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shows the points at which the related temperature target could be achieved with a 
66% likelihood. This value is termed likely in IPCC uncertainty definitions (second 
issue raised in Section 2.1).  
 
The impact of the uncertainty in non-CO2 emissions (third item in Section 2.1) on 
the carbon budget is represented by the circles in Figure 2.2; because of 
uncertainty about non-CO2 emissions, the various values of the CO2 emissions 
budget within each circle may result in a comparable temperature change. The 
impact is somewhat smaller than that of the uncertainty in the climate system. 
 
The aspect timing and overshoot comes back in the various methods that are used 
in the literature for deriving carbon budget values. Rogelj et al. (2016b) make a 
distinction between threshold exceedance budgets (TEB) and threshold avoidance 
budgets (TAB). The exceedance budget is defined as the cumulative level of CO2 
emissions until a specified temperature is reached. In Figure 2.2, the exceedance 
budgets can be found simply by reading the budget related to a temperature 
change level. The second method is based on the results of Integrated Assessment 
Models and equals the total cumulative CO2 emissions in mitigation scenarios that 
just avoid exceeding the temperature target. Simply based on the calculation 
method, TAB leads to lower estimates of the carbon budget (the approach requires 
the temperature increase to slow down to zero before the temperature target is 
reached). However, most applications of the TEB method also assumes higher non-
CO2 emissions, as they are based on a non-mitigation scenario, thereby cancelling 
some of this effect.  
 
Rogelj et al. (2016b) provides a whole range of carbon budget estimates published 
before 2016, taking into account the various uncertainties. For a more than 66% 
likelihood of achieving the 2 °C target, they suggest that the carbon budget from 
2015 onwards must range from about 600 to 1200 GtCO2 (mostly depending on 
assumptions regarding non-CO2 emissions). This equals around 15 to 30 years of 
current annual emissions (Le Quéré et al., 2015). Reported budgets for 1.5 °C in 
the IPCC Synthesis Report are around 400 GtCO2 and 240 GtCO2 based on a 
respective 50% and 66% of the simulations meeting the 1.5 °C target (IPCC, 
2014), or 10 and 5 years of current annual emissions. Table 2.1 provides an 
overview of the values from the IPCC report (IPCC, 2014).  
 
A recent paper by Millar et al. (2017) provides considerably higher numbers than 
the IPCC and Rogelj et al (2016b). One important reason is that Millar et al. re-
estimated the IPCC’s figures (as shown in Figure 2.2) on the relationship between 
the cumulative CO2 emissions and long-term warming by looking at warming and 
budget from the present day onwards, instead of the earlier practice of looking at 
longer term trends and, subsequently, correcting for historical emissions. The Millar 
method is less influenced by possible bias in warming in climate models in the 
historic period, but it requires an estimation of current warming in order to define 
the still allowable warming from 2015 onwards. Millar et al. used a value for 
present day warming of 0.93 °C compared to pre-industrial, which is in the lower 
range of estimates of historic warming (leading to a higher budget for remaining 
emissions). The budgets published by Millar et al. are 730–880 GtCO2 for a 1.5 °C 
target, and around 1400 GtCO2 for a 2 °C target, both with at least 66% 
probability. Using the median estimate of historic warming from Visser et al. (see 
Section 2.1) would reduce the Millar et al. budgets to 600–680 GtCO2 for 1.5 °C, 
and to 1300 GtCO2 for 2 °C. Millar et al. also improved the TEB method in 
accounting for non-CO2 gases, leading to slightly higher budgets. The remaining 



PBL | 10  

difference with the estimates by Rogelj et al. (2016b) and the IPCC can be 
understood in terms of the use of exceedance versus avoidance numbers (as can be 
deducted from comparing the exceedance and avoidance numbers reported by 
Rogelj et al. (2016b)).  
 
  
Table 2.1: Overview of the carbon emissions budget from 2015 onwards for 
achieving different temperature targets at different probabilities (GtCO2) 

Likelihood of staying below 1.5 °C  Likelihood of staying below 2 °C  
At least 50% At least 66% At least 50% At least 66% 
390–440 240 (no range 

available) 
1140 (990–1240) 840 (590–1240) 

Source: IPCC, 2014a (values have been corrected for emissions over the 2011–2014 period) 

 
Overall, it can be concluded that the exact carbon budget for the ‘1.5 °C’ target 
depends on scientific uncertainty and on the likelihood at which the target should 
be achieved. However, in all cases, the budget will be very stringent.  
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3 Emission and energy 
scenarios consistent 
with the 1.5 °C target   
3.1 Emission pathways  

Climate models can be used to design scenarios that achieve long-term climate 
targets at certain probabilities. This chapter explores the implications of various 
carbon budgets for emission pathways. 
  
 
Box 3.1: IMAGE-model-based scenarios 
The analysis presented here used the integrated assessment model IMAGE (Stehfest et al., 
2014) to explore alternative pathways leading to a radiative forcing level of 1.9 W/m2 by 
2100. The IMAGE model can assess the implications of various mitigation strategies, in terms 
of changes in energy systems, land use, emissions and associated costs. The scenarios 
analysed here are all based on the IMAGE implementation of the SSP2 scenario, which is a 
middle-of-the-road scenario on socio-economic developments (Van Vuuren et al., 2017). In 
the standard set-up of the model, extensive-mitigation scenarios are implemented via the 
introduction of a uniform global carbon price, resulting in a strategy similar to other 
scenarios in the literature (Van Vuuren et al., 2017).  

Baseline and current policy 
The baseline scenario shows the trajectory for CO2 emissions according to a 
hypothetical scenario in which no new or additional climate policies are introduced. 
In this case, global CO2 emissions are projected to reach annual emission levels of 
around 60 GtCO2 by 2050, and 75 GtCO2 by the end of the century. IPCC provides a 
full uncertainty range of cumulative emissions of 3500–6500 GtCO2 (which is 
consistent with our numbers). By 2100, this would lead to a global temperature rise 
of between 3 and 7 °C, compared to pre-industrial levels (Clarke et al., 2014). 
Implementing current climate policies formulated in many countries around the 
world will lead to some emission reduction as shown by the NDC scenario, but will 
be insufficient to achieve ambitious climate goals (Figure 3.1). 

Stringent mitigation scenarios 
Emission reduction pathways that comply with the Paris Climate Agreement show 
rapid emission reductions. Figure 3.1 provides an overview of pathways that could 
lead to the 1.5 °C target with medium probability, and 2 °C target with medium 
and likely probability. The scenarios are introduced in Table 3.1. 
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Table 3.1: Scenarios included in this note 

Scenario Description and key assumptions 
Baseline Emission development without climate policy assuming middle-of-the-road 

socio-economic assumptions (Van Vuuren et al., 2017) 
NDC Emission development assuming that for 2020, the average of all pledges are 

achieved and for 2030, all conditional NDCs are achieved 
Default 3.4 Climate policy is implemented by introducing a uniform price on greenhouse 

gases in all regions and sectors from 2020 onwards, staying with a probability 
of 50% below the 2 °C target (forcing of 3.4 W/m2

 in 2100) 
Default 2.6 As Default 3.4, but staying with a probability of at least 66% below the 2 °C 

target (forcing of 2.6 W/m2) 
Default 1.9 As Default 3.4, but staying with a probability of 50-66% below the 1.5 °C target 

(forcing of 1.9 W/m2) 
Renewable 
electricity 2.6 

As Default 2.6, but assuming a faster electrification rate of energy use and more 
rapid deployment of variable renewable energy 

Renewable 
electricity 1.9 

As Renewable electricity 2.6, but staying with a probability of 50-66% below the 
1.5 °C target (forcing of 1.9 W/m2) 

No BECCS 2.6 As Default 2.6, but minimizing the use of bio-energy in combination with carbon 
capture and storage 

 
In the literature, scenarios reaching 2.6 and 1.9 W/m2 are often regarded as 
interpretations of the climate objectives of the Paris Climate Agreement. They 
correspond more or less to the 2 °C and 1.5 °C carbon budgets discussed in the 
previous section (as also indicated in the definitions in Table 3.1). Both scenarios 
show a global peak in CO2 emissions in the short term, followed by a period of rapid 
reductions and, ultimately, negative CO2 emissions.  
 
Theoretically, these targets can still be reached using pathways without negative 
CO2 emissions. Without negative CO2 emissions, however, scenarios cannot 
temporarily exceed the carbon budgets and, therefore, even more rapid emission 
reductions are needed. For achieving the 1.5 °C target, CO2 emissions would need 
to decline to zero in about 12-20 years (around 2025-2035), depending on the 
likelihood, using the carbon budget provided by the IPCC and assuming linear 
emission reductions. It seems unlikely that this will be feasible, given current 
emission trends and the lifetime of infrastructure and technologies. If net negative 
CO2 emissions are achieved, the year by which carbon neutrality needs to be 
achieved can be delayed by about 10 to 15 years, which means that rapid 
reductions are still needed.  
 
There are several methods to achieve negative CO2 emissions. The most common 
CDR options in scenario analyses are reforestation and the use of bio-energy in 
combination with carbon capture and storage (BECCS). Other, less often, 
considered options include direct air capture (using carbon dioxide scrubbers to 
absorb the CO2 that is already in the atmosphere) and enhanced weathering. When 
the amount of negative CO2 emissions is larger than the fossil-fuel emissions 
remaining in the air, this is referred to as ‘net negative CO2 emissions’. Nearly all 
IPCC scenarios rely on net negative CO2 emissions to achieve the 2 °C target with a 
likely chance (Van Vuuren et al., 2015). Therefore, the Paris Climate Agreement 
implicitly relies on negative emissions as well, as the targets in the agreement are 
based on IPCC scenarios and underlying literature.  
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Across the range of scenarios, the amount of net negative CO2 emissions in 2 °C 
scenarios typically varies from zero to over 350 GtCO2, for the second half of this 
century (equal to up to 10 years of current annual energy- and industry-related CO2 
emissions). It is important to realise that CDR technologies cannot be applied 
without restriction, as there are biophysical limits to afforestation, bio-energy 
generation and carbon storage (Smith et al., 2016). Moreover, both bio-energy 
generation and carbon storage are controversial methods, because of possible 
undesirable effects, such as on food security, biodiversity, emissions, and risks 
related to CO2 storage. This leads to questions about the feasibility of scenarios that 
rely on large-scale storage (Anderson and Peters, 2016) —especially, since, to date, 
CO2 storage has hardly been applied— and about the feasibility of scenarios that do 
not rely on CDR technologies. A more in-depth discussion on the pros and cons of 
the various mitigation strategies is urgently needed. 

 

3.2 Energy systems  

Figure 3.2 depicts a more detailed picture of the total greenhouse gas emissions 
(panel a) and CO2 emissions (panel b) of the Default 1.9 scenario. Both CO2 and 
non-CO2 emissions are reduced, rapidly. However, despite these rapid emission 
reductions in the short term, total non-CO2 emission reductions are constrained. 
The main reason is that, for several sources, only a limited reduction potential has 
been identified (e.g. for rice cultivation and animal husbandry). For CO2, the right 
panel shows how the net emissions (represented by the black line, equal to the 
Default 1.9 scenario in Figure 3.1) are the result of positive and negative fluxes in 
the energy and land-use systems. This ‘decomposition’ also shows that some fossil-
fuel-related emission sources are difficult to reduce. This is especially the case for 
transport emissions from aviation and shipping. In addition, a certain amount of 
emissions remains in the atmosphere as a result of imperfect capture rates of CO2 
at power plants and in industries with carbon-capture-and-storage (CCS) systems. 
As a result, even if CO2 emissions turn net negative, some positive fossil-fuel-
related CO2 emissions will remain in the atmosphere until the end of the century. 
The results also show that BECCS is competitive even long before net negative CO2 
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emissions are achieved, thereby already partly offsetting remaining CO2 emissions 
from these other sources. Land-use-related CO2 emissions are projected to remain 
close to zero, from 2050 onwards. This is a result of opposing trends; area 
expansion for bio-energy production increases emissions due to loss of vegetation, 
whereas afforestation decreases emissions. The trends in the Default 2.6 scenario 
are similar, but somewhat slower in time.  

 
 
It is possible to reduce the need for negative emissions and still achieve ambitious 
climate goals. Such strategies include: 1) a further decrease in non-CO2 emissions; 
2) reducing the remaining CO2 emissions; and 3) including the contribution of 
reforestation and afforestation (which also leads to negative CO2 emissions). Here, 
we show the impact of two scenarios that limit the use of negative CO2 emissions; 
one that does so by relying more heavily on further electrification (the Renewable 
electricity scenarios), and one that places explicit restrictions on the use of BECCS 
(the No BECCS scenario, which requires a considerably higher carbon price to 
achieve the same radiative forcing level). The results from these scenarios show 
that it is possible to limit the use of BECCS, but also that it is very difficult to 
completely avoid negative CO2 emissions, especially for 1.5 °C.  
 
Figure 3.3 shows the cumulative contributions of all CO2 emission sources for all 
scenarios in Table 3.1, retaining the colour scheme of the right panel of Figure 3.2. 
The total CO2 budget over the 2010–2100 period is the result of the net flow of 
cumulative emissions related to energy and land use. The net total emissions vary 
between 2050 GtCO2 (Default 3.4 scenario) and 325 GtCO2 (Default 1.9 scenario). 
Further reducing non-CO2 emissions could allow for somewhat higher cumulative 
CO2 emission levels.  
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Figure 3.4 shows that, in all scenarios, the global energy system is converted from 
one that is based almost completely on fossil fuels (currently) to one in which 
renewable energy, nuclear power or CCS play an important role. Here, also, the 
transformation of the energy system needs to occur more rapidly in the scenario 
relevant for the 1.5 °C target than in the one aiming for 2 °C. This is especially 
visible in the faster phase-out of oil; for achieving the 1.5 °C target, not only coal, 
but also unmitigated oil use should be largely phased out by 2050. At the same 
time, bio-energy is projected to increase, both with and without CCS. Moreover, 
given the stringent budget in the 1.5 °C scenario, BECCS is deployed on a larger 
scale than in the 2 °C scenario. The use of CCS and bio-energy can be limited, 
substantially, in the 2 °C scenarios that explore less BECCS use (the Renewable 
electricity and No BECCS scenarios), but achieving 1.5 °C is extremely difficult 
without this technology. 
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