and permanent. However, a large portion of the mitigation potential in the AFOLU sector is carbon sequestration in soils and vegetation. This mitigation potential differs, in that the options are time-limited (the potential saturates), and the enhanced carbon stocks created are reversible and non-permanent. There is, therefore, a significant time component in the realization and the duration of much of the mitigation potential available in the AFOLU sector.
[bookmark: _Toc525298508]FAQ 11.3 What is the potential of the main mitigation options in AFOLU for reducing GHG emissions?
In general, available top-down estimates of costs and potentials suggest that AFOLU mitigation will be an important part of a global costeffective abatement strategy. However, potentials and costs of these mitigation options differ greatly by activity, regions, system boundaries, and the time horizon. Especially, forestry mitigation options—including reduced deforestation, forest management, afforestation, and agro-forestry—are estimated to contribute 0.2–13.8 GtCO2/yr of economically viable abatement in 2030 at carbon prices up to 100 USD/tCO2eq. Global economic mitigation potentials in agriculture in 2030 are estimated to be up to 0.5–10.6 GtCO2eq/yr. Besides supplyside-based mitigation, demand-side mitigation options can have a significant impact on GHG emissions from food production. Changes in diet towards plant-based and hence less GHG-intensive food can result in GHG emission savings of 0.7–7.3 GtCO2eq/yr in 2050, depending on which GHGs and diets are considered. Reducing food losses and waste in the supply chain from harvest to consumption can reduce GHG emissions by 0.6–6.0 GtCO2eq/yr.
[bookmark: _Toc525298509]FAQ 11.4 Are there any co-benefits associated with mitigation actions in AFOLU?
In several cases, the implementation of AFOLU mitigation measures may result in an improvement in land management and therefore have socio-economic, health, and environmental benefits: For example, reducing deforestation, reforestation, and afforestation can improve local climatic conditions, water quality, biodiversity conservation, and help to restore degraded or abandoned land. Soil management to increase soil carbon sequestration may also reduce the amount of wind and water erosion due to an increase in surface cover. Further considerations on economic co-benefits are related to the access to carbon payments either within or outside the UNFCCC agreements and new income opportunities especially in developing countries (particularly for labour-intensive mitigation options such as afforestation).
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Statistics
	Keyword
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	Negative emission
	1

	Carbon dioxide removal/CDR
	3

	Bioenergy with carbon and capture/BECCS
	0

	Afforestation
	0
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	Section 6.9 (WGI)
	1

	Section 13.4.4
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	Figure 6.31
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Statements
	#
	Statements
	Loc.

	1
	Increasing interest in solar radiation management (SRM) and carbon dioxide removal (CDR) as strategies to mitigate the harms of climate change, pose new challenges for international cooperation
	ES

	2
	emissions abatement poses challenges of engaging multilateral action to cooperate
	ES

	3
	Since the publication of AR4, carbon dioxide removal (CDR) and solar radiation management (SRM) have received increasing attention as a means to address climate change, distinct from mitigation and adaptation
	13.4.4

	4
	CDR and other SRM approaches might need to be implemented by numerous countries in order to be effective (Humphreys, 2011)
	13.4.4



[bookmark: _Toc525298511]Executive Summary
Increasing interest in solar radiation management (SRM) and carbon dioxide removal (CDR) as strategies to mitigate the harms of climate change, pose new challenges for international cooperation (medium evidence, high agreement). Whereas emissions abatement poses challenges of engaging multilateral action to cooperate, SRM may pose challenges of coordinating research and restraining unilateral deployment of measures with potentially adverse sideeffects. [13.4.4]
[bookmark: _Toc525298512]13.4.4 The special case of international cooperation regarding carbon dioxide removal and solar radiation management
Since the publication of AR4, carbon dioxide removal (CDR) and solar radiation management (SRM) have received increasing attention as a means to address climate change, distinct from mitigation and adaptation. These two approaches are often collectively referred to as ‘geoengineering’ or ‘climate engineering’ (for more detail, see Working Group (WG) I contribution to the IPCC Fifth Assessment Report (AR5) Section 6.9). Carbon dioxide removal refers to techniques to extract GHGs directly from the atmosphere and store them in sinks, or to directly enhance such sinks. Solar radiation management aims to reduce the amount of solar radiation absorbed by the Earth’s surface. Proposed SRM projects can be atmospheric (e.g., cloud brightening or adding reflective sulphate particles to the lower stratosphere), terrestrial (e.g., enhancing the albedo of the ground, or painting pavements and roof materials white to reflect solar radiation) and space-based (e.g., placing mirrors in space). See WGI report, Section 7.7, for details of these.
Some SRM options (e.g., injecting sulphate particles into the lower stratosphere) may be inexpensive enough for individual states (Barrett, 2008a) and even non-state actors, such as wealthy individuals, to undertake (Barrett, 2008a; Victor, 2008; Lin, 2009; Victor et al., 2009; Bodansky, 2011b). CDR and other SRM approaches might need to be implemented by numerous countries in order to be effective (Humphreys, 2011). Some SRM options may also have specific regional impacts (e.g., regional temperature and precipitation effects, leaf albedo enhancement, or ocean circulation modification), providing direct and perhaps excludable benefits to actors undertaking them (Millard-Ball, 2012) and external costs to others (Ricke et  al., 2010, 2013). See also WGII 19.5.4 for detailed discussion of the risks of SRM.
[bookmark: _Toc525298513]13.13.1.3 Assessment of further agreements under the UNFCCC
Figure 13.5 – caption: The ranges (20th to 80th percentiles) of 2020 emissions that maintain temperature change below 2 °C can be compared to those from cost-effective immediate mitigation scenarios from the WGIII AR5 Scenario Database: greater than 66% probability: 36–47 GtCO2eq/yr; 50–66% probability: 43–47 GtCO2eq/yr (see Chapter 6 and Annex II.10 for details, including MAGICC calculations). Differences in these ranges depend, for example, on assumptions about the availability of negative emissions technologies (see, e.g, Figure 6.31).
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