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Summary 
 
The historic Paris Agreement aims to constrain the peak increase in global mean 
temperature to 1.5 °C, or at least well below 2 °C. Every country has committed to device 
their own “nationally determined contributions” towards this target. These contributions are 
only proscribed for the coming 10-15 years with a regular reassessment of them against 
the global target. Here we use a global climate-economy model to explore consequences 
of differing levels of ambition during these reanalysis. We find that without substantially 
increased ambition the probability of avoiding 2 °C of warming is marginal. We present 
several plausible future trajectories that significantly increase the probability of avoiding 2 
°C, but are unable to keep global temperatures below 1.5 °C. We advocate countries 
engage in the reassessment process soon and with high ambitions as catastrophic climate 
change can effectively be ruled out by such actions. 
 
 

1. Human Induced Climate change and COP21 
 
COP21 has now negotiated a global commitment to limit temperature rise well below 2 °C. 
The scientific community suggest a target of 2 °C is insufficient but encouraging 
(Schleussner, et al., 2016), but recognise that the negotiations necessarily incorporate 
political factors rather than being solely science-based (Puiu, 2015). The Paris Agreement 
was built upon a collection of Nationally Determined Commitments (NDCs) – each country 
stating how and how much they will reduce their greenhouse gas emissions. These 
commitments are specified up to at most 2030. Recent studies indicate these are 
insufficient to hold warming below 2 °C (Rogelj, et al., 2016). The resultant peak 
temperature depends on the ambitions shown by what follows the current commitments. 
Designing climate change policy is a complex process; influenced by intergenerational 
equity, sustainable development, localized investment for commons benefits, allocative 
choices between adaptation and prevention amongst others. Integrated Assessment 
Models (IAM) are often used to track the outcomes of climate policies through the input of 
plausible scenarios.  
 

2. PAGE09, an Integrated Assessment Model (IAM) 
 
This research uses the “Policy Analysis of Greenhouse Effect” integrated assessment 
model (PAGE09; Hope, 2011). A previous generation of the model provided the 
quantitative projections for the influential Stern Review (Stern, 2007). It is one of a handful 
of models used to calculate the social costs of carbon implemented by institutions such as 
the US EPA and the World Bank. Its main advantage over other similar models is its 
inherently probabilistic approach. It uses a Monte Carlo approach to sample uncertain 
parameters (such as the climate sensitivity and discount rate) and incorporates the 
existence of low probability, but high impact climate discontinuities.  
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PAGE09  incorporates climate forcings from aerosols and greenhouses gases (specifically 
CO2, CH4, N2O and SF6) at unevenly-spaced intervals until 2200. It samples a range of 
parameters consistent with the Intergovernmental Panel on Climate Change (IPCC) 
Assessment Report 4 (Hope, 2011). PAGE09 considers impacts in multiple categories, (a) 
economic including factors such as agriculture, (b) non-economic such as health risks and 
(c) discontinuities, which arise from crossing a climate threshold like Greenland melting 
and (d) sea level rise (Hope, 2013). Costs relating to abatement (i.e. mitigation) and 
adaptation are estimated using an equity weighting and an elasticity of utility above one 
(meaning a dollar has more worth to those with few of them). Discount rates are based on 
the Ramsay rule (Hope, 2006; Tol, 2015). A Monte Carlo approach gives probabilistic 
outcomes, yet the (slim) possibility of catastrophic damages invariably skews the 
distribution. The model uses eight distinct economic blocs: the European Union (EU) 
including Britain; the United States of America (US); Other OECD countries (OT); Eastern 
Europe including the former Soviet Union (EE); China and central Asia (CA); India 
including South East Asia (IA); Africa and Middle East (AF); and Latin America (LA). 
 
 

3. Future Emission Scenarios under NDCs 
Previous assessments suggest any 2 °C pathway involves peaking the emissions as soon 
as possible (AVOID2, 2009) and have net-zero emissions before 2100 (Fuss, et al., 2014; 
Schleussner, et al., 2016). Emission peak year and zero emission year are important 
milestones in these pathways, both of which depends on annual emission reduction rate. 
The post-2030 scenarios presented here are developed to hasten the emission peak year 
and increase the reduction rate. Climate justice remains as crux of these scenarios that 
recognize negotiation is give and take process. Developed countries will pressure 
developing countries to increase their ambition, yet the chances that developing countries 
will accept depends on the progress of the developed regions.   
 
There are several complications when developing NDC-based emission pathways arising 
from (a) the aggregated economic blocs, (b) the NDCs often only lasting until 2030, and (c) 
the fact that some NDCs lack an explicit target either the emissions peak year or emission 
reduction rate. We set out to develop scenarios that are simultaneously ambitions, but also 
plausible. A country's annual emission reduction rate is calculated from its chosen 
reduction target and baseline in its NDC, or if necessary from its Kyoto Protocol pledge. 
Given heavy dependence on technological innovation, we assume that increasing marginal 
abatement costs will be countered by technology cost reductions, which might not be true 
for all regions and depends on the nature of production (Brechet & Jouvet, 2008).This 
assumption allows us to expand emission scenario across the majority of the OECD. For 
regions with high population growth, substantial poverty and a developing economy like 
India, emission pathway still has to peak and then decline. Furthermore, uncertainty 
increases with unclear climate policies (Ghambhir, et al., 2014) and conditional targets 
(Rogelj, et al., 2016). Delayed action has greater implications than mitigating technology 
(Rogeij, et al., 2014). By considering what could follow the NDCs after expire in 2030, four 
plausible scenarios are developed and contained in the carbon budget space delimited 
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within the A1B pathway (as a baseline) and LES (AVOID, 2016; which contains unlikely, 
stringent emission reductions to achieve a 1.5 °C target). We assume that all other 
greenhouse gases follow the same trajectory as carbon dioxide. 
 
Emission scenarios until 2030 use selected data from published articles, inventories and 
policy documents (Green & Stern, 2015; Li & Qi, 2011; EEA, 2010; CAT, 2014; UNFCCC, 
2014 (b); UNFCCC, 2015; Rogelj, et al., 2016). We assume that the NDCs will have an 
effective implementation and a progressive follow-up after 2030 (Jacquet & Jamieson, 
2016).  Regional emissions are used where available, such as for the EU. For regions with 
wide disparities in emission goals like Latin America, sub-regional or country-wide 
emissions are expanded and then aggregated to produce regional emission pathways. We 
neglect countries with a very minor contribution to the bloc (such as Nepal for the India & 
South East Asia bloc). As the NDCs are now in effect, all scenarios follow the same 
trajectory initially. After 2030, they diverge as varying progressive but plausible 
commitments are added. Four different emission scenarios are developed and are 
summarized in Table 1 and Figure 1. 
 

3.1. Current commitment (CC) 
The scenario is based on the principle that countries will continue reducing their emissions. 
They will be sufficiently committed to maintain a similar rate of emission reduction, despite 
the increasing marginal costs of mitigation. For nations such as China that have a stated 
emissions peak, we use the slowing of emissions growth before the peak as an emissions 
reduction rate for afterwards. For regions where the NDC commits to neither a peak year 
nor an emissions reduction rate, we choose default emission pathways that follow the A1B 
scenario (our baseline case for the NDC-based commitments). The highest current annual 
emissions reduction rate is 2%-per-year for both the EU and US, whereas both India and 
South East Asia (IA) and Africa & Middle East (AF) increase their emissions by 176% by 
the end of century (as they follow the A1B). 
 

3.2. Increased Commitment (IC) 
This scenario considers that in light of emerging evidence (Rogelj, et al., 2016; 
Schleussner, et al., 2016), nations will increase their climate commitments. It has been 
suggested that countries like India, South Africa and the Gulf states may peak their 
emission before 2040 (Ekholm & Lindroos, 2015). In response, developed countries will 
increase their emission reduction rate (MacKay, et al., 2015). This increasing commitment 
sees two additional blocs (IA and AF) peak their emission (in 2040, followed by a 1%-per-
year reduction rate until 2050, 2%-per-year until 2075 and 3%-per-year thereafter). 
Developed countries increase their emissions reduction rate by a further 1%-per-year. This 
results in 6 of the 8 regions achieving zero emissions by 2100 (Figure 1B). 
 

3.3. Stringent Commitment (SC)  
This scenario considers that policy is determined in light of evidence that early action is 
essential (UNFCCC, 2015b; Peters, 2016). It assumes that all nations will peak their 
emissions by 2030 or earlier. However, this urgency is not transferred to tackling 
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emissions after this peaking - the emissions reduction remains the same in the increased 
commitment scenario above. Both India and South East Asia (IA) and Africa & Middle East 
(AF) implement emissions reduction rates of 1%-per-year, 2%-per-year and 3%-per-year 
after 2040, 2050 and 2075 respectively. In this scenario, all regions achieve net-zero 
emissions by 2100.  
 

3.4. Highly Increased Commitment (HIC) 
In this scenario, we suppose that all regions match the ambition of a global peak in 
emissions by 2030, followed by intense decarbonisation. As such all emissions reduction 
rates are increased by 2%-per-year above those implied by the current commitments. This 
results in all regions achieving net-zero emissions by 2100, whilst the EU and the USA will 
achieve it in 2050. The resulting emission scenario is roughly comparable to the RCP2.6 
scenario. 
 

3.5. Other scenarios 
To illustrate the implications of the above scenarios, we also show the results of the 
following scenarios:  

 A1B - a scenario which represents high economic growth but balanced technology 
diffusion (IPCC, 2014) 

 LES - a scenario devised by the AVOID project that has a 50% probability of achieving 2 
°C (Warren, et al., 2013) 

 
Table 1 Description of Scenarios 

Scenario Concept Description Projection 

Current 
commitment 
(CC)  

Maintain and 
implement 
current 
reduction 
rates 

Extension of NDCs; 
defaults to A1B scenario 
if no reductions 
promised   

Developing world 
continues to emit 
whereas developed 
world has already 
started to decline. 

Increased 
commitment 
(IC) 

Negotiation 
after 2030 
leads to 
rapid peak in 
emissions 

Current reduction rates 
upped by 1% per year. 
All peak by 2040. 

Some regions achieve 
carbon neutrality in 
2075.  
All regions emit less than 
in 2100 than in 2009. 

Stringent 
commitment 
(SC) 

Urgency of 
early peak 
appreciated. 

All regions peak 
emissions by 2030. 
Increased commitment 
otherwise.  

All regions achieve zero 
emission by 2100; half 
by 2075. 

Highly 
increased 
commitment 
(HIC) 

Rapid, 
successful 
global effort  

2030 emissions peak 
matched by 2%-per-year 
increase in current 
reduction rate 

All regions become zero 
emission by 2100. EU 
and US by 2050. 
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Figure 1 Emission pathways until 2200 as a percentage of current emissions; A) a continuation of 
the current commitments, B) Increasing the commitments post 2030 through negotiations, C) All 
regions peaking their emissions by 2030, D) The highest plausible commitment. The regions are 
European Union (EU, light blue), United States (US, pink), Other OECD countries (OT, green), 
Eastern Europe including former Soviet Union (EE, purple), China and central Asia (CA, cyan), 
India including South East Asia (IA, orange), Africa and the Middle East (AF, dark blue) and Latin 
America (LA, brown). Please refer text for further details of the scenarios. 

 

4. Climate Change Outcomes 
 

Carbon dioxide concentrations and radiative forcing in 2100 reduce as stronger 
commitments are made (Fig. 2a, b). The CO2 concentrations in both the stringent and the 
highly increased commitment scenarios are below 500 ppm, which is comparable to the 
IPCC's RCP2.6 scenario. Nonetheless none of our proposed scenarios result in a likely 
(>66%) chance of warming remaining below 2 °C (Fig. 2d). Our current commitment is 
very unlikely (≤10%) to prevent dangerous climate change (i.e. to keep global warming 
below 2 °C). This analysis is consistent with previous studies (Rogelj, et al., 2016; 
AVOID2, 2009) which assert that the 2 °C target is challenging. We find that even an 
annual emissions reduction rate of 5%-per-year (the highest considered feasible) is 
insufficient to remain below 2 °C, if the global emission peak year occurs in 2040 or later. 
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According to our results, a plausible increase in our climate commitments (scenario IC) is 
sufficient to make climate change of greater than 4 °C very unlikely (≤10%). 

 
Figure 2: Climate change under different scenarios (median values for 2100). The four scenarios 
develop here are shown along with the A1B and the LES scenarios. A) the median CO2 
concentration in ppm, B) radiative forcing in W/m2, C) global mean temperature change in °C and 
D) probability of holding below different global mean temperature thresholds 

 

5. Costs of NDC-based scenarios 
 
The costs associated with future climate arise from two different sources: "preventive 
costs" are associated with additional actions (or lost opportunities) aimed at lowering 
carbon emissions; "impacts costs" are associated with the direct consequences of climate 
change or the adaptation to them. The difference between these two costs compared to 
the A1B scenario indicate a net benefit of the policy decision (Fig. 3). 
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Figure 3: Costs and benefit compared to the A1B scenario. All values shown here are the median 
costs in 2100. The low probability, yet high cost of climate discontinuities results in the average 
(mean) costs returning even greater net benefits.  

 
All scenarios developed here have a net benefit of reduced impacts over US$100 trillion 
(although the majority of this benefit occurs in the 22nd century, making climate change 
investment an intergenerational investment). As the climate mitigation commitments 
become more substantial, so do the preventive costs. The reduced impacts cost saturates 
for emissions reduction larger than those in the SC scenario. However, this model neither 
covers all climate damages nor potential co-benefits from mitigation (Bain, et al., 2016; 
IPCC, 2014).  
 
Regional costs (Fig. 4) are not uniformly distributed across the globe (Goulder & Pizer, 
2006). Moving to the most ambitious scenario will result very high preventative costs for 
the least developed regions (Fig. 4B), despite them simultaneously suffering the highest 
impacts cost (Fig. 4D). This highlights the importance of equity, justice and fairness as 
important conditions in climate policy design. The wide probable range of impact and effect 
(e.g. Indian & South East Asian preventative costs may be the largest cost or the largest 
savings, Fig. 4B) is associated with the uncertainty in warming (Fig. 2). Temperature rise 
beyond tolerable limits will trigger discontinuity and lead to catastrophic damages (Hope, 
2010). Strong commitment will reduce the probability of reaching these dangerously 
extreme warmings (Fig. 2D). 
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Figure 4 Preventive and impact costs for every region (at 2100). The left panels show the 
preventative (A) and impacts (C) costs under the current commitments. The Highly Increased 
Commitment scenario is shown in the right panels with its regional preventive (B) and impacts 
costs (D). 

 
 

6. Social Cost of Carbon 
Many studies (Schellnhuber, et al., 2016b; Nordhaus, 1991; Hope, 2013; MacKay, et al., 
2015) suggest carbon pricing as a solution to emission reduction. The mean social cost of 
carbon dioxide is calculated as the aggregate value of damage associated with an 
additional ton of CO2 emitted. The estimated social cost of carbon ($103) under A1B 
scenario is in line with other estimates (US$106) (Wong, et al., 2015).  
 
The mean social cost of carbon under the current commitments (CC) is US$74 per ton of 
CO2, only three-quarters of the cost seen under the A1B scenario. With increasing 
commitment, the social cost of carbon reduces. This result is consistent with a non-linear 
climate system that contains thresholds and discontinuities. It demonstrates that early 
actions reduce the damage caused by greenhouse gases and provide larger benefit in 
long run. Extreme damages associated with the long tail in the probability of damage costs 
are particularly important in determining the social cost of carbon and omitting the top 1% 
values reduces the mean values significantly (Hope, 2013). For comparison present values 
of carbon tax are around US$168 in Sweden, US$68 in Switzerland (WB, 2016) whereas it 
is US$16 in Denmark and Norway. The calculated social cost of carbon is substantially 
more than the carbon charges considered by the majority of countries (CCES, 2013) - only 
Sweden's US$168 per ton is comparable. 
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Figure 6 Social cost of carbon (US$ per ton of CO2). We show the mean, median and 10-90% 
range of estimates from the resulting probabilistic distributions. 

 

7. Discussion and Conclusions 
 
There will be a clear benefit of adopting the NDC in terms of both climate change and total 
economic cost. In fact, all NDC-based commitment scenarios are economically beneficial 
compared to the A1B baseline pathway, although not necessarily optimum. Achieving the 
2 °C target clearly rests upon what follows once the current NDCs expire in 2030. We find 
that even when all countries peak their emissions before 2030 and subsequently achieve 
an annual emissions reduction rate of 5%-per-year, the 2 °C target is not likely to be met 
(>66%). Even though the ambitious scenarios developed here are unlikely to hit the 2 °C 
target, they virtually eliminate the chance of exceeding 4 °C of global warming. 
 
As with any Integrated Assessment Model, the results of these simulations must be 
interpreted with caution (Wong, et al., 2015). On the one hand, to permit global simulations 
on such a long time scale, a large number of assumptions must be made which may 
underestimate the costs and impacts. On the other hand, climate mitigation policy has a 
wide range of social co-benefits that are accounted for in PAGE09, albeit crudely (IPCC, 
2014). Consideration of these co-benefits could make climate action more palatable to 
politicians (Bain, et al., 2016). However the probabilistic approach taken in PAGE09 goes 
a long way to explore those two large uncertainties. 
  
Our scenarios start from an assumption that all countries fulfil their national determined 
contribution stated commitments. If even a handful of countries fail to comply with their 
NDC, then other countries may give up on the agreements. Therefore, achieving 2 °C 
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requires ambitious and collaborative actions by all countries (IPCC, 2014). The scenarios 
here have been developed with the aim of sharing the burden fairly to achieve buy 
agreement from all parties. We have not included a large-scale deployment of negative 
emission technology into these scenarios, yet they would clearly be helpful in mitigating 
further climate change impacts (Bernie, et al., 2015) 
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