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The climate goal of the Paris Agreement is “holding the increase 
in the global average temperature to well below 2°C above pre-
industrial levels and to pursue efforts to limit the temperature 

increase to 1.5°C” (Article 2.1). This requires net-zero greenhouse 
gas (GHG) emissions in the second half of the century (Article 4.1), 
as a necessary condition to stay within the remaining cumulative 
emissions budget of approximately 420–1,200 gigatonnes (Gt) of 
equivalent CO2 in the twenty-first century1,2. No region, nor sec-
tor, is exempt from this requirement; any excess emissions must be 
compensated with negative emissions.

The Paris Agreement requires Parties to submit Nationally 
Determined Contributions (NDCs), representing voluntary com-
mitments formulated by each country with a 10–15 year horizon 
in light of the above collective objective (Articles 3 and 4.2). These 
NDCs are to be designed within the context of other develop-
ment goals defined by national circumstances (Paris Agreement  

preamble), including the Sustainable Development Goals (SDGs) 
relating to energy access and security, air quality, poverty allevia-
tion, and employment creation3,4. Given the widely acknowledged 
lack of collective ambition in the first round of NDCs, the Paris 
Agreement requires Parties to submit a revised, more ambitious 
NDC every five years (Articles 4.3 and 4.9). It also mandates global 
stocktaking exercises every five years to assess progress against the 
collective objective (Article 14).

To inform these processes, country parties are invited to “formu-
late and communicate long-term low GHG emission development 
strategies” (Article 4.19), filed with the United Nations Framework 
Convention on Climate Change. We argue here that these long-
term strategies can be a central enabling instrument for reconciling 
the long-term and global nature of the climate objective with the 
medium term horizon and national scale of the NDCs, and thus 
inform policy. Strategies based on pathways reverse-forecasted from 
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the long-term goal to the present, or ‘backcasted’, would ensure 
consistency of national near-term planning, investment and policy 
decisions with long-term social, economic and environmental goals 
in the context of inertia, lock-in risks and mitigation innovation5,6. 
These strategies can also reveal the key international enabling con-
ditions required for nations to adopt ambitious mitigation, such as 
technology development and transfer, finance for investment and 
adaptation, and institutional support.

For a long-term strategy to play these roles, it must be suffi-
ciently understood and accepted by a working majority of stake-
holders, both those responsible for implementation and those 
affected by the transformation (for example, governments, indig-
enous peoples’ organizations, sector associations, firms, energy 
utilities, unions, experts, households and non-governmental orga-
nizations). To enable this, a process is required to educate these 
stakeholders, gather their essential inputs, and create a structured 
space for dialogue among them to design and rigorously debate 
such pathways. This requires that the strategies be formulated in 
a qualitative or semi-quantitative language understandable to all 
stakeholders. But it also requires that they be expressed in com-
parable quantitative scenarios, characterized by economy-wide, 
internally consistent sets of parameters describing the evolution of 
emissions drivers at the sectoral level, as well as key socioeconomic 
and development indicators.

The first section identifies four key methodological principles 
to develop and combine qualitative narrative strategies with quan-
titative scenarios that can feed into national and global pathway 
development processes. We then describe how these methods were 
developed and used in the Deep Decarbonization Pathways Project 
(DDPP). The third section, ‘A Paris-compatible pathway design 
framework’, synthesizes the approach by articulating them in a con-
sistent pathways design framework, before we conclude with impli-
cations, recommendations and further research needs.

Methodological challenges to inform the post-Paris 
process
There is already a rich literature on global low emission scenarios 
using Integrated Assessment Models (IAMs)7, which formed the 
backbone of analysis in the Intergovernmental Panel on Climate 
Change Fifth Assessment Report (IPCC AR5)1 and Special Report 
on Global Warming of 1.5°C (ref. 2). This ‘data spine’ helped dem-
onstrate that a global low emission pathway is possible, while clari-
fying that the global temperature goal of “well below 2°C, towards 
1.5°C” requires reducing global emissions to net-zero and likely net-
negative by 2050–20751,2. Recent studies on ambitious climate goals 
from this literature have analysed socio-economic aspects, such 
as economic growth and fossil fuel availability8, the distributional 
consequences among major economies9, and the interplay with 
the SDGs10. Some studies have also assessed the effect of current 
NDCs on achieving the Paris Agreement climate objective11, and the 
conditions for reaching 1.5°C climate stabilization2. Country-level 
scenarios consistent with ambitious mitigation objectives have even 
been investigated through multi-model comparisons, for example, 
for Asian12 and Latin American countries13.

This global IAM approach has limitations, however, that need to 
be addressed to support the national policy processes envisaged in 
the Paris Agreement14–16. On the practical side, IAMs are resource-
intensive models that require specialized teams to build and run, 
beyond the capacity of many countries and of most national actors 
that would like to contribute to policy debate and planning. In addi-
tion, the IAM storylines are arranged in ‘Shared Socioeconomic 
Pathways’8, which do not distinguish technological and policy 
deviations due to individual country circumstances. Finally, the 
mathematical representation of complex climate–economy systems 
in IAMs requires simplifications that limit their ability to represent 
specific national circumstances, objectives and policy approaches17. 

IAMs conventionally adopt aggregate sectoral and regional rep-
resentations, as well as simplified economic and behavioural 
assumptions, that can miss country-specific mitigation options and 
limitations18. These modelling choices lead to a superficially simple 
focus on price-oriented mitigation policies based on cost-benefit 
approaches19, restricting consideration of a wider range of policy 
instruments20,21 and objectives. In particular, many IAMs face struc-
tural challenges, including to represent context-specific aspects of 
non-climate co-benefits or costs22.

There is also a ‘bottom-up’ literature23, designed around national 
circumstances and policy, which conducts country-scale investiga-
tion of development and ambitious climate objectives for a wide 
range of countries across Asia24–28, Latin America29–34, Africa35,36, 
Europe37–43 and North America44–49. Several studies describe multi-
country exercises in which country teams co-explored their domes-
tic pathways50–52. To date, however, these studies have lacked the 
overarching global context inherent in the IAM approach because 
the boundary conditions of national studies are not systemati-
cally defined according to a consistent cross-country vision of the 
global transformation (for example, carbon budgets, technological 
assumptions on learning and transfer, fossil fuel prices and their 
supply and international demand assumptions)53.

We propose that a new approach is needed to support the Paris 
Agreement, one that combines key elements of the global IAM and 
national bottom-up modelling literatures to provide a structured 
global context for policy-relevant analyses of national low GHG 
emission development strategies. Its purpose would be to: allow for-
mation of national strategies consistent with country circumstances, 
place-specific development objectives and national political priori-
ties; reflect a coherent cross-country global context; and be compat-
ible with the collective ambition towards the temperature goal11.

This hybrid approach requires addressing four key methodologi-
cal challenges.

First, the design of low emission strategies is faced with many 
global and country-specific uncertainties, making a multi-scenario 
approach exploring different plausible futures necessary. To support 
the design of robust national strategies and policies, the different 
futures must be defined from the key uncertainties affecting the tra-
jectory of the specific country under consideration.

Second, to be useful for policymaking, quantitative national sce-
narios should not only describe emissions trajectories but also pro-
vide transparent sectoral detail of the broader social, economic and 
technological changes within which they are founded. Modelling is 
useful for this purpose, but no single model is able to encompass all 
the sectoral and socio-economic indicators required to characterize 
development trajectories. A flexible, inclusive approach to model-
ling is needed.

Third, comparability across different countries is also important 
to facilitate knowledge sharing and enable a global composite to 
emerge from national visions. This requires a systematic, quantita-
tive structure that identifies key sectoral and development metrics 
and is built to accommodate scenarios from different sources. We 
refer to this reporting structure as a ‘dashboard’.

Fourth, pathway analysis should help identify the options to 
reach mid-century development objectives and emissions neutrality 
starting from the present. The design of these pathways starts from 
the definition of realistic future benchmark values, for example for 
2050, for the key indicators listed in the dashboard. A backcasting 
approach is then needed to identify the systemic changes required 
to move these indicators from their present values to ranges in line 
with these benchmarks.

In the following section, we provide insights on how to con-
cretely address these challenges through an approach that is bot-
tom-up, country-driven, policy-relevant and consistent with a 
global mitigation goal. We derive these insights by documenting 
methodological lessons from the DDPP54–56, wherein sectorally 
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detailed mitigation scenarios were designed to reflect national 
development and political circumstances according to the four 
principles outlined above. The project, coordinated by the Institute 
for Sustainable Development and International Relations (IDDRI) 
and the Sustainable Development Solutions Network (SDSN), was 
composed of country research teams from 16 developed and emerg-
ing economies representing 74% of 2010 global energy-related CO2 
emissions. The DDPP studies subsequently influenced the climate 
policy debate in several of these countries57,58.

This Perspective does not focus on the details of the DDPP 
results, as published in 2015–2016, for two reasons. First, because 
the DDPP was conducted before COP21, the climate objective was 
chosen as a 50% probability of maintaining 2°C, therefore less ambi-
tious than the ‘well below 2°C, towards 1.5°C’ framing introduced 
in the Paris Agreement. Second, while some DDPP teams included 
agriculture and land-use emissions, the aggregate project results 
focused on energy-related combustion and process emissions, 
hence failing to capture all GHG sources. Here, we will discuss the 
methodological lessons that were learned from the DDPP and that 
would be useful for implementation of the Paris Agreement. In the 
concluding section, we discuss how a DDPP-type exercise could 
be re-done with the Paris Agreement framing, that is, considering 
more ambitious climate objectives and non-energy emissions.

Guidelines for national low-emission development 
pathways
We describe key features of the DDPP method, designed to address 
the challenges presented above. They constitute the four building 
blocks of the DDPP pathways design framework, synthesized in the 
next section, ‘A Paris-compatible pathway design framework’.

Country-driven strategies in a context of deep uncertainty. In 
the DDPP, given the focus on energy-related emissions, the strate-
gies were structured around three key drivers: (1) energy efficiency 
and conservation, including structural and behavioural changes; 
(2) decarbonization of energy carriers (electricity, heat, liquids 
and gases); and (3) end-use switching to these low-carbon carriers. 
How these three ‘pillars of decarbonization’ were applied, however, 
depended on national circumstances, including a country’s devel-
opment priorities, institutions, economic structure, political situa-
tion, endowment in renewable energy and other key resources, and 
many other factors.

A multi-decade evolution of technologies, socio-economic con-
ditions and politics17,59, such as that associated with a transition to 
a net-zero energy system60, is characterized by ‘deep uncertainty’61. 
In this context, standard methods for risk and decision analysis62, 
based on probability distributions surrounding a ‘best-guess’ of the 
future, may not be appropriate. Instead, the identification of dif-
ferent strategies in response to various plausible futures supports 
an adaptive decision-making process63 that allows policymakers to 
learn and adjust to evolving information, technology and events64,65. 
This approach allows the definition of robust strategies that per-
form well under a range of future conditions66.

Each country team in the DDPP, therefore, developed a small 
number of internally consistent narrative strategies, developed and 
expressed in the language of stakeholders. All strategies implement 
the three pillars of decarbonization, but each variant reflects sen-
sitivity to key uncertainties, as freely chosen by the country teams 
according to their national circumstances. Some teams focussed on 
international conditions, for example varying oil prices driving oil 
production volumes during the transition in the Canadian DDPP 
study67. Others focussed on socio-economic drivers, for example 
different skill profiles of the labour force determining the plausibil-
ity of alternative low GHG economic structures in the South African 
DDPP study68. The Italian study addressed the social acceptability 
of carbon capture and storage69. The Indian team focussed on the 

policy implications of climate-centric versus sustainable develop-
ment approaches to GHG emissions70 . The French team explored 
different strategies under varying effectiveness of energy efficiency 
programs, notably in the building sector71.

Modelling development pathways. National models play a key 
role in translating the above narrative strategies into quantified sce-
narios, consistently assessing key socio-economic and technologi-
cal indicators. The socio-economic metrics non-exclusively include 
unemployment rates, skill profiles and population by income class 
(South Africa68), the import-dependency index (Japan72, India70 and 
Germany73), local air pollutant levels (China74 and India70) and the 
energy-poverty index (UK75). Country-relevant identification of 
these indicators and their assessment in a transparent manner is key 
to the design and ownership of strategies by public and private deci-
sion makers and stakeholders.

Different model types are appropriate for different scales and 
sectors. The DDPP pathway design framework (synthesized in ‘A 
Paris-compatible pathway design framework’, below) was conceived 
to accommodate different modelling paradigms and tools, as appro-
priate for quantification given the specific focus of the analysis76. 
The choice of models and their level of complexity should be made 
while considering their capacity to inform the practical needs of 
political dialogue and policy formation23. The modelling approach 
must also be pragmatic and sensitive to ease-of-use, data availabil-
ity, budget and timescales.

The national DDPP studies were supported by a variety of mod-
elling tools, chosen by the research teams in each context, with vary-
ing areas of focus and level of detail23. The DDPP study of South 
Africa investigated poverty alleviation and unemployment reduc-
tion68,77, combining an energy system model with a computable gen-
eral equilibrium (CGE) model that portrayed disaggregated labour 
skill classes and their sectoral employment. The Japanese analy-
sis focussed on energy security concerns72,78, requiring a detailed 
energy supply and demand bottom-up model. The study for China 
highlighted the air quality co-benefits of mitigation by coupling 
energy system and air pollution models74. The study of India com-
bined analysis of air quality and energy security benefits70. The 
Australian analysis included dedicated examination of land-based 
sequestration options, requiring a land-use model79. A key focus 
of the Brazilian study was on inequality and land use, employing 
a hybrid CGE model that portrayed the evolution of income distri-
bution across household income classes while also including bio-
fuel, agriculture and forestry mitigation options80. The study of the 
USA discussed issues posed by integration of substantial variable 
electricity generation, combined with electricity-based synthetic 
net-zero GHG hydrocarbon production, requiring the use of an 
electricity dispatch model.81

Comparable scenario data reporting. Model outputs vary from 
one tool to the other depending on paradigm, research focus and 
scope, which can lead to stakeholder confusion as well as difficulties 
in policy design and implementation. A consistent set of comparable 
and quantified results gathered in a spreadsheet ‘dashboard’, reported 
systematically across modelling tools and country studies, can serve 
three complementary purposes relevant to the post-Paris process.

First, the dashboard serves as a ‘driver dictionary’. It expresses 
the main determinants of a country’s sectoral transformation 
through a common language, enabling cross-country comparisons, 
benchmarking and learning. These commonly defined drivers allow 
a country team to compare its ambition with the collective require-
ments characterized by sectoral benchmarks (see ‘Backcasting using 
long-term benchmarks’, below).

Second, the dashboard variables characterize the physical sec-
toral and sub-sectoral transformations at a sufficient level of gran-
ularity and technical transparency for dialogue with sectoral and 
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technology experts. This detailed information can serve policy 
instrument selection within the context of sectoral and national cir-
cumstances.

Third, the dashboard serves as an aggregator in a bottom-up 
approach, where the global vision emerges as a composite of sec-
toral and national pathways. Beyond emissions accounting, the 
dashboard provides a physical view of the global transformations 
(such as solar panel capacity and the number of electric vehicles). 
This information can serve, along with analysis of learning rates and 
economies of scale, as inputs for assessment of investment needs 
at the national and global level56. This enables a transparent analy-
sis and discussion of where global-scale cooperation is needed to 
decarbonize key sectors, such as power generation, transport and 
industry, notably for technology development and transfer, financ-
ing and institutional capacity82,83.

Given the focus of the DDPP on energy-related emissions, the 
dashboard was based on a decomposition of activity, energy inten-
sity and energy mixes for key energy end-use demands (buildings, 
transport and industry) and energy supply (electricity, liquids and 
gases). In addition, the dashboard included cumulative data on 
power generation capacities (in gigawatts (GW), by technology), 
passenger vehicles (number of vehicles, by energy type) and liq-
uid energy carriers (in exajoules (EJ), by energy source)54,56. The 
Supplementary Information presents full detail of the dashboard 
content in the DDPP.

Backcasting using long-term benchmarks. To guide their self-
determined contributions to the global effort, countries need to 
identify national pathways that satisfy key long-term socio-eco-
nomic objectives, reach very low GHG emission levels and maxi-
mize co-benefits, all in an economically efficient way. Approaching 
these pathways as country-driven back-casts from these objectives 
puts the long run constraint at the centre of the process, question-
ing how short-term investment and policy choices affect the capac-
ity to reach long-term objectives. This approach directly confronts 
analysts with the consequences of potential sector lock-ins and 
stranded assets (for example, investments in coal plants, natural 
gas networks or liquified natural gas terminals, depending on their 
potential for retrofitting with carbon capture and storage or renew-
able methane) and the necessary domestic and international condi-
tions to avoid them, notably when considering long-lived assets like 
infrastructure, buildings and industrial facilities.83

Country teams, governments or other parties, working indepen-
dently on their national pathways, need ex-ante guidance to define 
the necessary physical transformations to meet their emissions and 
development objectives. To this aim, common overall and sectoral 
benchmarks can be used that are mapped against the variables listed 
in the dashboard (see Comparable scenario data reporting, above). 
These benchmarks characterize the scale and detail of transforma-
tive change required by 2050 to achieve the objective of net-zero 
emissions in the second half of the century, or by 2050 in the case 
of 1.5°C (ref. 2).

In the DDPP, the benchmarks for emission levels in 2050 com-
patible with a given climate objective and corresponding sectoral 
emissions intensities were based on the IAM informed global aver-
ages from Working Group III (WG3) of the IPCC AR5. For exam-
ple, an electricity sector generation benchmark for 2050 was set at 
–30 to +50 grams CO2 per kWh (based on Figure 7.7 in Ch. 7 of 
WG3 AR5)84.

To ensure a coherent cross-country global context, collective 
assumptions were also made regarding the availability of some 
technologies that would depend on large-scale research and devel-
opment, involving international cooperation and transfer. The 
nature and speed of the deployment of these technologies and the 
resulting domestic sectoral transformations towards the common 
benchmarks would then differ by country, according to national 

circumstances and priorities affecting the relevance of different 
options. For example, the previously mentioned electricity bench-
mark could be reached through different power generation mixes 
according to country circumstances (for example, endowment of 
renewables and the capacity to balance them, storage capacity for 
carbon capture, or social acceptability of nuclear). Another key 
example included the different combinations of electric, biofuel or 
hybrid personal vehicles across countries as a key strategy to decar-
bonize passenger transport.

The next section discusses how this backcasting approach  
using long-term benchmarks is embedded in the complete DDPP 
pathways design framework, built from the four points discussed 
in this section.

A Paris-compatible pathway design framework
In the DDPP pathways design framework, synthesized in Fig. 1, the 
process began with the definition of multiple country-driven strat-
egies reflecting key uncertainties. These narrative strategies were 
then converted into quantitative scenarios with technical, social 
and economic characteristics using analytical assessment tools, 
including national-scale models but also other tools as appropri-
ate. Transparent and detailed scenario results were then reported 
against a common set of indicators in the dashboard. The results 
were analysed to assess if these overall and sectoral national indica-
tors, as well as cumulative global emissions, were consistent with the 
backcasted benchmarks85,86.

A key design point of the DDPP pathways design process was 
its iterative nature, supported by two learning processes. On the 
one hand, the country teams could compare the dashboard results 
against the benchmark national and sectoral emission drivers com-
patible with the collective climate objective. On the other hand, the 
common dashboard enabled comparison of assumptions across 
countries and learning about the possibility of different actions. 
These two learning processes led the teams to progressively revise 
their strategy and scenario assumptions, notably regarding technical 
potentials for decarbonisation in the different sectors. This allowed 
those that were initially out of compliance to get closer to the bench-
marks, while the already ambitious went further. The pathways pre-
sented in the DDPP country and global synthesis54 reports are the 
final outcomes of these iterations. They constitute a self-assessment 
by in-country researchers of what physical sector transformations 
can be chosen to put the domestic economy on track with the net-
zero emissions objective.

First, the DDPP approach does not guarantee consistency with 
the climate goal as defined by cumulative global emissions. But, 
even if national cumulative emissions were not prescribed ex-ante, 
the final pathways were collectively compatible with the cumula-
tive emission reductions required for the chosen climate objec-
tive. More specifically, when extrapolating emission trajectories to 
include all sources of emissions not explicitly covered in the DDPP 
(see Supplementary Information for details), cumulative GHG 
emissions over 2010–2050 fell in the range of 1,185–1,555 Gt CO2. 
This is consistent with the 1,166–1,566 Gt CO2 range for a 50% 
chance of 2°C (see Table SPM.1 in WG3 AR5 IPCC report)1. These 
results provide a proof of concept for the DDPP approach to finding 
domestic mitigation actions that countries could take to meet the 
global mitigation goal of the Paris Agreement.

Second, the DDPP approach does not assume a priori the exact 
nature of cross-country interactions. However, the DDPP results 
show how country-driven studies can inform the collective enabling 
conditions that make the domestic mitigation actions possible, such 
as technology learning and transfer, or financial requirements to 
support investment needs56,82. Such global assessment is made pos-
sible because country pathways are built from a coherent cross-
country context on technology availability (see ‘Backcasting using 
long-term benchmarks’, above), and because the individual country 
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results were reported into a common dashboard, making possible 
the reconstruction of the global transformations emerging from 
national studies (see ‘Comparable scenario data reporting’, above).

Finally, mindful that countries would favour different equity 
principles and criteria87,88, the analysis does not state how the costs 
or benefits of mitigation are to be shared among countries, nor how 
much each country contributes to the international cooperative 
efforts. The allocation of effort in support of other countries’ domes-
tic measures will be grounded in analysis of domestic and interna-
tional equity88–90, including reference to norms of responsibility, 
capability, need, equality, and implications for international finan-
cial and technology transfers87,88,91–93. This equity issue was beyond 
the scope of the DDPP analysis, which therefore does not directly 
define how the contribution that a country submits under the Paris  
Agreement can be ‘fair and ambitious’ (decision 1/CP.21, paragraph 27).  
It does, however, provide a basis to assess this equity question from  
a bottom-up perspective against the physical regional and sectoral  
requirements of net-zero decarbonization, however they are paid  
for. A collective discussion and negotiation is one of the key  
purposes of the regular global stocktake in the Paris Agreement, 
which is to be viewed ‘in the light of equity’ (Article 14.1). Explicit 
documentation of global enabling conditions, as permitted by the 
above pathways design framework, will be in particular a core input 
to this global stocktaking effort.

Conclusion
New analytical processes and tools are needed to support the 
process codified in the Paris Agreement. They should support 
the design of national low GHG emission development strategies 
that are consistent with global climate ambition and can support 
national policy formation and implementation. They should also 
inform the sectoral and international discussions needed to reveal 
the key priorities of global cooperation. Based on the DDPP, we 
have described principles and methodologies for such an approach. 
These include: the definition of multiple country-specific strate-
gies framed by common drivers of decarbonization in a context of 
deep uncertainty; the use of a variety of national modelling tools to 
translate narrative strategies into quantified scenarios and indica-
tors reported in a common dashboard; and national and sectoral 
benchmarks to provide guidance towards collective mid-century 

mitigation ambition. These building blocks are combined in an iter-
ative integrated framework for pathway design, encouraging cross-
stakeholder communication and learning, enabling the assessment 
of compliance with national development and global emissions 
goals, and providing concrete support to policy formation in the 
context of the Paris Agreement. This has direct practical implica-
tions for the revision of all countries’ NDCs in 2020, and the for-
mal stocktake under the United Nation Framework Convention on 
Climate Change in 2023.

The DDPP pathways design framework provides organizing 
principles for the definition of the national long-term strategies 
specified in the Paris Agreement. It is not a methodology to be 
owned and run by a specific institution or government. It is rather 
an approach to support a shared process for strategy and pathway 
design among diverse groups of stakeholders to inform policy for-
mation, which is eventually the responsibility of governments. It 
provides a structure for national governments to conduct stake-
holder consultations, educate them, solicit their input, and identify 
mitigation measures and implementation policy packages. It also 
can help reveal key enabling conditions, such as technology devel-
opment and transfer, finance for investment and adaptation, and 
institutional support, thus enabling more ambitious national NDCs. 
The framework could also be used by non-state actors (such as firms 
and sectoral associations, as well as regional and city governments), 
non-governmental organizations or international bodies to define 
their contribution to the Paris objectives. One important chan-
nel where the framework could be mobilized is the 2050 Pathways 
Platform94, which aims to support nations, regions and cities seek-
ing to devise long-term, net-zero GHG, climate resilient, and sus-
tainable development pathways.

At the global level, the DDPP pathways design framework also 
provides a unifying frame for analysis of collective transition effects 
and implementation challenges from a national perspective. This 
could provide concrete insights into the collective conversation on 
global-scale cooperation in the 2023 global stocktake introduced in 
the Paris Agreement. The framework also provides an organizing 
principle for the emergence of a bottom-up literature on national 
transitions informing policy packages in the context of global 
changes and objectives. As such, it could particularly provide a 
foundation for literature feeding into Chapter 4 of the future WG3 
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AR6 IPCC report, Mitigation and development pathways in the near 
to mid-term.

Future work includes addressing the following priorities. First, 
the DDPP methodology needs to be applied with the ‘well below 
2°C, towards 1.5°C’ Paris Agreement framing. This means notably 
adopting more ambitious benchmarks, consistent with global scale 
estimates from the IPCC Special Report on Global Warming of 
1.5°C2. These revised benchmarks would help guide the identifica-
tion of the additional physical sector changes required beyond those 
for 2°C, and highlight where domestic action and international 
cooperation should be strengthened. This will notably involve a 
more granular analysis of challenging sectors such as transport and 
heavy industry. The latter, for example, requires analysis regarding 
enhancing technology research and development, commercializa-
tion support, and trade policies where it is necessary to protect and 
encourage first adopters of low, zero or negative emissions tech-
nologies83. Non-energy emission sources should also be considered; 
the DDPP study on Indonesia provides a concrete example of how 
emissions from agriculture, forest and land-use can be treated using 
the DDPP methodology95.

Second, more countries, beyond the 16 analysed explicitly here, 
must be included to improve representation of the global economy, 
especially developing economies. This will require programs to 
enhance the analytical capacities of developing countries23, and a 
generalization of the DDPP framework methodological principles 
to capture the specifics of development challenges (for example, 
access to modern energy services). To this effect, a regional DDPP 
network covering six Latin American countries—DDP–LAC—
was launched in February 2018 in cooperation between the Inter-
American Development Bank and IDDRI. Another DDPP project 
in partnership with the German International Climate Initiative 
(IKI)—DDP–BIICS—that focuses on Brazil, Indonesia, India, 
China and South Africa, was launched in December 2018.

Third, upfront decision maker and stakeholder involvement was, 
in general, low in the DDPP. The new projects include an explicit 
engagement dimension, with the objective of continuous dialogue 
with domestic decision makers to ensure broad ownership of the 
approach and analysis. Engagement with policymakers is a man-
datory component for the DDP–LAC country teams, including the 
offering to policymakers of a modelled low-emission development 
scenario to help inform their NDC. DDP–BIICS will follow the 
same approach by involving decision makers right from the start in 
the pathway design.

Fourth, global drivers matter for national-based modelling (for 
example, cumulative innovation and technology learning, projected 
fossil and renewable fuel prices, or supply and demand through-
out the transition53), and provide a fruitful avenue for cooperation 
between national pathways and global IAM models. A clear map-
ping between national and global scales of analysis will be essential 
for clearly articulating the enabling conditions for global technol-
ogy development and transfer, the finance needed for investment 
and adaptation, as well as the necessary institutional support. This 
information will be key to the collective stocktaking dialogues.

Finally, the DDPP pathways design framework could provide 
a concrete articulation of theoretical principles identified by the 
social sciences transition literature to enable constructive dialogue 
amongst stakeholders and decision-makers on system-wide transi-
tions17,59,96,97. Notably, the framework could be used to coordinate 
techno-economic modelling, socio-technical analysis and political 
analysis. Strategies, modelling, dashboards and pathways could be 
used for the alignment of conceptual languages, bridging of under-
standing of key ideas and the iteration of alternative visions, until 
a working understanding is achieved amongst stakeholders and 
decision makers98. Based on this, flexible and robust policy pack-
ages could be designed to meet national development and global 
emissions goals, taking into account the considerations of equity 

and poverty reduction. To deepen incorporation of these social sci-
ence insights, new analytical tools and benchmarks are required 
to allow the evolution from the standard techno-economic point 
of view to a broader perspective on low-emission development for 
all countries based on, for example, the Sustainable Development 
Goals. The 2015 South African68 and Indian DDPP reports70, which 
used explicit development indicators, provide examples of how this 
evolution may happen.

Received: 21 April 2017; Accepted: 22 February 2019;  
Published online: 25 March 2019

References
	1.	 IPCC Climate Change 2014: Mitigation of Climate Change (eds Edenhofer, O. et al.)  

(Cambridge Univ. Press, 2014).
	2.	 IPCC: Summary for Policymakers. in Special Report: Global Warming of 1.5°C 

(eds Masson-Delmotte, V. et al) (World Meterological Organization, 2018).
	3.	 Winkler, H., Boyd, A., Torres Gunfaus, M. & Raubenheimer, S. Reconsidering 

development by reflecting on climate change. Int. Environ. Agreem. P. 15, 
369–385 (2015).

	4.	 Shukla, P. R., Dhar, S. & Mahapatra, D. Low-carbon society scenarios for 
India. Clim. Policy 8, 156–176 (2008).

	5.	 Sachs, J. D., Schmidt-Traub, G. & Williams, J. Pathways to zero emissions. 
Nat. Geosci. 9, 799–801 (2016).

	6.	 Rockström, J. et al. A roadmap for rapid decarbonization. Science 355, 
1269–1271 (2017).

	7.	 Moss, R. H. et al. The next generation of scenarios for climate change 
research and assessment. Nature 463, 747–756 (2010).

	8.	 O’Neill, B. C. et al. A new scenario framework for climate change research: 
the concept of shared socioeconomic pathways. Climatic Change 122, 
387–400 (2014).

	9.	 O’Neill, B. C. et al. The roads ahead: narratives for shared socioeconomic 
pathways describing world futures in the 21st century. Global Environ. Chang. 
42, 169–180 (2017).

	10.	von Stechow, C. et al. 2 °C and SDGs: united they stand, divided they fall? 
Environ. Res. Lett. 11, 034022 (2016).

	11.	Rogelj, J. et al. Paris Agreement climate proposals need a boost to keep 
warming well below 2 °C. Nature 534, 631–639 (2016).

	12.	Calvin, K. et al. The role of Asia in mitigating climate change: Results from 
the Asia modeling exercise. Energ. Econ. 34, S251–S260 (2012).

	13.	van der Zwaan, B., Calvin, K. & Clarke, L. Climate mitigation in Latin 
America: implications for energy and land use. Preface to the special section 
on the findings of the CLIMACAP-LAMP project. Energy. Econ. 56,  
495–498 (2016).

	14.	Stern, N. Current climate models are grossly misleading. Nature 530,  
407–409 (2016).

	15.	Pindyck, R. S. Climate change policy: what do the models tell us? J. Econ. Lit. 
51, 1–23 (2013).

	16.	Chan, G., Carraro, C., Edenhofer, O., Kolstad, C. & Stavins, R. Reforming  
the IPCC’s assessment of climate change economics. Clim. Chang. Econ. 7, 
1–16 (2016).

	17.	Geels, F. W., Berkhout, F. & van Vuuren, D. P. Bridging analytical approaches 
for low-carbon transitions. Nat. Clim. Change 6, 576–583 (2016).

	18.	Staub-Kaminski, I., Zimmer, A., Jakob, M. & Marschinski, R. Climate policy 
in practice: a typology of obstacles and implications for integrated assessment 
modeling. Clim. Chang. Econ. 5, 1440004 (2014).

	19.	Ackerman, F., DeCanio, S. J., Howarth, R. B. & Sheeran, K. Limitations of 
integrated assessment models of climate change. Climatic Change 95,  
297–315 (2009).

	20.	Scrieciu, S. Ş., Barker, T. & Ackerman, F. Pushing the boundaries of climate 
economics: critical issues to consider in climate policy analysis. Ecol. Econ. 
85, 155–165 (2013).

	21.	Van Vuuren, D. P. et al. Alternative pathways to the 1.5 °c target reduce  
the need for negative emission technologies. Nat. Clim. Change 8,  
391–397 (2018).

	22.	Weyant, J. Some contributions of integrated assessment models of global 
climate change. Rev. Env. Econ. Policy 11, 115–137 (2017).

	23.	Pye, S. & Bataille, C. Improving deep decarbonization modelling capacity  
for developed and developing country contexts. Clim. Policy 16,  
S27–S46 (2016).

	24.	Chen, W., Wu, Z., He, J., Gao, P. & Xu, S. Carbon emission control strategies 
for China: a comparative study with partial and general equilibrium versions 
of the China MARKAL model. Energy 32, 59–72 (2007).

	25.	Jiang, K., Zhuang, X., Miao, R. & He, C. China’s role in attaining the global 
2°C target. Clim. Policy 13, 55–69 (2013).

	26.	Smith, J. B. et al. Development and climate change adaptation funding: 
coordination and integration. Clim. Policy 11, 37–41 (2011).

Nature Climate Change | VOL 9 | APRIL 2019 | 261–268 | www.nature.com/natureclimatechange266

http://www.nature.com/natureclimatechange


PerspectiveNATure ClImATe ChAnge

	27.	Shukla, P. R. & Chaturvedi, V. Low carbon and clean energy scenarios for 
India: analysis of targets approach. Energ. Econ. 34, S487–S495 (2012).

	28.	Fujino, J. et al. Back-casting analysis for 70% emission reduction in Japan by 
2050. Clim. Policy 8, 108–124 (2008).

	29.	Grottera, C., Pereira, A. O. & La Rovere, E. L. Impacts of carbon pricing on 
income inequality in Brazil. Clim. Dev. 5529, 1–14 (2015).

	30.	La Rovere, E. L., Burle Dubeux, C., Pereira, A. O. & Wills, W. Brazil  
beyond 2020: from deforestation to the energy challenge. Clim. Policy 13, 
70–86 (2013).

	31.	La Rovere, E. L., Pereira, A. O., Dubeux, C. B. S. & Wills, W. Climate Change 
mitigation actions in Brazil. Clim. Dev. 6, 25–33 (2014).

	32.	Zevallos, P., Takahashi, T. P., Cigaran, M. P. & Coetzee, K. A case study of 
Peru’s efficient lighting nationally appropriate mitigation action. Clim. Dev. 6, 
43–48 (2014).

	33.	Delgado, R., Cadena, A. I., Espinosa, M., Peña, C. & Salazar, M. A case study 
on Colombian mitigation actions. Clim. Dev. 6, 12–24 (2014).

	34.	Sanhueza, J. E. & Ladrón de Guevara, F. A. A case study of Chilean 
mitigation actions. Clim. Dev. 6, 34–42 (2014).

	35.	Winkler, H. Long Term Mitigation Scenarios. (Department of Environment 
Affairs and Tourism, Pretoria, 2007).

	36.	Tyler, E., Boyd, A. S., Coetzee, K. & Winkler, H. A case study of South 
African mitigation actions (for the special issue on mitigation actions in five 
developing countries). Clim. Dev. 6, 49–58 (2014).

	37.	Mathy, S., Fink, M. & Bibas, R. Rethinking the role of scenarios: Participatory 
scripting of low-carbon scenarios for France. Energ. Policy 77,  
176–190 (2015).

	38.	Schmid, E. & Knopf, B. Ambitious mitigation scenarios for Germany:  
a participatory approach. Energ. Policy 51, 662–672 (2012).

	39.	Strachan, N., Pye, S. & Kannan, R. The iterative contribution and relevance of 
modelling to UK energy policy. Energ. Policy 37, 850–860 (2009).

	40.	Usher, W. & Strachan, N. Critical mid-term uncertainties in long-term 
decarbonisation pathways. Energ. Policy 41, 433–444 (2012).

	41.	Pye, S., Sabio, N. & Strachan, N. An integrated systematic analysis of 
uncertainties in UK energy transition pathways. Energ. Policy 87,  
673–684 (2015).

	42.	Chiodi, A. et al. Modelling the impacts of challenging 2050 European  
climate mitigation targets on Ireland’s energy system. Energ. Policy 53, 
169–189 (2013).

	43.	Samadi, S., Terrapon-Pfaff, J., Lechtenböhmer, S. & Knoop, K. Long-term low 
greenhouse gas emission development strategies for achieving the 1.5 °C 
target – insights from a comparison of German bottom-up energy scenarios. 
Carbon Manag. 3004, 1–14 (2018).

	44.	Williams, J. H. et al. The technology path to deep greenhouse gas emissions 
cuts by 2050: the pivotal role of electricity. Science 335, 53–9 (2012).

	45.	McCollum, D., Yang, C., Yeh, S. & Ogden, J. Deep greenhouse gas reduction 
scenarios for California - Strategic implications from the CA-TIMES 
energy-economic systems model. Energy Strateg. Rev. 1, 19–32 (2012).

	46.	Paltsev, S., Reilly, J. M., Jacoby, H. D. & Morris, J. F. The cost of climate policy 
in the United States. Energ. Econ. 31, S235–S243 (2009).

	47.	Ross, M. T., Fawcett, A. A. & Clapp, C. S. U. S. climate mitigation  
pathways post-2012: transition scenarios in ADAGE. Energ. Econ. 31, 
S212–S222 (2009).

	48.	Tuladhar, S. D., Yuan, M., Bernstein, P., Montgomery, W. D. & Smith, A.  
A top-down bottom-up modeling approach to climate change policy analysis. 
Energ. Econ. 31, S223–S234 (2009).

	49.	Bataille, C., Tu, J. J. & Jaccard, M. Permit sellers, permit buyers:  
China and Canada’s roles in a global low-carbon society. Clim. Policy 8, 
S93–S107 (2008).

	50.	Garibaldi, J. A. et al. Comparative analysis of five case studies: commonalities 
and differences in approaches to mitigation actions in five developing 
countries. Clim. Dev. 6, 59–70 (2014).

	51.	Strachan, N., Foxon, T. & Fujino, J. Low-carbon society (LCS) modelling. 
Clim. Policy 8, 3–4 (2008).

	52.	Kainuma, M., Shukla, P. R. & Jiang, K. Framing and modeling of a low 
carbon society: an overview. Energ. Econ. 34, S316–S324 (2012).

	53.	Pye, S. et al. Exploring national decarbonization pathways and global energy 
trade flows: a multi-scale analysis. Clim. Policy 16, 1–18 (2016).

	54.	Deep Carbonization Pathways Project Pathways To Deep Decarbonization 
- 2015 Synthesis Report (SDSN & IDDRI, 2015).

	55.	Bataille, C., Waisman, H., Colombier, M., Segafredo, L. & Williams, J. The 
Deep Decarbonization Pathways Project (DDPP): insights and emerging 
issues. Clim. Policy 16, S1–S6 (2016).

	56.	Bataille, C. et al. The need for national deep decarbonization pathways for 
effective climate policy. Clim. Policy 16, 7–26 (2016).

	57.	Argyriou, M. et al. The impact of the Deep Decarbonization Pathways Project 
(DDPP) on domestic decision-making processes – Lessons from three countries 
(DDPP, IDDRI, 2016).

	58.	Bataille, C. The Deep Decarbonization Pathways Project (Long Term Strategies, 
World Resources Institute, 2018).

	59.	Cherp, A., Vinichenko, V., Jewell, J., Brutschin, E. & Sovacool, B. Integrating 
techno-economic, socio-technical and political perspectives on national 
energy transitions: A meta-theoretical framework. Energ. Res. Soc. Sci. 37, 
175–190 (2018).

	60.	Davis, S. J. et al. Net-zero emissions energy systems. Science 360, eaas9793 
(2018).

	61.	Lempert, R. J. Shaping the next one hundred years: new methods for 
quantitative, long-term policy analysis. Technol. Forecast. Soc. 71,  
305–307 (2003).

	62.	Morgon, G. & Henrion, M. Uncertainty: A Guide to Dealing With Uncertainty 
In Quantiative Risk and Policy Analysis (Cambridge Univ. Press, 1990).

	63.	Mathy, S., Criqui, P., Knoop, K., Fischedick, M. & Samadi, S. Uncertainty 
management and the dynamic adjustment of deep decarbonization pathways. 
Clim. Policy 16, S47–S62 (2016).

	64.	Lempert, R. J. et al. A general, analytic method for generating robust 
strategies and narrative scenarios. Manag. Sci. 52, 514–528 (2006).

	65.	Haasnoot, M., Kwakkel, J. H., Walker, W. E. & ter Maat, J. Dynamic adaptive 
policy pathways: a method for crafting robust decisions for a deeply uncertain 
world. Glob. Env. Change 23, 485–498 (2013).

	66.	Maier, H. R. et al. An uncertain future, deep uncertainty, scenarios, 
robustness and adaptation: how do they fit together? Environ. Modell. Softw. 
81, 154–164 (2016).

	67.	Bataille, C., Sawyer, D. & Melton, N. Pathways to deep decarbonization in 
Canada (SDSN & IDDRI, 2015).

	68.	Altieri, K. et al. Pathways to deep decarbonization in South Africa (SDSN & 
IDDRI, 2015).

	69.	Virdis, M.-R. et al. Pathways to deep decarbonization in Italy (SDSN & IDDRI, 
2015).

	70.	Shukla, P., Dhar, S., Pathak, M., Mahadevia, D. & Garg, A. Pathways to deep 
decarbonization in India (SDSN & IDDRI, 2015).

	71.	Criqui, P., Mathy, S. & Hourcade, J.-C. Pathways to deep decarbonization in 
France (SDSN & IDDRI, 2015).

	72.	Kainuma, M., Masui, T., Oshiro, K. & Hibino, G. Pathways to deep 
decarbonization in Japan (SDSN & IDDRI, 2015).

	73.	Hillebrandt, K., Samadi, S. & Fischedick, M. Pathways to deep decarbonization 
in Germany (SDSN & IDDRI, 2015).

	74.	Liu, Q. et al. Pathways to deep decarbonization in China (SDSN & IDDRI, 
2015).

	75.	Pye, S., Anandarajah, G., Fais, B., McGlade, C. & Strachan, N. Pathways to 
deep decarbonization in the United Kingdom (SDSN & IDDRI, 2015).

	76.	Pfenninger, S., Hawkes, A. & Keirstead, J. Energy systems modelling for 
twenty-first century energy challenges. Renew. Sust. Energ. Rev. 33,  
74–86 (2014).

	77.	Altieri, K. E. et al. Achieving development and mitigation objectives through 
a decarbonization development pathway in South Africa. Clim. Policy 16, 
78–91 (2016).

	78.	Oshiro, K., Kainuma, M. & Masui, T. Assessing decarbonization pathways 
and their implications for energy security policies in Japan. Clim. Policy 16, 
S63–S77 (2016).

	79.	Denis, A. et al. Pathways to Deep Decarbonization in 2050 – How Australia 
Can Prosper in a Low Carbon World (SDSN & IDDRI, 2014); http://
deepdecarbonization.org/wp-content/uploads/2015/09/AU_DDPP_Report_
Final.pdf.

	80.	La Rovere, E., Gesteira, C., Grottera, C. & Wills, W. Pathways to deep 
decarbonization in Brazil (SDSN & IDDRI, 2015).

	81.	Williams, J. et al. Pathways to Deep Decarbonization in the United States 
(SDSN & IDDRI, 2014).

	82.	Denis-Ryan, A., Bataille, C. & Jotzo, F. Managing carbon-intensive materials 
in a decarbonizing world without a global price on carbon. Clim. Policy 16, 
S110–S128 (2016).

	83.	Bataille, C. et al. A review of technology and policy deep decarbonization 
pathway options for making energy intensive industry production consistent 
with the Paris Agreement. J. Clean. Prod. 187, 960–973 (2018).

	84.	Bruckner, T. et al. in Climate Change 2014: Mitigation of Climate Change 
(Edenhofer, O. et al.) 511–597 (IPCC, Cambridge Univ. Press, 2014).

	85.	McDowall, W. Exploring possible transition pathways for hydrogen energy: a 
hybrid approach using socio-technical scenarios and energy system 
modelling. Futures 63, 1–14 (2014).

	86.	Trutnevyte, E. et al. Linking a storyline with multiple models: A cross-scale 
study of the UK power system transition. Technol. Forecast. Soc. 89,  
26–42 (2014).

	87.	Robiou Du Pont, Y. et al. Equitable mitigation to achieve the Paris Agreement 
goals. Nat. Clim. Change 7, 38–43 (2017).

	88.	Kartha, S. et al. Cascading biases against poorer countries. Nat. Clim. Change 
8, 348–349 (2018).

	89.	Zhang, Y. & Shi, H.-L. From burden-sharing to opportunity-sharing: 
unlocking the climate negotiations. Clim. Policy 14, 63–81 (2014).

	90.	Winkler, H. & Rajamani, L. CBDR & RC in a regime applicable to all.  
Clim. Policy 14, 102–121 (2014).

Nature Climate Change | VOL 9 | APRIL 2019 | 261–268 | www.nature.com/natureclimatechange 267

http://deepdecarbonization.org/wp-content/uploads/2015/09/AU_DDPP_Report_Final.pdf
http://deepdecarbonization.org/wp-content/uploads/2015/09/AU_DDPP_Report_Final.pdf
http://deepdecarbonization.org/wp-content/uploads/2015/09/AU_DDPP_Report_Final.pdf
http://www.nature.com/natureclimatechange


Perspective NATure ClImATe ChAnge

	91.	Raupach, M. R. et al. Sharing a quota on cumulative carbon emissions.  
Nat. Clim. Change 4, (2014).

	92.	Pan, X., Elzen, M., den, Höhne, N., Teng, F. & Wang, L. Exploring fair and 
ambitious mitigation contributions under the Paris Agreement goals.  
Environ. Sci. Pol. 74, 49–56 (2017).

	93.	Höhne, N., den Elzen, M. & Escalante, D. Regional GHG reduction targets 
based on effort sharing: a comparison of studies. Clim. Policy 14,  
122–147 (2014).

	94.	UNFCC. Pathways Initiative (2019); http://newsroom.unfccc.int/unfccc-
newsroom/high-level-climate-champions-launch-2050-pathways-platform/

	95.	Boer, R. et al. Pathways to deep decarbonizing agriculture, forest and other 
land-uses sector in Indonesia (DDPP. 2016).

	96.	Rosenbloom, D. Pathways: An emerging concept for the theory and 
governance of low-carbon transitions. Global Environ. Chang. 43,  
37–50 (2017).

	97.	Turnheim, B. et al. Evaluating sustainability transitions pathways: bridging 
analytical approaches to address governance challenges. Global Environ. 
Chang. 35, 239–253 (2015).

	98.	Fortes, P., Alvarenga, A., Seixas, J. & Rodrigues, S. Long-term energy 
scenarios: Bridging the gap between socio-economic storylines and energy 
modelling. Technol. Forecast. Soc. 91, 161–178 (2015).

Acknowledgements
This paper was supported by the Agence Nationale de la Recherche of the French 
government through the Investissements d’avenir (grant no. ANR-10-LABX-14-01) 
programme. The authors gratefully acknowledge the contribution of Ivan Pharabod for 
the design of Fig. 1.

Author contributions
H.Wa. and C.B. conceived, drafted and revised the manuscript, and led the underlying 
analysis as coordinators of the Deep Decarbonization Pathways Project (DDPP). 
H.Wi and M.C contributed to the conception of the manuscript, the drafting of 
‘Backcasting using long-term benchmarks’ and ‘A Paris-compatible pathway design 
framework’ sections, and to revisions of the manuscript. F.J. and P.S. contributed to the 
conception of the paper and to revisions of the manuscript. All authors substantively 
contributed ideas through their active participation in DDPP and critically reviewed 
the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/
s41558-019-0442-8.

Reprints and permissions information is available at www.nature.com/reprints.

Correspondence should be addressed to H.W.

Journal peer review information: Nature Climate Change thanks Frans Berkhout,  
Yann Robiou du Pont and other anonymous reviewer(s) for their contributions to the 
peer review of this work.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

© Springer Nature Limited 2019

Nature Climate Change | VOL 9 | APRIL 2019 | 261–268 | www.nature.com/natureclimatechange268

http://newsroom.unfccc.int/unfccc-newsroom/high-level-climate-champions-launch-2050-pathways-platform/
http://newsroom.unfccc.int/unfccc-newsroom/high-level-climate-champions-launch-2050-pathways-platform/
https://doi.org/10.1038/s41558-019-0442-8
https://doi.org/10.1038/s41558-019-0442-8
http://www.nature.com/reprints
http://www.nature.com/natureclimatechange

	A pathway design framework for national low greenhouse gas emission development strategies

	Methodological challenges to inform the post-Paris process

	Guidelines for national low-emission development pathways

	Country-driven strategies in a context of deep uncertainty. 
	Modelling development pathways. 
	Comparable scenario data reporting. 
	Backcasting using long-term benchmarks. 

	A Paris-compatible pathway design framework

	Conclusion

	Acknowledgements

	Fig. 1 The DDPP pathway design framework.




