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SUMMARY 

The adoption of the Paris Agreement and the 2030 Agenda and its Sustainable 

Development Goals (SDGs) could make 2015 a defining year for setting human 

development on a more sustainable pathway. Both agendas are inextricably intertwined: 

On the one hand, unchecked climate change would be detrimental for sustainable and 

inclusive development around the world. This is why the global community committed 

to stay below a 2°C, possibly even below 1.5°C, rise in global mean temperature in the 

Paris Agreement, reflected in the 2030 Agenda (SDG #13). On the other hand, the Paris 

Agreement frames mitigation strongly in the context of sustainable development (SD). 

This is because climate policies – if designed poorly – could undermine SD in some non-

climate dimensions but can otherwise yield substantial co-benefits for a number of 

SDGs. With such complex interactions between mitigation and SD, climate policy choices 

need to be informed by the best available science to harness synergies and address 

trade-offs across the many policy objectives.  

This thesis analyzes the implications of assessing climate change mitigation pathways in 

the context of SD and discusses the limitations, challenges and opportunities of such an 

approach. Due to the complexity, uncertainty and value judgements inherent in climate 

change research, the thesis draws on insights from disciplines beyond climate 

economics, such as engineering, political science as well as the humanities. The different 

chapters provide complementary perspectives on the interaction between mitigation 

and SD arguing for a more integrated analysis of the two policy agendas. To that end, the 

thesis offers concrete insights for interdisciplinary bioenergy research, multi-objective 

welfare economics and energy-economy-climate modeling.  

It develops, for example, a conceptual welfare-theoretic framework for better integrating 

insights on the interaction of mitigation and other sustainability objectives across 

different literature strands. It also shows that mitigation, in second-best settings, can 

have co-benefits for other sustainability goals with net welfare gains and can reduce 

short-term climate policy costs, particularly at the local and national level. Synthesizing 

the results of somewhat disparate strands of literature in a novel way confirms that 

reducing energy demand (e.g. via energy efficiency improvements) has highly synergistic 

effects. Taking an SD risk perspective reveals that weak short-term climate policies, 

particularly in combinations with technological constraints (e.g. on sustainable bioenergy 

potential), imply fewer synergies and substantial trade-offs. 

The thesis argues that an informed public debate about such risk trade-offs can improve 

the choice of mitigation pathways. To inform an improved dialogue between scientists 

and policymakers, all chapters discuss the challenges around better synthesis and 

integration of scientific results. By drawing on a specific approach to the science-policy 

interface (SPI), all chapters of the thesis develop recommendations for global 

environmental assessments in the field of mitigation.  
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In its synthesis, the thesis highlights the challenges related to the unprecedented pace of 

knowledge production and points to both the raising complexity of embedding climate 

change research within a broader SD paradigm and the opportunities around an 

improved understanding of the SD implications of climate change mitigation. It 

concludes by questioning whether the current mandate of the Intergovernmental Panel 

on Climate Change provides the right setting to turn these challenges into opportunities 

for mitigation research and global assessment making.  
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ZUSAMMENFASSUNG 

Die Verabschiedung des Pariser Klima-Abkommens und der Agenda 2030 mit den 

nachhaltigen Entwicklungsziele (SDGs) könnte 2015 zu einem entscheidenden Jahr 

machen, um Entwicklung auf einen nachhaltigeren Pfad zu setzen. Die beiden 

Politikagenden sind nicht voneinander zu trennen: Einerseits wäre ein unkontrollierter 

Klimawandel verheerend für einen nachhaltigen und inklusiven Entwicklungsfortschritt 

weltweit. Deshalb hat sich die Weltgemeinschaft im Pariser Abkommen das Ziel gesetzt, 

den Anstieg der globalen Durchschnittstemperatur auf 2°C, möglichst sogar auf 1,5°C, zu 

begrenzen, wie auch in der Agenda 2030 verankert (SDG #13). Gleichzeitig setzt das 

Pariser Abkommen Klimaschutz in den Kontext nachhaltiger Entwicklung. Denn 

Klimapolitik könnte bei schlechter Umsetzung die Erreichung einiger Entwicklungsziele in 

anderen Dimensionen gefährden, andernfalls aber zu erheblichem Nutzen für einige 

SDGs führen (co-benefits). Wegen dieser komplexen Verschränkungen zwischen 

Klimaschutz und nachhaltiger Entwicklung sind wissenschaftliche Erkenntnisse zentral 

für klimapolitische Entscheidungen, um vorhandene Synergien zu nutzen und 

Zielkonflikte zu berücksichtigen. 

Die vorliegende Arbeit analysiert die Auswirkungen, die sich aus der Bewertung von 

Klimaschutzpfaden im Kontext nachhaltiger Entwicklung ergeben, und erörtert die 

Grenzen, Herausforderungen und Chancen eines solchen Vorgehens. Wegen der in den 

Klimawissenschaften inhärenten Komplexität, Unsicherheit und Werturteilen bedient 

sich die Arbeit der Einsichten auch jenseits der Klimaökonomie, beispielsweise der 

Ingenieurs-, Politik- und Geisteswissenschaften. Die verschiedenen Kapitel ergänzen sich 

in ihren Perspektiven auf das Zusammenspiel von Klimaschutz und nachhaltiger 

Entwicklung und fordern allesamt eine integrierte Analyse der zwei politischen Agenden. 

Dazu leistet die Arbeit mit konkreten Ergebnissen für interdisziplinäre 

Bioenergieforschung, Mehrziel-Wohlfahrtsökonomie und Klima-Energie-Ökonomie-

Modellierung einen Beitrag. 

Sie entwickelt zum Beispiel wohlfahrtstheoretische Überlegungen für eine bessere 

Berücksichtigung von Erkenntnissen aus dem Zusammenspiel von Klimaschutz und 

anderen Nachhaltigkeitszielen über verschieden Literaturstränge hinweg. Sie zeigt 

zudem, dass in sog. second-best settings Klimaschutz zu co-benefits für andere 

Nachhaltigkeitsziele mit einem Netto-Wohlfahrtsgewinn und zur Verringerung von 

kurzfristigen Klimaschutzkosten, insbesondere auf lokaler und nationaler Ebene, führen 

kann. Die Ergebnisse dieser zum Teil nebeneinanderstehenden Literaturstränge in 

innovativer Weise zu synthetisieren, bestätigt, dass niedrigerer Energieverbrauch (z. B. 

durch Energieeffizienzgewinne) hohe Synergieeffekte hat. Eine Risikoperspektive auf 

Nachhaltigkeitsziele verdeutlicht, dass geringe kurzfristige Klimaschutzambition, 

insbesondere in Verbindung mit technologischen Beschränkungen (z. B. für nachhaltiges 

Potential für Bioenergie), geringere Synergieeffekte und problematische Zielkonflikte 

nach sich ziehen können. 
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Die Arbeit argumentiert, dass eine sachlich fundierte öffentliche Debatte zu den 

Risikoabwägungen zwischen den klimarelevanten Nachhaltigkeitszielen zu verbesserten 

Entscheidungen über Klimaschutzpfaden führen kann. Um den Dialog zwischen 

Wissenschaft und Politik zu diesen Themen zu befördern, beschäftigen sich alle Kapitel 

mit den Herausforderungen einer besseren Synthese und Integration von 

Forschungsergebnissen. Auf Grundlage eines bestimmten Modells wissenschaftlicher 

Politikberatung entwickelt die Arbeit in allen Kapiteln Empfehlungen für Global 

Environmental Assessments im Bereich Klimaschutz.  

In der Schlussbetrachtung werden die Herausforderungen der Wissensexplosion betont; 

zudem wird auf die steigende Komplexität verwiesen, diese neuen Erkenntnisse der 

Klimaforschung im Nachhaltigkeitsparadigma einzubetten, sowie auf die Chancen, die 

mit einem verbesserten Verständnis der Auswirkungen von Klimaschutz auf nachhaltige 

Entwicklung einhergehen. Schließlich stellt die Arbeit in Frage, ob das Mandat des IPCC 

derzeit noch die richtigen Rahmenbedingungen hergibt, diese Herausforderungen in 

Chancen für Klimaschutz-Forschung und global assessment making zu wandeln. 
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1 Introduction 

On 12 December 2015, the Parties to the United Nations Framework Convention on 

Climate Change (UNFCCC) adopted the Paris Agreement (PA) in its 21st Conference of the 

Parties (COP21). After substantial disappointment with the process during COP15 in 

Copenhagen and many years of difficult negotiations, the PA has been highlighted as a 

major breakthrough in international climate diplomacy (Falkner, 2016; WBGU, 2016). 

The heart of the Agreement is the long-term goal to limit global temperature rise “to 

well below 2°C relative to pre-industrial levels and to pursue efforts to limit the 

temperature increase to 1.5°C” (UNFCCC, 2015). World leaders thus provided a clear 

signal that they understand the high risks imposed by unabated climate change and that 

the world is united in this fight against climate change: all countries are now willing to 

make contributions to mitigation – despite the US announcement to leave the PA. 

Commentaries and perspectives published after COP21 have debated both new 

opportunities arising from the PA as well as remaining reasons for concern, such as the 

insufficient ambition of the nationally determined contributions (NDCs) and the 

challenges of staying below 1.5°C (Hulme, 2016; Peters, 2016; Rogelj et al., 2016; 

Schleussner et al., 2016; Stern, 2016) – most recently assessed by the IPCC Special 

Report on Global Warming of 1.5°C (IPCC, 2018). But two aspects have received only 

little attention albeit being significant for the future of climate science and policy:  

First, the goals of the PA are inextricably grounded in the long-standing dialogue 

between scientists and policymakers (Chapter 2). From the institutions on the boundary 

of climate science and policy, the Intergovernmental Panel on Climate Change (IPCC) 

stands out in terms of the breadth of its assessment scope and process design. Despite 

the IPCC crisis after COP15, the institution managed to reform itself (Ghaleigh, 2016; 

IAC, 2010) just in time to provide a credible platform for the important two-way 

interactions between policymakers and scientists (Cash et al., 2003; Edenhofer and 

Minx, 2014; Farrell and Jäger, 2006; Kowarsch et al., 2016), such as during the 

Structured Expert Dialogue between UNFCCC delegates and IPCC Co-/Vice-Chairs and 

Lead Authors (Rogelj and Knutti, 2016; Schleussner et al., 2016). Despite frustration with 

some aspects of its process (Carraro et al., 2015; Dubash et al., 2014; Victor et al., 2014), 

the IPCC as science-policy interface (SPI) seems to have worked well in dealing with a 

“wicked” problem like climate change (Pielke, 2007). But what can we learn from the 

past experience in this policy context for the future of global assessment making? 

Second, the PA frames mitigation strongly in the context of sustainable development 

(SD). This is particularly obvious in its chapeau welcoming the UN 2030 Agenda for SD 

(UN, 2015). In fact, many of the most controversial discussions on the feasibility of 

mitigation pathways consistent with the 2°C limit are rooted in concerns about SD 

implications of large-scale mitigation actions (Anderson, 2015; Fuss et al., 2014; Geden, 

2015; Smith et al., 2016). Unless mitigation pathways are in line with a wider set of SD 

goals including poverty eradication, reduced inequality within and between societies, 

affordable access to food, energy and water, the PA may not be acceptable to many. But 

how can mitigation research deal with the growing priority attached to the SD agenda? 
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These two questions are at the heart of this PhD thesis. On the one hand, it is concerned 

with how to assess and synthesize diverse strands of mitigation literature in order to 

provide comprehensive information to policymakers in an objective and balanced way 

(cf. the principles governing the work of the IPCC, 2013a). On the other hand, it is 

concerned with ways to embed mitigation research in a broader SD context and offers a 

sneak peek of the opportunities and challenges encountered when doing so. The 

introduction puts those themes in the context of the recent IPCC assessments and the 

broader literature and elaborates on the contributions of this thesis to existing research. 

Its aim is to serve as a learning exercise for prioritizing future mitigation research and 

improving global assessment making to inform robust climate and SD decision making. 

1.1 The problems on the SPI & the promise of assessment making 

The first cross-cutting theme of this thesis is how to adequately synthesize mitigation 

research and how global assessment making can learn from past experiences. Based on 

a reflection of the SPI in this section rooted in science studies as well as five years of 

scientific assessment experience working for the Technical Support Unit of IPCC Working 

Group III (WGIII), section 1.2 discusses both achievements and limitations of recent 

WGIII assessments. Such explicit reflection of the SPI can help deal with the challenges 

inherent in scientific policy advice (Kowarsch et al., 2017). For example, given the 

increasing complexity, deep uncertainty and contested values in many environmental 

policy fields (Funtowicz and Ravetz, 1993), particularly those related to climate change 

(Kowarsch, 2016), science studies points to various challenges in synthesizing scientific 

knowledge in ways that improve and facilitate evidence-based decision making 

(Jasanoff, 1994; Oreskes, 2004; Sarewitz, 2004; Weingart, 1999). These include: 

i) the scientization of politics since the high complexity of many issues, particularly 

around climate change, requires decision makers to draw on scientific expertise 

– resulting in proxy debates on scientific issues in the political arena; 

ii) political inaction justified by the prevailing uncertainty of scientific knowledge 

and the claim that more research will reach more actionable science over time;   

iii) the politization of science since experts turned advocates extend the political 

controversies, often being about values at the core, into science – potentially 

resulting in even higher polarization, political gridlock and inaction. 

To avoid such polarization, science studies point to various strategies how to best make 

use of science for the policy process (e.g. Brown, 2009; Jasanoff, 1994; Pielke, 2007). Out 

of those, large-scale global environmental assessments (GEAs) are a potentially powerful 

tool to realize the promises of evidence-based decision-making and avoid the pitfalls of 

polarizing use of science in politics since it can provide relevant synthesis of existing 

knowledge in a credible and legitimate way across scientific communities and competing 

worldviews (Cash et al., 2003; Keller, 2009; Mitchell et al., 2006).1 This is due to a 

number of characteristics, including their: 

 
1 More general challenges for GEAs in light of the evolving international environmental governance 

landscape are discussed in Kowarsch et al. (2017), see Annex 8.3, co-authored by the candidate. 
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i) synthesis-driven approach to reduce the complexity and increase the relevance 

to the extent possible (Hulme and Mahony, 2010; Jasanoff and Wynne, 1998);  

ii) comprehensive and transparent description of uncertainties to boost the 

credibility of the evidence (Mastrandrea et al., 2011; van der Sluijs et al., 2010);  

iii) ability to identify implicit values and reconcile disparate viewpoints, e.g. by 

engaging multiple stakeholders thereby increasing the legitimacy of the process 

(Cash et al., 2003; Edenhofer and Kowarsch, 2015; Garard and Kowarsch, 2017).  

Realizing the full potential of this particular way of organizing the SPI is, however, beset 

with many theoretical and practical challenges (Beck et al., 2014; Keller, 2009; Kowarsch 

et al., 2016; Mitchell et al., 2006). For example, the often cited criteria for guiding 

assessment making, i.e. relevance, credibility, and legitimacy, show trade-offs (Cash et 

al., 2003) and have a variety of meanings in different contexts (Heink et al., 2015). In the 

case of WGIII, the Co-Chairs and the TSU hence decided to help fostering discussions 

among the Lead Authors on the SPI to build a shared assessment philosophy.  

This philosophy built on a specific vision for scientific policy advice, i.e. the pragmatic-

enlightened model (PEM) which also serves as the normative anchor point in this thesis. 

It argues that science should provide key inputs into decision making by analysing 

alternative policy options and their practical consequences (rather than advocating a 

specific option, cf. the technocratic model discussed in Habermas, 1968). By highlighting 

potential implications of different means (e.g. mitigation pathways and technologies) to 

achieve alternative ends (e.g. long-term climate policy goals) it aims at informing public 

debates (Edenhofer and Kowarsch, 2015). In order to spell out the above criteria and 

operationalize the IPCC principles to provide a “comprehensive, objective and balanced 

view of the subject matter” (IPCC, 2013a, p. 2) in line with the PEM, seven criteria were 

presented and discussed that WGIII chapters would have to meet (see introduction to 

the so-called Wellington Agreement, co-authored by the candidate, see Annex 8.2): 

i) Reviewing comprehensively the relevant scientific, technical and socio-economic 

literature; 

ii) Describing consistent transformation pathways; 

iii) Evaluating costs, risks and benefits of different pathways in a consistent way;  

iv) Specifying underlying value judgements and worldviews;  

v) Communicating quantitative and qualitative uncertainties; 

vi) Using neutral language along good scientific practice; 

vii) Making text, figures and tables accessible. 

Since some criteria had already been integrated in existing IPCC procedures, e.g. the 

Expert Review to ensure a comprehensive literature coverage (IPCC, 2013a) or the 

Uncertainty Guidance Note (Mastrandrea et al., 2011) to ensure a common terminology 

for describing the results’ uncertainty, the conceptual discussions among WGIII AR5 

Lead Authors focused on applying criteria 2)-4), i.e. assessing alternative transformation 

pathways by evaluating their practical consequences (i.e. their associated costs, risks 

and (co-)benefits) and making implicit value judgements transparent (IPCC, 2014a, 

Preface). 
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1.2 Assessing IPCC assessments  

Based on these reflections of the SPI and drawing on insights from Chapters 2 and 3, the 

two following sub-sections discuss on a normative level to what extent the IPCC was 

successful in informing decision making about recent evidence without fostering 

polarization and political gridlock, focusing on the requirements of staying below 2°C 

and the contested role of bioenergy for climate change mitigation, respectively. 

1.2.1 The economic and technological requirements of staying below 2°C 

Drawing on the recent IPCC assessment results, Chapter 2 illustrates that the AR5 can 

serve as a good example of the labour division between scientists and decision makers 

as envisaged by the PEM. While the AR5 did not endorse any particular climate policy 

goal and thereby avoided taking a particular value judgement, it instead provided the 

negotiators with a map to navigate through the many relevant insights (cf. Hallegatte et 

al., 2016) to facilitate an informed public debate and a robust decision by policy makers.  

The three IPCC WGs focused on different aspects of this knowledge map. While WGI, 

inter alia, provided temperature projections of alternative emission trajectories (see two 

exemplary Representative Concentration Pathways (RCPs) in the left panel of Figure 

1.1), WGII assessed existing knowledge on the effects of increasing levels of warming on 

global climate-related risk dimensions (see synthesis graph in the right panel of Figure 

1.1). Based on hundreds of mitigation scenarios from integrated energy-economy-

climate models (or Integrated Assessment Models, IAMs), WGIII supplied results on the 

macroeconomic costs and technological challenges of staying below different warming 

levels to “facilitate an integrated and inclusive deliberation of alternative climate policy 

goals and the different possible means to achieve them” (IPCC, 2014a, p. ix). 

 

Figure 1.1 Past and projected global mean surface temperatures for two different RCPs are shown in 

the left panel. Based on the longest global surface temperature dataset available, the observed change 

between the average of the period 1850–1900 and of the AR5 reference period (1986–2005) is 0.61°C 

(5–95% confidence interval: 0.55 to 0.67°C), which is represented by the difference between the grey 

lines in the right panel. The colour shading indicates the additional risk due to increasing levels of 

climate change when a global temperature level is reached and then sustained or exceeded. 

Undetectable risk (white) indicates no associated impacts are detectable and attributable to climate 

change. Moderate risk (yellow) indicates that associated impacts are both detectable and attributable 

to climate change with at least medium confidence, also accounting for the other specific criteria for 

key risks. High risk (red) indicates severe and widespread impacts, also accounting for the other 

specific criteria for key risks. Purple shows that very high risk is indicated by all specific criteria for 

key risks (see IPCC, 2014b for more details). 
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Figure 1.2 Global mitigation costs in cost-effective scenarios at different atmospheric concentrations 

levels in 2100, presented in percentage points of annualized consumption growth reductions relative to 

consumption growth in the baseline of 1.6 to 3% per year. Cost-effective scenarios assume immediate 

mitigation in all countries, a single global carbon price, and no additional limitations relative to the 

models’ default technology assumptions. Cost estimates do not consider the benefits of reduced climate 

change nor co-benefits and adverse side-effects of mitigation (see IPCC, 2014b for more details). 

As illustrated in Figure 1.2, global mitigation costs are relatively low (even for the most 

ambitious mitigation scenarios with atmospheric concentrations of 430-480 ppm CO2eq) 

compared to global annual consumption growth in baseline scenarios of 1.6-3%. Chapter 

2 argues that these IAM results were key for WGIII to describe consistent transformation 

pathways despite the limited information on the associated risks and co-benefits (see 

section 1.4).2 Together with the insights provided by the other WGs, the Synthesis 

Report concluded that unabated climate change leads to “high to very high risks of 

severe, widespread and irreversible impacts”, while the risks of 2°C pathways differ 

fundamentally from these in terms of their “nature, timescale, magnitude and 

persistence” (IPCC, 2014b, p. 77). Based on the scientific assessment of alternative 

transformation pathways provided by the AR5, the political decision at COP21 for aiming 

at staying below 2°C (and pursuing efforts to staying below 1.5°C) can hence be justified 

as an application of the precautionary principle (Knutti et al., 2016). 

However, delaying stringent greenhouse gas (GHG) emissions reductions and limiting 

key mitigation technologies would both increase the costs and the technological 

challenges for staying below 2°C. Figure 1.3, for example, shows how CO2 emissions 

reduction rates would have to increase much beyond historical developments and how 

much quicker low-carbon energy would have to be ramped up when delaying mitigation 

action. Based on these insights, Chapter 2 shows how the AR5 succeeded in pointing to 

the different costs and risks of alternative transformation pathways. It then discusses 

different rationales for unilaterally introducing carbon pricing, including co-benefits for 

other SD dimensions which could provide short-term entry points into these pathways 

(see section 1.4 below).  

 
2 The IAMs provided about 300 baseline (i.e. without additional climate policies) and 900 mitigation 

scenarios in a public database. They were run by computer-based models of long-term biogeophysical and 
human processes (see Chapter 5) providing information on, e.g. GHG emissions, energy technology 
deployment, resource use and trade, land-use change, and macroeconomic costs (Clarke et al., 2014). 
Synthesizing the information and integrating it with additional insights from other diverse, mostly bottom-
up, mitigation research communities has been one of the major challenges of the past WGIII assessments. 
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Figure 1.3 Technological challenges associated with the energy system transformation in terms of the 

average annual rate of CO2 emissions reductions (2030-2050, middle panel) and low-carbon energy 

upscaling (2030-2050/2100, right panel) in mitigation scenarios consistent with staying below the 2°C 

limit with roughly >50% likelihood (left panel). Compared to immediate mitigation scenarios (dark 

green, GHG emissions <50 Gt CO2-equivalent in 2030), delayed mitigation scenarios (light green, GHG 

emissions >55 Gt CO2-equivalent) are characterized by much faster emissions reductions and upscaling 

of low-carbon energy technologies between 2030 and 2050. The black bar shows the uncertainty range 

of GHG emissions implied by the Cancún Pledges (see IPCC, 2014b for more details). 

The final insight of Chapter 2 is the high reliance of 2°C pathways on bioenergy supply. 

This already features prominently in ambitious scenarios also due to the potential of 

bioenergy conversion processes to generate negative emissions via its combination with 

carbon capture and storage (BECCS) (Fuss et al., 2014). But bioenergy is projected to 

play an even more important role in delayed mitigation and 1.5°C scenarios, since many 

models do not find a solution without large-scale deployment of BECCS (Minx et al., 

2017). As most other conceivable large-scale negative emissions technologies (NETs) 

also require large land areas (Smith et al., 2016), the availability of productive land is 

increasingly seen as a bottleneck for SD (see Obersteiner et al., 2016 and Chapter 6). 

Land as a fixed production factor has thus re-entered the economic literature 

(Mattauch, 2015; Smith, 1776) and questions the sustainability of some 2°C pathways. 

1.2.2 The contested role of bioenergy for 2°C pathways 

Against this background, it is worth noting that the global resource potential of 

bioenergy is a highly contested area of research due to competing resource needs 

(mainly land and water) and the associated SD risks (Chum et al., 2011). This leads to 

large ranges in future bioenergy supply projections (see Figure 1.4) being highly 

dependent on the chosen methods, assumptions and worldviews regarding the role of 

technological and lifestyle changes, as well as population and economic growth (Creutzig 

et al., 2014). Assessing the SD outcomes of alternative bioenergy deployment levels and 

reconciling the findings with IAM results was a key task for the IPCC Special Report on 

Renewable Energy Sources and Climate Change Mitigation (SRREN). Based on the IPCC’s 

own principles for assessment making (i.e. providing a comprehensive review of the 

relevant literature, identifying and possibly reconciling disparate views, and presenting 

the scientific content in a policy-relevant way, see section 1.1), Chapter 3 reviews to 

what extent the SRREN was able to live up to these standards. 
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Figure 1.4 Ranges in the global technical bioenergy potential estimates by major resource category. 

The colour grading is intended to show qualitatively the degree of agreement in the estimates, from 

blue (large agreement in the literature) to purple (medium agreement) to red (small agreement). In 

addition, reducing traditional biomass demand by increasing its use efficiency could release the saved 

biomass for other energy purposes with large SD benefits (see Smith et al., 2014 for more details). 

While the Bioenergy chapter (Chum et al., 2011) quite comprehensively reviewed 

existing literature and explicitly identified disparate viewpoints, the integration of the 

fragmented evidence was only partially successful across the entire report. For example, 

four alternative storylines with different future bioenergy deployment levels developed 

from bottom-up studies were not successfully integrated with transformation pathways 

based on IAM results. This lack of reconciliation was partly due to the IAM focus on 

“middle-of-the-road” development pathways, i.e. with little variance across relevant 

drivers of development, such as material/economic or environmental/social ways of 

living in a globally-oriented or a regionally-oriented world (IPCC, 2000). This made it 

difficult to map the top-down insights to the bottom-up literature whose findings partly 

depend on assumptions about the characteristics of development pathways (see Figure 

3.4 in Chapter 3). In addition, there are substantial challenges to assess the globally 

aggregated SD effects of bioenergy supply as they not only differ across location and 

production contexts, but also across methodological approaches. This makes any 

meaningful assessment of the costs, risks and benefits of future bioenergy demand for 

mitigation pathways very demanding. Yet, such short- to medium-term effects on, e.g. 

food security and livelihoods matter most for millions (Creutzig et al., 2013). 

Taking the contested role of bioenergy for ambitious mitigation as example, Chapter 3 

teaches us that socially acceptable climate policy requires a better understanding of the 

broader SD implications of alternative 2°C pathways. This is even more relevant for 1.5°C 

pathways requiring large-scale deployment of negative-emission technologies (NETs) 

with potentially stark SD effects (IPCC, 2018; Minx et al., 2017). Based on these findings, 

this thesis argues that mitigation research and assessment making increasingly needs to 

broaden its perspective to multiple sustainability objectives.  
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1.3 Conceptualizing the link between mitigation and SD  

Appropriately dealing with multiple objectives in mitigation research, the second cross-

cutting theme of this thesis, first requires a conceptually sound understanding of SD. To 

put the most common definition from the Brundtland report3 into economic language, 

SD can be said to follow a trajectory whose aggregate welfare level will never fall behind 

today’s (Weitzman, 2003). Looking at the many conceptualizations for sustainability in 

the literature reveals, however, that there is neither agreement about the different 

arguments in this hypothetical welfare function nor about the way it should be 

aggregated (Fleurbaey, 2009; Jakob and Edenhofer, 2014; Kolstad et al., 2014). Chapter 

4 thus argues that there is no clear guidance for choosing particular mitigation pathways 

from existing welfare economics literature and stresses the need to develop theoretical 

approaches to better conceptualize the link between mitigation and SD.  

Since it is beyond the scope of this thesis to offer a new welfare theory of SD, Chapter 4 

aims at offering first insights on the link between mitigation and SD building on existing 

theoretical approaches (see also Dasgupta, 2001; Fleurbaey, 2009; UNDP, 2010; 

Weitzman, 2003). While the concept of ‘planetary boundaries’ (Rockström et al., 2009; 

Steffen et al., 2015) is only touched upon due to its biophysical focus (van Vuuren et al., 

2016), Chapter 4 puts mitigation research in the context of weak and strong 

sustainability (e.g. Neumayer, 2003) as this allows us to understand changes in social, 

economic and natural resource availability in economic welfare terms.  

As outlined in Chapter 4, the weak sustainability approach rests on the assumption that 

different types of capital, i.e. physical, social and natural, can be substituted with each 

other and aims at sustaining the aggregate stock of capital for future generations. Strong 

sustainability, however, implies that the degradation of a particular capital stock beyond 

a certain threshold cannot be substituted by accumulation of other capital stocks and 

thus detoriates a society’s capacity to sustain welfare. The chapter shows in an 

innovative way that these two paradigms can be reconciled in a simple welfare-theoretic 

framework based on the net national product concept (cf. Weitzman, 1976). This 

welfare-theoretic framework also helps understanding different mitigation literature 

strands in terms of their underlying assumptions about the concept of sustainability.  

For example, following Weitzman (2009) and its ‘dismal theorem’, i.e. assuming an 

expected value of infinity for the stochastic discount factor, implicitly rejects weak 

sustainability. This favours a cost-effectiveness analysis (CEA) for studying climate 

policies. In such a strong sustainability framework, social welfare optima are calculated 

subject to GHG concentration targets that are imposed as boundary conditions beyond 

which climate impacts may cross certain tipping points (IPCC, 2013b; Lenton et al., 

2008). In contrast, the assumption that catastrophic events are unlikely for reasonable 

temperature projections implies that a cost-benefit-analysis (CBA) yields an optimal 

balance between mitigation and adaptation efforts as well as residual climate impacts, 

according to the chosen social welfare function (Nordhaus, 2010) – implicitly assuming 

 
3 “Development that meets the needs of the present without compromising the ability of future generations 

to meet their own needs” (WCED, 1987). 
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substitutability between different types of capital. Yet, there is no consensus among 

scientists as to which framework is more appropriate, which is due to different 

interpretation of the scientific evidence on climate impacts and associated risk 

perceptions (see section 4.2 in Chapter 4).  

Interestingly, both approaches are applied in scientific policy advice but in different 

policy contexts. On the one hand, information from CEA-based integrated models have 

been among the most important inputs into the past IPCC WGIII reports (e.g. Clarke et 

al., 2014; Fisher et al., 2007) which have been used to analyze the global challenges of 

staying below alternative temperature limits. Along these lines, the UNFCCC objective of 

‘avoiding dangerous anthropogenic interference with the climate system’ (UNFCCC, 

1992) can be seen as a normative interpretation of a strong sustainability approach and 

the 2°C and 1.5°C limits as its operationalization in the context of mitigation. On the 

other hand, results from CBA-based studies are necessary for estimating the social costs 

of carbon (SCC), i.e. the net present value of climate damages from an additional ton of 

carbon emitted to the atmosphere, conditional on a given global emissions trajectory 

over time. Although covering a large uncertainty range and attracting heavy criticism 

from prominent (climate) economists, these estimations represent the most 

comprehensive welfare analysis of different levels of GHG emissions control and play an 

important role in some countries’ legislation processes (see Section 4.3.1 in Chapter 4).  

Yet, a consistent multi-objective welfare analysis of multiple SD and climate policies is 

even more complex, since it would necessitate analysis in so-called second-best settings: 

If two or more externalities are not fully internalized, first-best solutions are no longer 

optimal (Lipsey and Lancaster, 1956). This implies that dealing with one policy problem 

at a time is unlikely to yield the welfare optimum. Instead, a comprehensive welfare 

analysis to improve public policy in a multi-objective context would need to take into 

account multiple externalities as well as multiple policy instruments and their 

interactions (see Figure 1.5 and a detailed discussion in Edenhofer et al., 2013).  

For example, this implies that the values for the SCC assuming a second-best setting 
could be higher than those values calculated for a ‘first-best world’ as the latter often do 
not take into account the potential welfare gains (or losses) for other objectives. The 
difference may not be considerable in many environmental policy problems as the 
substances in question are confined to specific processes or sectors (e.g. O3 or SO2). But 
CO2 pervades the entire economy making these effects relatively more important.  

 

Figure 1.5 A public policy framework for dealing with multiple objectives in second-beset settings. 

Multiple objectives can lead to multiple externalities when decentralized agents lack the appropriate 

incentives to achieve these goals, i.e. if they are not fully internalized by existing policy instruments. 

Used with permission of Annual Reviews, from Edenhofer et al., 2013 On the Sustainability of 

Renewable Energy Sources. Annu. Rev. Environ. Resour. 38: 169–200; permission conveyed in 2022 

through Copyright Clearance Center, Inc. 

https://www.annualreviews.org/doi/abs/10.1146/annurev-environ-051012-145344
https://www.annualreviews.org/doi/abs/10.1146/annurev-environ-051012-145344
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In a cost-effectiveness setting, this would imply that staying below a specific 

temperature limit would be cheaper if such positive effects were taken into account. 

This is the logic behind comments calling for a more prominent consideration of the 

positive and negative co-effects of mitigation on additional sustainability objectives (i.e. 

co-benefits and adverse side-effects, see Allwood et al., 2014) since the positive welfare 

effects of particular co-benefits may even outweigh the mitigation costs in the short 

term (Edenhofer et al., 2013; OECD, 2000; West et al., 2013). While raising the question 

if other policy instruments may achieve these welfare benefits at lower costs, Chapter 4 

points to the fact that climate economics has not given enough attention to such 

questions (see also Nemet et al., 2010; Siegmeier et al., 2015). 

Although welfare economics do not yet provide the tools to appropriately analyze such 

welfare effects, Chapter 4 argues that mitigation can have co-benefits for other 

sustainability objectives with net welfare gains until the optimal levels of mitigation and 

other objectives are reached. Yet, the prospect of achieving co-benefits ought not to 

divert attention from aiming at pathways that contribute to social welfare across all SD 

dimensions. But since co-benefits from mitigation can help achieving other sustainability 

objectives and hold the prospect of reducing the short-term costs of climate policies on 

the local/national level, the concept has been increasingly in the focus of academic and 

political discussions. Presenting the available information in a more structured way to 

decision makers could help guiding mitigation choices by facilitating a more informed 

public debate on mitigation choices (Fleurbaey et al., 2014; Jakob and Steckel, 2016; 

McCollum et al., 2018).  

1.4 Synthesizing literature strands integrating mitigation and SD 

According to the vision for scientific policy advice inspired by the PEM and laid out in 

section 1.1, the central objective of scientific assessments is to foster a more informed 

public debate about alternative pathways and their costs, (co-)benefits and risks on 

other goals. As discussed in sections 1.2 and 1.3, there are two major barriers to a 

comprehensive public debate.  

i) First, both synergies and trade-offs between mitigation and sustainability 

objectives are key to understand the practical consequences of mitigation 

choices whereas existing literature or policy processes focus on either co-

benefits or adverse side-effects. For example, the PA only explicitly highlights 

the positive aspects, recognizing “the social, economic and environmental value 

of voluntary mitigation actions and their co-benefits for adaptation, health and 

sustainable development” (UNFCCC, 2015, p. 15).  

ii) Second, in the absence of a comprehensive theoretic underpinning, existing 

results from different literature strands of the co-effects of mitigation are 

difficult to reconcile. For example, having contributed to the WGIII AR5 

assessment process, the candidate experienced the challenges in bringing 

experts from different disciplines together to work on shared definitions and 

problem framing.  
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As the WGIII AR5 assessment of existing scientific knowledge on the co-effects of 

mitigation for sustainability objectives advanced on both issues, it served as the natural 

starting point for this thesis’ analysis and is briefly presented below. 

1.4.1 Taking stock of IPCC AR5 – the co-effects of mitigation for SD 

It is noteworthy that the WGIII AR5 provided both a social welfare and a SD framework 

for mitigation research in a multi-objective context, reviewed the literature on co-effects 

of mitigation technologies in different sectors as well as the global integrated model 

literature on co-effects of mitigation pathways – a major improvement from the IPCC 

AR4 (IPCC, 2007). But before being able to present hundreds of sectoral studies in a 

consistent way across sectors and to assess the uncertainty of the reported results, it 

took many meetings, discussions and iterations until the IPCC authors from different 

scientific disciplines finally agreed on workable definitions for ‘co-benefits’, ‘adverse 

side-effects’ and ‘risk trade-offs’. These definitions were required to capture the 

common understanding of the different scales and types of analysis as well as system 

boundaries:  

Whereas technology experts focus on analyzing the co-effects of mitigation measures 

(i.e. technologies, processes and practices) on additional sustainability objectives, mostly 

in the context of specific sectors and locations, economists usually focus on analyzing 

economy-wide policy changes, the macroeconomic costs and their net effect on social 

welfare. This difference is reflected by Figure 1.6 which presents in the upper box the 

positive and negative co-effects of a measure aimed at objective A for additional 

objectives (B, C and D) irrespective of overall welfare effects, whereas the lower box 

represents the macroeconomic costs of the policy change (left circle) aimed at objective 

A. Evaluating the net effect on social welfare (right circle) then requires weighting the 

co-effects and costs in monetary terms. This would enable a more comprehensive 

comparison of the (opportunity) costs and (co-)effects of alternative policy choices. 

Despite this better conceptualization, the increasing wealth of relevant literature and 

substantial efforts to integrate these sets of results, the WGIII AR5 provided an only 

limited synthesis as the information was scattered across several chapters. In effect, the 

report was not able to comprehensively evaluate alternative 2°C pathways with respect 

to their co-benefits and risks. Chapter 5 takes the AR5 as starting point and extends the 

synthesis of the co-effects of mitigation for SD, based on a conceptual welfare-theoretic 

framework. This framework serves as an organizational device for mapping the different 

literature strands and their respective contributions to a more holistic understanding of 

the social welfare effects of co-benefits and risks of mitigation for other sustainability 

objectives. Such an integrated perspective is key for robust decision making since it 

advances the understanding of the implications of alternative mitigation choices for 

broader sustainability objectives. Building on both a formalization and a graphic 

representation, this framework is able to relate the contributions of the individual 

strands to each other and reviews their contributions and limitations as well as the 

challenges of quantitative aggregation. The key insights are as follows: 
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Figure 1.6 Schematic overview of the concepts around co-benefits, adverse side-effects and their effects 

on the macroeconomic costs of mitigation, additional sustainability objectives, and social welfare.  

i. Sectoral co-effect literature focuses on analyzing the co-benefits and adverse 

side-effects of mitigation measures, implemented in a specific location, on 

additional non-climate sustainability objectives – both within and outside the 

sector or location (see Table 1.1 for a synthesis provided by WGIII AR5). The 

results are mostly reported in non-monetary metrics and it is difficult to gain 

more than qualitative insights for the co-effects of the same technology 

implemented elsewhere because quantifiable results depend largely on the 

chosen system boundaries for a specific study. The main insight from this strand 

at an aggregate level is that improving energy efficiency and reducing sectoral 

energy demand are robust strategies across multiple sustainability objectives 

whereas the co-effects of switching to low-carbon fuels are more complex. 

ii. Integrated model co-effect literature analyzes the effects of stylized climate 

policies (see Figure 1.7 for an example from WGIII AR5) on the economy as well 

as their co-effects on additional non-climate policy objectives. While the 

mitigation costs are reported in monetary units (see Table S-6.1 in Chapter 6 on 

the different metrics used depending on model type), the associated co-effects 

are reported in non-monetary terms. While these studies take into account 

cross-sectoral and cross-regional interactions – a prerequisite of globally cost-

effective mitigation pathways – they do not explicitly take into account 

interactions of climate and non-climate policies due to the mitigation focus. 

iii. Multi-objective integrated model literature (CEA-based) analyzes integrated 

climate and non-climate policies and their effects on multiple sustainability 

objectives. Similar to choosing alternative GHG concentration levels as boundary 
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conditions for the optimization, the existing studies consider alternative policy 

packages for non-climate objectives of varying stringencies. Given these 

boundaries, the most cost-effective pathways are calculated avoiding an explicit 

analysis of externalities and welfare optima. Due to rising complexities in the 

manifold interactions, this strand focused only on a few SD policy objectives 

finding mitigation to be a good entry point for sustainable energy objectives. 

iv. The only multi-objective integrated model (CBA-based) study analyzes the costs 

and benefits of introducing integrated policies for additional sustainability 

objectives by monetizing and weighting the different effects on a number of 

objectives. The existing study explicitly considers multiple externalities and the 

welfare-optimizing pathway to internalize them. While it is able to incorporate 

many necessary steps of a full-fledged multi-objective welfare analysis, the 

results importantly rest on the chosen values, parameters and functions. 

Table 1.1 Potential co-benefits (blue) and adverse side effects (red) of key sectoral mitigation measures. 

The uncertainty qualifiers between brackets denote the level of evidence (l = limited, m = medium, r = 

robust) and agreement (l = low, m = medium, h = high) on the respective effect (see IPCC, 2014b). 
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Figure 1.7 Co-benefits of stringent mitigation pathways for air quality in scenarios reaching 

concentrations of 430-530 ppm CO2eq in 2100 (see IPCC, 2014b for more details). 

1.4.2 Untapped potential for further synthesis across literature strands 

Chapter 5 concludes that the evidence is still fragmented across different sectors, 

research communities, scales and types of analysis and only very few studies 

simultaneously address multiple objectives, externalities and policy instruments. While 

the multi-objective integrated model literature is the most comprehensive effort thus 

far in integrating mitigation and additional non-climate sustainability objectives into a 

welfare framework, the studies also show the limitations of expanding the system 

boundaries as they have to reduce the scope of analysis at each step (see Section 5.4.3 

for a critical discussion of the abilities of integrated models to address welfare). Chapter 

5 concludes that there is a trade-off between the number of objectives analyzed and the 

ability to present quantitative results, particularly for overall welfare implications on a 

global scale. At the same time, it argues that such an aggregation is “a prerequisite for a 

detailed understanding of the importance of global-scale synergies and trade-offs across 

mitigation and the many other global-scale sustainability objectives” (Chapter 5, p. 98). 

Chapter 5 thus looks at another way to combine the results of the somewhat disparate 

strands of literature by drawing on their respective strengths, i.e. qualitative evidence 

on a broad set of sustainability objectives and quantitative multi-model results for 

future energy demand and supply taking into account cross-sectoral and cross-regional 

interactions for different scenarios. The synthesis figure places quantitative results from 

the integrated model literature next to qualitative results from the sectoral literature to 

improve the understanding of the magnitude of the expected co-effects. 

Without conveying a non-existent level of knowledge and precision, this synthesis is able 

to point to robust results: improving energy efficiency and other means to reduce 

energy demand have synergistic effects across mitigation and many additional non-

climate sustainability objectives on a global level. At the same time, this synthesis also 

reveals that the higher demand for bioenergy and low-carbon electricity to decarbonize 

the energy sector may lead to additional SD risks. This finding points to potentially 

important risk trade-offs across multiple sustainability objectives that can only be taken 

into account by decision makers if they can draw on robust assessments of climate and 

sustainability policies in an integrated way (cf. Hallegatte et al., 2016).  
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1.5 Taking a SD risk perspective on 2°C pathways 

Despite the focus of integrated model literature on energy system transformation, they 

report a significant number of variables relevant for understanding both synergies and 

trade-offs from the different mitigation choices (see Table 6.1 in Chapter 6) that can be 

used to more systematically analyze the risks of alternative 2°C pathways for 

sustainability objectives. This can foster a more informed public debate about different 

clusters of 2°C pathways (see Chapter 5 and Jakob and Steckel, 2016) – acknowledging 

that the climate policy and the SDGs agendas are highly interconnected and should be 

tracked within a unified framework. But the literature that addresses the interlinkages 

comprehensively and in quantitative terms is still scarce – although increasingly 

progressing in that direction (see e.g. McCollum et al., 2018 and IPCC, 2018). To address 

that research gap, Chapter 6 complements existing literature by taking a risk perspective 

that scrutinizes how indicators relevant for a set of energy-related SDGs diverge from a 

counterfactual for different types of model constraints.  

This is particularly relevant given that the nationally determined contributions (NDCs) 

are inconsistent with cost-effective 2°C pathways and further delaying more ambitious 

mitigation narrows the option space for staying below 2°C (Rogelj et al., 2016). In 

addition, the technology portfolio usually assumed to be fully available in 2°C pathways 

is likely to be constrained due to issues around public acceptance of significantly 

upscaling low-carbon technologies. Combining the two types of constraints can even 

lead to the inability of models to find a solution – implying that the 2°C limit is unlikely 

to be achieved in such situations, let alone returning to 1.5°C at the end of the century.  

By systematically linking the chosen set of indicators to global SD risks, Chapter 6 is able 

to show a first but rough approximation of the implications of alternative clusters of 2°C 

pathways on energy-related SDGs. Although the presented results do not cover all 

relevant SDGs explicitly due to the limited data availability, it can foster a public debate 

on the interaction between SDGs and mitigation action. Figure 1.8 summarizes the key 

results by looking at the different clusters of model constraints relative to optimal 2°C 

pathways (i.e. those with immediate mitigation, full technology portfolios, and 

conventional energy demand growth). The most important insights are that lower 

energy demand growth reduces many SD risk levels but that technological constraints 

and weak short-term climate policies imply fewer synergies and substantial trade-offs. 

This implies that climate and SD policies cannot be separated from each other any 

longer. Climate policy will not be successful unless it seriously considers SD implications. 

Dividing the huge effort of achieving more sustainable development pathways into 

isolated policy problems thus falls short of reaping synergies and successfully managing 

trade-offs across the many SDGs. Chapter 6 argues that reigning in global energy 

demand growth and raising short-term ambition beyond the NDCs not only improves 

the chances of staying below 2°C, possibly 1.5°C, but also the prospect of reaching other 

SDGs. 
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Figure 1.8 Changes in SD risk dimensions that can be linked to a set of SDGs and other sustainable 

energy objectives in constrained 2°C pathways relative to optimal pathways (assuming immediate 

mitigation with full availability of mitigation technologies and conventional energy demand growth). 

Data taken from Figure 6.5 in Chapter 6. 

At the same time, Chapter 6 acknowledges that the indicators taken from the integrated 

model results and used for the analysis are sometimes very rough representations of the 

underlying sustainability concerns. Given the increasing requirement of synthesizing 

knowledge across different strands of literature to more comprehensively answer 

upcoming questions about the sustainability of future developments pathways, research 

on mitigation and its SD implications increasingly needs to evolve in terms of 

appropriate indicators and system boundaries. Until more detailed results are available 

from ongoing and future research, this thesis’ results are an important lens from which 

we can take a glimpse of the difficulties of integrating SD more effectively into the 

mitigation research design and, subsequently, into global scientific assessment making. 
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Due to the already broad scope of the thesis, other relevant drivers of human 

development at the nexus of climate and SD will not be discussed in the following 

chapters despite their relevance for mitigation policy choices (Jakob et al., 2014; Jakob 

and Steckel, 2014). These include inclusive access to basic infrastructure services 

(Calderón and Servén, 2004; Franks et al., 2018; Jakob et al., 2016; Steckel et al., 2017, 

2013), the ability of developing countries to absorb large (climate) finance inflows (Jakob 

et al., 2015; Kornek et al., 2017; van der Ploeg, 2011), structural changes (Cohen, 2006; 

McMillan and Rodrik, 2011; Rodrik, 2016), distributional impacts and political economy 

issues (Inchauste and Victor, 2017; Sovacool, 2012; Sterner, 2012; Trebilcock, 2014). 

1.6 Outline of the thesis 

The structure of this thesis closely follows the guiding questions that were shown to be 

important implications from the PA for mitigation and SD research as well as its 

synthesis in global scientific assessments for informing robust decision-making: 

1) How can global scientific assessment making evolve in the face of rising 

complexity and demands for solution-orientation to ensure that future 

assessment processes adequately synthesize diverse strands of mitigation 

research pathways and facilitate decision-making?  

2) What new challenges arise when framing mitigation in the broader context 

of SD, i.e. taking into account multiple objectives, multiple externalities, and 

multiple policy instruments on multiple spatial and temporal scales?  

The first part of this thesis mainly tackles the first question by assessing IPCC assessment 

and learning from previous experience. Chapters 2 and 3 demonstrate to what extent 

the SRREN and the WGIII AR5, respectively, have lived up to the PEM and the IPCC 

principles to provide a “comprehensive, objective and balanced view of the subject 

matter” (IPCC, 2013a) and points to the important role global scientific assessment can 

play. Recent developments have made the past experience all the more valuable: In 

October 2018, the IPCC Special Report on Global Warming of 1.5°C assessed the existing 

research on the 1.5°C limit (IPCC, 2018), the first report in its sixth assessment cycle to 

be concluded in 2022 – in time for the first full Global Stocktake (GST) as foreseen by the 

Paris Agreement.  

At the same time, the 2030 Agenda is shaping local, national and global policy agendas 

and has put SD in the focus of mitigation research. The principal aim of the second part 

of the thesis is hence to develop a better understanding of the interaction between SD 

and mitigation research on a conceptual level (Chapter 4) and across literature strands 

(Chapter 5) to better understand co-benefits and risks of alternative mitigation 

pathways (Chapter 6).  

Finally, Chapter 7 synthesizes the insights from the different chapters of this thesis, 

considers their implications for challenges and opportunities for global assessment 

making in the light of the surge in knowledge in the climate and SD literature, and 

concludes with an outlook for the next IPCC assessment cycle and future mitigation and 

SD research more broadly.  
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Abstract 

With very high risk of severe, widespread and irreversible impacts globally due to 

unabated anthropogenic climate change, we argue in this chapter that the 2°C limit can 

be justified by the synthesis of available scientific evidence as an application of the 

precautionary principle. In principle, the risks of mitigation differ fundamentally from the 

risks of climate change in terms of their nature, timescale, magnitude and persistence. 

Humankind has the technological means to solve the problem. However, the challenges 

of stringent mitigation action are enormous and have been increasing over the last 

decade because of the ongoing renaissance of coal, which does not allow for a 

decoupling of economic and population growth from emissions. Keeping a greater than 

66% probability of staying below the 2°C limit, for example, would require current 

emission levels to be reduced by 40-70% by 2050, and emission levels of zero and below 

by the end of the 21st century. This requires a large-scale transformation in the way we 

produce and use energy, as well as how we use land. The most fundamental challenges 

are the oversupply of fossil fuels and the risks associated with negative emissions 

technologies, or high bioenergy deployment. A further delay in mitigation action 

substantially increases the difficulty of, and narrows the options for, this transformation. 

Delays are associated with a growing dependence on negative emissions technologies as 

well as higher mitigation costs in the long run. In the near term, a fundamental 

departure from the business-as-usual development is required. Therefore, triggering 

short-term climate policy action is instrumental for any reasonable long-term climate 

goal. While the institutional challenges are tantamount, there are multiple rationales for 

pricing carbon and introducing complementary policies. 
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2.1 Dangerous climate change – the rationale of the 2°C limit 

Faced with an increasing likelihood of “very high risk of severe, widespread and 

irreversible impacts globally” due to unabated anthropogenic climate change (IPCC 

2014c), decision makers from all countries will meet at the 21st Conference of Parties 

(COP21) in Paris to work on a new international climate treaty. Climate policy is locked 

in a race against time, with greenhouse gas (GHG) emissions growing faster in the first 

decade of this century than in previous decades, despite a growing number of mitigation 

efforts. One of the most important drivers is the ongoing renaissance of coal, which 

does not allow for a decoupling of economic and population growth from GHG 

emissions (IPCC 2014a, Steckel et al. 2015). The oversupply of fossil fuels is one of the 

most fundamental challenges of climate policy. Understanding the technological and 

economic implications of limiting the disposal space of GHGs in the atmosphere (see 

Section 2) and triggering short-term mitigation action (see Section 3) is key to a 

workable and effective climate regime. 

As highlighted in the Fifth Assessment Report (AR5) of the Intergovernmental Panel on 

Climate Change (IPCC), the global mean temperature increase is an almost linear 

function of the cumulative release of CO2 emissions to the atmosphere (see Figures 

SPM.10 and 12.45 in IPCC 2013; and Figure SPM.10 in IPCC 2014d). As carbon emissions 

accumulate in the atmosphere, the long-term temperature increase is determined in an 

irreversible way, unless technologies are available that allow for the net removal of 

carbon from the atmosphere, so-called ‘negative emissions technologies’. While these 

may be necessary and useful within a portfolio of mitigation options, the required large-

scale deployment of such technologies is associated with important risks (see Section 2) 

and is not able to prevent climate change within a reasonable time frame (IPCC 2013). 

These and other mitigation risks need to be weighed against the risks of climate impacts 

when determining a climate goal. 

Economists have frequently tried to estimate the optimal balance between mitigation, 

adaptation and residual climate impacts. However, the underlying differences in 

methodological approaches and important gaps in knowledge make it challenging to 

carry out direct comparisons of these impacts in the form of cost-benefit calculations 

(Kunreuther et al. 2013, IPCC 2014e). More fundamentally, the identification of an 

optimal climate goal is based on many implicit value judgements and ethical 

considerations, which may be contested in pluralistic societies. Such judgements and 

considerations are fundamentally important, for example, when the damages from 

climate change, which are mainly incurred by future generations, are counted against 

the costs of mitigation, which are largely borne by today’s generations (Kolstad et al. 

2014). It therefore seems appropriate to take a risk management perspective that 

evaluates the risks of climate change (in terms of impacts and adaptation limits) and the 

risks of mitigation action (in terms of mitigation costs and potential adverse side-effects 

of mitigation technologies). This ultimately leaves the decision about the most desirable 

temperature level to policymakers and the public, who may base their discussions on 

the range of different risks, information about which is provided in the AR5 (Edenhofer 

and Kowarsch 2015). 
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Increasing temperatures raise the likelihood of severe, widespread and irreversible 

impacts (IPCC 2014c). Without additional mitigation efforts, the global mean 

temperature will increase by about 4°C (3.7-4.8°C based on the median climate 

response) by the end of the 21st century and will lead to high to very high climate 

change risks even with adaptation (Clarke et al. 2014, IPCC 2014a, IPCC 2014e). These 

include inter alia the loss of the Arctic ice sheet, substantial species extinctions, 

consequential constraints for human activities and global and regional food insecurity 

(IPCC 2014c). Limiting warming to below 2°C would reduce these risks of climate change 

substantially compared to business as usual, particularly in the second half of the 21st 

century (IPCC 2014c, IPCC 2014d). The large differences in risk between a 4°C and a 2°C 

world were therefore clearly emphasized in the AR5, whilst the difficulties in 

understanding the differential climate impacts for small temperature changes – such as 

1.5°C, 2°C, 2.5°C or 3°C – were also acknowledged. Even a temperature increase of 2°C 

and below is associated with some risks from climate damages irrespective of mitigation 

and adaptation efforts (IPCC 2014d). 

In contrast to climate damages, the risks of mitigation are generally not irreversible 

(except, for example, nuclear accidents and biodiversity loss) because they allow for trial 

and error and therefore for a social learning process in climate policy implementation. 

Mitigation risks are thus seen as differing fundamentally from the risks of unabated 

climate change in terms of their “nature, timescale, magnitude and persistence” (IPCC 

2014e). Mitigation risks, however, also differ across alternative mitigation pathways.4 

These differences mainly depend on the availability and choice of technologies as well as 

the stringency and timing of GHG emissions reductions (see Section 3) (Clarke et al. 

2014, IPCC 2014a). 

Once a certain temperature level has been exceeded, only two options remain to deal 

with climate change: adaptation and solar radiation management (SRM), the latter of 

which tries to intentionally modify the earth’s radiative budget. Some environmental 

impacts of climate change, such as ocean acidification, cannot be addressed by SRM 

technologies. There may also be other adverse side-effects that need careful assessment 

(IPCC 2013). Given the inherent uncertainties of the impacts of these options and the 

future impacts of climate change, aiming for the 2°C limit can thus be seen as an 

application of the precautionary principle, which emerges from the synthesis of 

scientific evidence and the value judgements by experts of how to avoid dangerous 

climate change. Whilst the global mean temperature cannot be controlled directly, a 

carbon budget can be defined which allows the limitation of the global mean 

temperature with a specific probability (see Table SPM.1 in IPCC 2014b). However, the 

window of opportunity to stay below the 2°C limit is rapidly closing, as the next section 

shows. 

 
4 Many mitigation technologies also entail co-benefits for non-climate policy objectives (von Stechow et al. 
2015). These often accrue locally and may provide incentives for unilateral mitigation action; they are 
discussed in Section 3.3. 
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2.2 Technological and economic implications of the 2°C limit 

Limiting climate risks by keeping global mean temperature increase below 2°C (with a 

greater than 66% probability) implies a remaining carbon budget of about 1,000 (750-

1,400) GtCO2 (IPCC 2014e). If current trends continue, this budget will be completely 

used up within the next 20-30 years. With more than 15,000 GtCO2 in fossil fuel reserves 

and resources in the ground, it is clear that we will not run out of fossil fuels. Rather, it is 

the limited disposal space for waste GHGs of the atmosphere that constitutes the 

ultimate scarcity of the 21st century (see Figure 2.1). Staying within this tight carbon 

budget implies that annual GHG emissions would need to be reduced by 40-70% by 

2050 and decline towards zero and below thereafter. This requires rapid improvements 

in energy efficiency and a 3-4-fold increase in the share of zero- and low-carbon energy 

supply from renewables, nuclear energy and carbon dioxide capture and storage (CCS), 

or bioenergy with CCS (BECCS) by 2050 (Clarke et al. 2014). 

The majority of scenarios with a greater than 66% probability of keeping average global 

temperature rise below 2°C can only stay within the carbon budget if the carbon debt is 

repaid through global net negative emissions towards the end of the 21st century. In 

other words, more CO2 would need to be removed from the atmosphere through large-

scale deployment of negative emission technologies, such as BECCS or afforestation, 

than is released by all human activities. These challenges can be alleviated to some 

extent through reductions in final energy demand in the near term, decreasing the 

amount of fossil fuels used and thus reducing the immediate pressure for decarbonising 

energy supply. This would also entail co-benefits that outweigh the few adverse side-

effects of mitigation action in the transport, buildings, and industry sectors. On the 

energy supply side, the balance depends to a larger extent on the specific technology 

and implementation context (Clarke et al. 2014, von Stechow et al. 2015). 

 

Figure 2.1 Fossil-fuel resources exceed the atmospheric disposal space for carbon emissions. Used with 

permission of Springer Nature, from Jakob and Hilaire (2015a) Unburnable fossil-fuel reserves. Nature 

517, 150–151.  

https://www.nature.com/articles/517150a
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In addition to these technological challenges, staying within the remaining carbon 

budget would also imply a devaluation of coal, oil and gas assets.5 Compared to business 

as usual, over 80% of coal reserves would need to remain underground as well as a third 

of oil and half of gas reserves (McGlade and Ekins 2015). This effect can be buffered to 

some extent by the deployment of BECCS, which has the potential to remove some of 

the emissions from the additional combustion of fossil fuels. If CCS is not available, 

however, this flexibility would be removed, calling for immediate GHG emissions 

reductions. This would have important implications for the allowed extraction rates and 

the above numbers would increase to 89%, 63% and 64%, respectively (Bauer et al. 

2016, Jakob and Hilaire 2015). 

One critical constraint on BECCS deployment is the large-scale availability of various 

bioenergy feedstocks (see Tavoni et al. 2013). Deployment levels of total (modern) 

bioenergy in 2°C scenarios without delay and limits to technological availability are in 

the range of 10-245 EJ/yr by 2050 and 105-325 EJ/yr in 2100, increasing the share of 

bioenergy in total primary energy from 35% in 2050 to as much as 50% in 2100 (Creutzig 

et al. 2014, Smith et al. 2014). Whether or not these amounts of bioenergy can be 

supplied in a sustainable manner is highly contested, with some experts emphasising the 

large mitigation potential of bioenergy and others highlighting the risks associated with 

such high bioenergy deployment levels (Creutzig et al. 2012a, 2012b). The main adverse 

side-effects discussed relate to possible reductions of land carbon stocks, as well as 

negative impacts on ecosystems, biodiversity, food security and livelihoods. The 

sustainable technical bioenergy potential is estimated to be around 100 EJ/yr in 2050, 

with high agreement in the literature, and up to 300 EJ/yr with medium agreement 

(Creutzig et al. 2014, Smith et al. 2014). 

The technological challenges and adverse side-effects of staying below the 2°C limit 

increase further as stringent emissions reductions are delayed. This results from the 

faster timescales over which the required technologies need to be implemented. Figure 

2.2 highlights that unless GHG emissions are reduced below current levels in 2030, the 

technological challenges of the 2°C limit increase substantially – particularly between 

2030 and 2050 (Bertram et al. 2015, Riahi et al. 2015). Using a larger share of today’s 

tight emissions budget also reduces the flexibility of technology choice, as staying below 

the temperature limit increasingly depends on the availability of potentially risky 

negative emissions technologies. Overall, the ability to hedge against the risks of 

mitigation across a broad technology portfolio becomes more and more constrained 

with increasing delays. 

 
5 By reducing the disposal space for waste GHGs in the atmosphere, climate policy not only reduces the 

resource rents of the owners of coal, oil and gas assets, but it also creates a ‘climate rent’. These revenues 
from carbon pricing overcompensate the loss in resource rents (Bauer et al. 2013); they are discussed in 
more detail in Section 3. 
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Figure 2.2 Increasing technological challenges associated with the energy system transformation in 

delayed relative to immediate mitigation scenarios consistent with staying below the 2°C limit with a 

roughly 50% probability. Notes: Technological challenges are represented in terms of the average 

annual rate of carbon emissions reductions (2030-2050, middle panel) and low-carbon energy upscaling 

(2030-2050/2100, right panel). Left panel shows GHG emission pathways between 2005 and 2030. 

Compared to immediate mitigation scenarios (dark green, GHG emissions <50 Gt CO2-equivalent in 

2030), delayed mitigation scenarios (light green, GHG emissions >55 Gt CO2-equivalent) are 

characterized by much faster emissions reductions and much faster upscaling of low-carbon energy 

technologies between 2030 and 2050. The black bar shows the uncertainty range of GHG emissions 

implied by the Cancún Pledges. For more details, see IPCC (2014b). 

Mitigation costs increase with growing mitigation ambition but are characterised by 

large uncertainties. Staying below the 2°C limit with a greater than 66% probability 

would imply reducing global consumption levels relative to business as usual by 5% (3%-

11%) by 2100. Staying below a 2.5°C and 3°C limit would imply decreasing consumption 

levels by 4% (1%-7%) and 2% (1%-4%), respectively. For comparison, business-as-usual 

consumption itself grows between 300% to more than 900% over this period (IPCC 

2014a). While these reductions in consumption levels are by no means negligible, they 

seem comparatively moderate. They also hinge on the assumption of effective global 

institutions and the establishment of a global, uniform carbon price. 

Limiting the availability of key mitigation technologies such as CCS and bioenergy might 

reduce some of the adverse side-effects of these technologies but would increase 

discounted mitigation costs by approximately 140% (30-300%) and 60% (40-80%) by the 

end of the century, respectively (Figure 2.3). Delaying emissions reductions further 

increases the costs of reaching specific climate goals. A delay would protect the rents of 

fossil fuel owners, today’s cost savings would thus be eclipsed by future cost increases. 

For example, delaying stringent mitigation through 2030 could raise the aggregate costs 

of mitigation by 30-40% (2-80%) by 2050 and by 15-40% (5-80%) by 2100 (in scenarios 

with a roughly 50% probability of staying below the 2°C limit) (Clarke et al. 2014). 
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Figure 2.3 The impacts of a limited mitigation technology portfolio on the relative increase in 

mitigation costs compared to a scenario with full availability of technologies in mitigation scenarios 

consistent with staying below the 2°C limit with a roughly 50% probability. Notes: The cumulative 

mitigation costs (2015-2100) are presented as net present value, discounted at 5% per year. Nuclear 

phase out = No addition of nuclear power plants beyond those under construction and existing plants 

operating until the end of their lifetime; Limited Solar / Wind = a maximum of 20 % of global annual 

electricity supply from solar and wind; Limited Bioenergy = a maximum of 100 EJ/yr modern 

bioenergy supply globally. For more details, see Clarke et al. (2014). 

2.3 Triggering short-term mitigation action 

A fundamental departure from business-as-usual development is required to leave the 

window of opportunity open to stay below the 2°C limit. Triggering short-term climate 

policy action is instrumental to achieving any reasonable long-term climate goal – short-

term action reduces the risks of increasing future mitigation costs and the risks of relying 

on negative emissions technologies with potentially large adverse-side-effects.  

As discussed by Sterner and Köhlin (2015) and Stavins (2015), the necessity for 

introducing a clear price signal through carbon taxes or emissions trading becomes 

evident when considering the required changes in the different sectors and looking at 

the required reallocation of investment flows. In the energy sector, for example, new 

investment strategies away from fossil fuel extraction and use towards energy efficiency 

and low-carbon technologies for energy generation are urgently needed (Figure 2.4). But 

despite its necessity, carbon pricing is perceived as extremely demanding. The feasibility 

of an optimal global carbon price is currently limited as free-rider incentives seem to 

undermine the willingness of parties to participate in an ambitious international climate 

agreement (Carraro 2014, Cramton et al. 2015). It is therefore even more remarkable 

that a number of countries – including the majority of the world’s 20 largest emitters – 

have started implementing GHG emissions reduction policies on their own accord. 
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Figure 2.4 Change in annual energy sector investment flows towards low-carbon energy technologies in 

mitigation scenarios consistent with staying below the 2°C limit with a roughly 50% probability 

relative to the average business-as-usual level (2010–2029). Notes: Results are based on a limited 

number of model studies and model comparisons (numbers in the bottom row) highlighting that 

investment needs are an evolving area of research. The extent to which the investment needs in one 

region translate into regional mitigation costs depends on the effort-sharing regime, which has 

important effects on the relative cost burden (Tavoni et al. 2013, Höhne et al. 2014). For more details, 

see Gupta et al. (2014). 

Several unilateral and often short-term incentives for introducing climate policies and 

establishing GHG emissions pricing schemes exist: i) the efficient generation of 

additional revenues for government budgets; ii) the use of carbon-pricing revenues for 

the provision of public goods or infrastructure investments in welfare-enhancing ways; 

iii) the introduction of Pigouvian carbon pricing to internalize national climate impacts; 

and iv) the realization of co-benefits from GHG emissions reductions (Edenhofer et al. 

2015). Interestingly, all of these unilateral incentives for domestic carbon prices are 

particularly relevant for developing countries. 

1. Carbon pricing helps to broaden the often-thin tax base in countries with large 

informal sectors (Bento and Jacobsen 2007, Bento et al. 2013, Markandya et al. 

2013). With the possibility to recycle these additional carbon price revenues, 

potentially regressive effects may be compensated and/or existing distortionary 

taxes (that particularly affect low-income groups) may be reduced. Carbon 

pricing can therefore enhance economic growth without adverse distributive 

effects (Casillas and Kammen 2010, Goulder 2013, Somanathan et al. 2014). As a 

recent IMF report shows, however, one ton of carbon emissions receives, on 

average, more than 150 US$ in subsidies. The removal of all such subsidies, 

accompanied by an appropriate price on carbon, would benefit especially 

developing countries (Coady et al. 2015).  
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2. Carbon-pricing revenues could reduce the large investment gap in public 

infrastructure that provides access to basic needs, such as universal access to 

water, sanitation, and clean energy (Edenhofer et al. 2015). For example, the 

investment needs for energy efficiency and low-carbon technologies (see Figure 

2.4), universal energy and water access and sanitation access in non-OECD 

countries are well within expected revenues from climate policy (Hutton 2012, 

Pachauri et al. 2013, Jakob et al. 2015a). It is worth noting that the removal of 

fossil fuel subsidies also has a remarkable potential to raise revenues. If these 

subsidies of approximately US$550 billion were to be redirected to investments 

in basic infrastructure over the next 15 years, substantial improvements could 

be made in reducing poverty. This includes universal access to clean water in 

about 70 countries, improved sanitation in about 60 countries, and access to 

electricity in about 50 countries (out of roughly 80 countries that do not yet 

have universal access). Such investments would also increase the long-term 

growth prospects of poor economies (Jakob et al. 2015b). Additionally, the 

removal of these subsidies would cut global carbon emissions by more than 

20%, and reduce pre-mature deaths related to air pollution by more than half 

(Coady et al. 2015). 

3. A substantial share of optimal carbon prices (with maximum values of 10-40%) 

could internalize the expected domestic damages from climate change in 

developing regions (Figure 3 in Edenhofer et al. 2015). 

4. Co-benefits, for example those related to reducing the health and 

environmental externalities from currently high air pollution, further increase 

the incentives to trigger short-term mitigation action in developing countries 

(Nemet et al. 2010, West et al. 2013). 

Most of the aforementioned unilateral incentives to introduce climate policies are also 

particularly relevant for industrialized countries. The introduction of a carbon price 

provides the flexibility to reduce existing distortionary taxes and thus increase the 

overall efficiency of the economy. In addition, a tax on fixed production factors such as 

fossil fuels could stimulate the redirection of investments towards producible capital 

(Edenhofer et al. 2015). The revenues from carbon pricing could also provide ample 

funds for the investments required in the energy sector (see Figure 2.4), or for 

addressing investments needs in the transport sector and existing market failures in 

technology R&D. Finally, revenues may be used for financing adaptation needs resulting 

from the unavoidable impacts from climate change (Malik and Smith 2012), which may 

range between US$25-100 billion per year by 2015-2030 (Fankhauser 2010). 

These unilateral incentives show that finance ministers might be interested in carbon 

pricing even though they are not primarily interested in emissions reductions (Franks et 

al. 2014). Still, mitigation efforts that are purely motivated by national interests are not 

expected to achieve the globally optimal carbon price. They could nonetheless 

contribute towards closing the ‘emission price gap’, i.e. the difference between the level 

of current GHG prices and a globally optimal carbon price (see Figure 2.5). The crucial 

question remaining is to what extent unilateral action by some countries, regions or 
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industries can promote collective action and can facilitate cooperation on the 

international level (Ostrom 2010, Urpelainen 2013, Cramton et al. 2015). 

It has been shown above that the prospects of carbon pricing are less bleak when the 

investment gap in public infrastructure is financed by carbon-pricing revenues, co-

benefits can be realized, and the removal of distortionary taxes is taken into account. 

This will not lead automatically to international cooperation and to a global carbon 

price. However, should domestic carbon pricing no longer be perceived as committing 

political suicide, the remaining carbon price gap will be easier to close by international 

agreements. Admittedly, the challenge of international cooperation remains and 

innovative proposals are needed to solve this globally pressing problem (e.g. Cramton et 

al. 2015, Barrett and Dannenberg 2012, Stewart et al. 2015, Keohane and Victor 2015, 

Stavins 2015). However, the potential for domestic carbon pricing as a short-term entry 

point to a longer-term solution has been widely underestimated. It would open up new 

perspectives for tackling the climate problem if finance ministers were to become much 

closer allies of environmental ministers, working together to close the emission price 

gap and thus triggering short-term mitigation action. 

 

Figure 2.5 Incentives for unilateral introduction of carbon prices and their role in closing the emission 

price gap. Used with permission of Elsevier, from Edenhofer et al. (2015) Closing the emission price 

gap. Glob. Environ. Change 31(0), 132–143. 
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3 Can bioenergy assessments deliver?  

This article first appeared in Economics of Energy & Environmental Policy, Vol. 1, pages 

65-82, 2012, DOI: http://dx.doi.org/10.5547/2160-5890.1.2.5 - Reproduced by 

permission of the International Association for Energy Economics (IAEE). 

Authors 

Felix Creutzig, Christoph von Stechow, David Klein, Carol Hunsberger, Nico Bauer, 

Alexander Popp, Ottmar Edenhofer 

 

Abstract 

The role of biomass as a primary energy resource is highly debated. Next generation 

biofuels are suggested to be associated with low specific greenhouse gas emissions. But 

land consumption, demand for scarce water, competition with food production and 

harmful indirect land-use effects put a question mark over the beneficial effects of 

bioenergy deployment. In this chapter, we investigate the current state of bioenergy 

assessments and scrutinize the topics and perspectives explored in the Special Report on 

Renewable Energy Sources and Climate Change. We suggest that an appropriate 

assessment requires a comprehensive literature review, the explicit exposition of 

disparate viewpoints, and exploration of policy-relevant content based on plausible 

“storylines”. We illustrate these storylines with the IPCC’s emission scenarios and point 

routes to improve assessment making on the future role of bioenergy. 

 

Keywords 

Bioenergy, Assessment, Tradeoffs, Sustainability, Scenarios 

  

http://dx.doi.org/10.5547/2160-5890.1.2.5


42 

3.1 Introduction 

Bioenergy plays a crucial role in the global transition from fossil fuels to renewable 

energy, and possibly also for climate change mitigation. With intensive use of traditional 

biomass, primary energy from plant resources currently exceeds that of other 

renewable options, including wind energy. The benefits and impacts of bioenergy 

depend on what feedstocks are used for what purpose and how and where they are 

produced. In particular, greenhouse gas (GHG) emissions from bioenergy use are widely 

varying, uncertain and the subject of intensive debates (e.g., Malca and Freire 2010; 

Plevin et al. 2010; Creutzig et al. 2012). One part of the scientific literature indicates that 

high direct and indirect land-use emissions compromise the benefits of the current use 

of many biofuels (e.g., Crutzen et al. 2008; Hertel et al. 2009; Popp et al. 2011a). 

Another part of the literature highlights the potential of large-scale bioenergy 

deployment to mitigate climate change and to even produce negative GHG emissions in 

combination with carbon capture and storage technologies (e.g., Edenhofer et al. 2010). 

In addition to the climate conundrum, large-scale deployment of bioenergy is influenced 

by energy security concerns, is subject to industry interests, and impacts food security, 

biodiversity, water scarcity, soil quality and subsistence farming (e.g., Fargione et al. 

2010). 

The complexity of this system produces a high level of uncertainty about future 

outcomes. Policy makers therefore have a need for comprehensive analysis to help 

inform their decisions about energy, climate change and associated risks. Taking climate 

change mitigation as a mitigation potential of bioenergy deployment in various 

scenarios? And: how sustainable is bioenergy deployment in these scenarios? Only a 

comprehensive and balanced assessment, integrating analyses from diverse research 

communities, can provide at least tentative answers to these questions and identify the 

main sources of uncertainty. Such an assessment is crucial to inform political decisions 

that intend to influence the future portfolio of mitigation options. The IPCC Special 

Report on Renewable Energy Sources and Climate Change Mitigation (SRREN) aims to 

provide such an assessment for renewable energies in general (IPCC 2011a), and 

bioenergy in particular (Chum et al. 2011). Here we critically evaluate this assessment 

based on the understanding that the mitigation perspective needs to be accompanied 

by other perspectives to avoid a one-dimensional analysis. Section 3.2 outlines the tasks 

of an assessment. Section 3.3 reviews the insights from the SRREN on bioenergy. Section 

3.4 scrutinizes the representation of bioenergy in the different SRREN chapters based on 

the assessment requirements. Section 3.5 suggests possible routes towards improved 

assessment making. 

3.2 How to carry out assessments 

Assessments are emerging as a distinct literature category in academia (Keller 2010). 

Prominent examples include the assessment reports of the IPCC (2007), the upcoming 

Global Energy Assessment and Global Environmental Outlook, the Millennium 

Ecosystem Assessment (MA, 2005), and more specific reports such as the Assessment 

Report of the Urban Climate Change Research Network (Rosenzweig et al. 2011), and 
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many assessments in other areas of science. Unlike scientific publications, assessment 

reports are requested by a legal body and subject to specific criteria and procedures, like 

the review process, to ensure high quality. Assessment preparation can take up to five 

years including scoping, author selection and several iterations of writing and reviewing. 

The IPCC reports are special in that they result from an official UN process, signed off by 

all 194 national governments that are members of the IPCC. The focus of the current 

literature on assessment making has primarily been on the underlying model of scientific 

policy advice (e.g., Pielke 2007; Beck 2010), on specific aspects of assessment making, 

such as the treatment and communication of uncertainty (e.g., van der Sluijs et al. 2008; 

Mastrandrea et al. 2011) or on the assessment process (e.g., Agrawala 1998; Farrell and 

Jäger 2006)—focusing on the impact of assessments (Cash et al. 2002; Mitchell et al. 

2006; Keller 2010). We are, however, not aware of any framework that specifies criteria 

for evaluating the content of a particular assessment. For evaluation of an IPCC report, 

such as the SRREN, the procedures of the IPCC itself will thus provide us with a point of 

departure. 

The IPCC states that “the best possible scientific and technical advice should be included 

so that the IPCC Reports represent the latest scientific, technical and socio-economic 

findings and are as comprehensive as possible”; and in preparing an IPCC report, “Lead 

Authors should clearly identify disparate views for which there is significant scientific or 

technical support” (IPCC 2011b, p. 6). Also: “It is important that reports describe 

different (possibly controversial) scientific, technical, and socio-economic views on a 

subject, particularly if they are relevant to the policy debate” (IPCC 2011b, p. 7). 

Hence, an IPCC assessment needs to meet three tasks: 1) provide a comprehensive 

review of the relevant literature; 2) identify and possibly reconcile disparate views; and 

3) present the scientific content in a manner relevant to policy makers, drawing on the 

outcomes of the first two tasks. Let us elucidate each task in turn.  

First, the review character of an assessment is different from most review articles in 

disciplinary journals. A review article usually summarizes the results of a particular 

scientific community on a specific topic, e.g., land modelers on biomass resource 

potential. An assessment, in contrast, has the mandate to bring different epistemic 

communities together, communities that work on the same topic but contribute 

different methods, perspectives, languages, and assumptions.6 As a consequence, an 

assessment needs to be comprehensive both in topics covered and in participation of 

epistemic communities. 

Second, by bringing together different communities, an assessment allows for the 

identification of disparate views and perspectives and scrutiny of the reasons for 

divergence. In particular, an exploration of the whole solution space (e.g., identifying 

costs, benefits and risks of mitigation options) becomes challenging when the fact-value 

separability cannot be taken for granted as a precondition for the distinction between 

 
6 According to Haas, an epistemic community is “a network of professionals with recognised expertise and 
competence in a particular domain and an authoritative claim to policy relevant knowledge within that 
domain or issue-area” (Haas 1992, p. 3). 
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means and ends. The separation between facts and values collapses when indirect 

consequences of means have the potential to undermine the achievement of the 

societal ends that the means are intended to address (Dewey 1988). The relevant 

example here is where extensive use of bioenergy (the means) to achieve climate 

change mitigation (the end) causes unforeseen consequences (e.g., increased risk of 

famines) (Edenhofer and Seyboth 2013). Ideally, a communication effort between 

scientific communities helps to track down different assumptions and worldviews, to 

make value judgments transparent, and to explain the observed divergence in results 

and types of analysis. If this is achieved, it is much easier to reconcile divergent results 

and also identify possible co-benefits and trade-offs between societal goals and thus 

detect and possibly avoid unintended consequences and promote co-benefits. On this 

basis, assessments can often identify research gaps and opportunities for collaboration 

and can produce a closed loop by communicating these findings to the scientific 

community. 

Third, an IPCC assessment is supposed to be policy-relevant without being policy-

prescriptive. When results of different epistemic communities mismatch or when the 

different types of analysis are difficult to reconcile, the communication of the respective 

sets of assumptions and worldviews and their corresponding results become 

paramount. An assessment can then inherit the role of an “honest broker”, 

communicating the divergent scientific conclusions to policymakers in an accessible way 

(Pielke 2007). The use of “storylines” in assessments breaks down complexity and 

constitutes a useful tool for communication to policy makers, but also to peers and the 

interested public (Kriegler et al. 2010, Arnell et al. 2011). We understand a storyline to 

be a narrative (e.g., a rapidly globalizing and consumption-oriented world with efficient 

markets). Scenarios correspond to a storyline by specifying a particular set of 

assumptions (e.g., population and economic growth; energy poverty; increasing energy 

demand; technological development; lifestyle changes, such as a global increase in meat 

consumption). Given a specific scenario, models can then produce pathways, which 

provide numeric outcomes and impacts (e.g., bioenergy deployment). Comparison 

between scenario assumptions will then help to explain the discrepancy between 

different outcomes and the corresponding impacts. Varying perspectives of epistemic 

communities can translate into different storylines and corresponding scenarios, but 

also to different emphasis on dimensions within one storyline. Comparing different 

storylines with varying emphasis allows the identification and possibly quantification of 

risks, trade-offs and co-benefits. Feeding these results back into the sphere of public 

debate might result in substantial revisions of societal goals and the respective policy 

instruments. 

3.3 State of bioenergy assessment 

Before evaluating the SRREN bioenergy assessment, we need to summarize its main 

findings. We roughly follow the SRREN and discuss five key dimensions of the bioenergy 

assessment: 1) costs; 2) life-cycle emissions; 3) resource potential and deployment; 4) 

socioeconomic and environmental impacts; and 5) governance (sections 3.3.1–3.3.5). 

For this, we mostly rely on SRREN Chapter 2 (“Bioenergy”: Chum et al. 2011), Chapter 9 
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(“Renewable Energy in the Context of Sustainable Development”: Sathaye et al. 2011), 

Chapter 10 (“Mitigation Potential and Costs”: Fischedick et al. 2011), and Chapter 11 

(“Policy, Financing and Implementation”: Mitchell et al. 2011). 

3.3.1 Costs of bioenergy 

The SRREN cost analysis is based on levelized cost of energy (LCOE) calculations. LCOE is 

calculated as the per-unit price at which energy must be generated from a specific 

source over its lifetime to break even. As a result, levelized costs of energy enable an 

apple-to-apple comparison of different sources of energy with widely diverging cost 

structure. Figure 3.1 displays levelized costs of bioenergy for various feedstocks and 

purposes. Ethanol and biopower production show cost reductions due to technological 

learning comparable to those of other renewable energy technologies. But estimated 

feedstock cost supply curves also point out that increased production leads to higher 

marginal costs, e.g., because of lower quality land (Chum et al. 2011). 

Crucially, the SRREN finds that levelized costs of bioenergy are already competitive with 

fossil fuels for some feedstocks, purposes and countries. For example, ethanol from 

sugarcane outperforms gasoline in the Brazilian transport market. In Europe, biomass 

heating applications in the building sector, often designed as cogeneration facilities, are 

cost competitive and increase rapidly. The large amount of traditional biomass, still 

dominating overall biomass use, is mostly grown locally, and is often not part of formal 

markets. 

3.3.2 Life-cycle emissions 

As bioenergy use is partially motivated by climate change, the carbon balance of 

feedstocks and production pathways is of particular interest and is frequently 

instrumentalized for policy goals (Creutzig & Kammen 2009). The SRREN breaks down 

life-cycle emissions according to the different life-cycle methods. Relying on 

attributional life-cycle analysis (LCA)—accounting for the direct emissions of the supply-

use-disposal chain, the SRREN reveals that biomass used for electricity and heat always 

has lower CO2 life-cycle emissions than fossil fuels (SRREN Fig. 2.10). For transportation, 

the relative performance of biofuels compared with gasoline and diesel depends on the 

particular feedstock and production context. Possibly more relevant, however, are the 

consequential marginal GHG emissions of bioenergy use, including e.g., the indirect 

land-use emissions from deforestation. SRREN Figure 2.13 summarizes emissions from 

land-use change, differentiating between models and world regions. The figure and the 

accompanying text demonstrate unambiguously that land-use emissions are potentially 

higher than the direct emissions of conventional fuels. A key challenge is that emissions 

occur up-front, contributing immediately to climate change, whereas potential carbon 

savings occur in the future, after paying back the initial carbon debt (Fargione et al. 

2008). The SRREN concludes that increased bioenergy deployment needs to be 

supplemented with better protection of tropical forests and other carbon-rich 

ecosystems. 
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Figure 3.1 Levelized cost of energy service from commercially available bioenergy systems at a 7% 

discount rate and with feedstock cost ranges differing between technologies (from Chum et al. 2011, 

Fig. 2.18). For biofuels, the range of levelized costs represents production in a wide range of countries 

whereas levelized costs of electricity and heat are given only for major user markets of the technologies 

for which data were available. The underlying cost and performance assumptions used in the 

calculations are summarized in SRREN Annex III. 

3.3.3 Resource Potential and Deployment 

According to the literature review in the SRREN, the global technical potential for 

bioenergy, considering also demand for other land-use, ranges from less than 50 EJ to 

more than 1000 EJ in 2050 (Figure 3.2a; Dornburg et al. 2010; Haberl et al. 2010). In 

some of the studies, the theoretical potential is even considered to exceed 1500 EJ by 

2050 (e.g., Smeets et al. 2007). Contrast this with current energy demand of around 500 

EJ and expected energy demand of between 500 and 1000 EJ in 2050 (Fischedick et al. 

2011). The huge uncertainty is rooted in the following factors, among others: soil 

degradation; water scarcity; yield growth; production potential of degraded land; nature 

protection; and climate change feedback.  

Based on this review of the available literature, the authors conclude that realistic 

deployment levels of biomass for energy could reach a range of 100 to 300 EJ/yr around 

2050 (Figure 3.2b). But: “the inherent complexity of biomass resources makes the 

assessment of their combined technical potential controversial and difficult to 

characterize” (Chum et al. 2011). Based on cost projections, including the opportunity 

cost of land, future biomass supply curves can be derived, implicitly determining the 

market potential (SRREN Figure 2.5).  
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Figure 3.2 a) Bioenergy technical potential in 2050 listed according to categories. b) Expert judgment 

on deployment in 2050 from SRREN Chapter 2 and deployment scenarios from SRREN Chapter 10. 

Source: Used with permission of Springer Nature, adapted from Creutzig et al. (2012) Reconciling top-

down and bottom-up modelling on future bioenergy deployment. Nat. Clim. Change 2(5), 320-327. 

Different assumptions on economic and energy demand growth, the cost and availability 
of competing low-carbon technologies as well as different mitigation scenarios add 
complexity to potential estimates. Taking these into account, integrated assessment 
models (IAMs, see Box 3.1) obtain ranges of potential deployment of bioenergy 
comparable to the SRREN Chapter 2 expert judgment. In these models, deployment is 
estimated to be higher when mitigation targets are more ambitious (Figure 3.2b). 

3.3.4 Socioeconomic and environmental impacts 

In addition to the GHG performance of bioenergy options (see section 3.3.2), other 

socioeconomic and environmental impacts are also analyzed in the SRREN (Chum et al. 

2011; Sathaye et al. 2011). First, the increased demand for agricultural inputs such as 

land and water influences food commodity prices and thus food security. The SRREN 

points out possibly relevant but uncertain contributions of increased biofuels production 

to the food price increase in the mid-2000s. This implies an overall adverse effect on 

food security in developing countries (World Bank 2009). 

Second, increased biomass production may imply increased income for farmers and 

agrobusiness. But using productive and degraded lands for bioenergy purposes might 

compromise the needs of local populations for subsistence farming. This is particularly 

important for vulnerable communities and female farmers who may have less secure 

land rights (FAO 2008). 

Third, natural ecosystems can be destroyed to make space for bioenergy plantations, 

leading to biodiversity loss. For example, the rising demand for biofuels has contributed 

to extensive deforestation in parts of Southeast Asia; palm oil plantations support 

significantly fewer species than the forest they replaced (Fitzherbert et al. 2008). 

Biodiversity loss may also occur through indirect land use change (see section 3.3.2). In 

some cases, bioenergy expansion can lead to increased biodiversity, e.g., through the 

establishment of perennial herbaceous plants or short-rotation woody crops in 

agricultural landscapes (Semere and Slater 2007). 

https://www.nature.com/articles/nclimate1416
https://www.nature.com/articles/nclimate1416
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Fourth, the impact on water resources varies greatly across feedstocks, cultivation 

systems and conversion technologies. While biofuels derived from irrigated crops are 

water intensive, use of agricultural or forestry residues or rain-fed feedstock production 

does not require water extraction from lakes, rivers or aquifers. But the latter might 

reduce downstream water availability by redirecting precipitation to crop 

evapotranspiration. Aquatic ecosystems might negatively be affected by leaching as well 

as by emissions of nutrients and pesticides. In contrast, ligno-cellulosic feedstock might 

decrease water demand. Water impacts can be reduced through integration in 

agricultural landscapes as vegetation filters to capture nutrients in passing water 

(Börjesson and Berndes 2006). 

Fifth, the soil impacts of feedstock production (e.g., soil carbon oxidation, changed rates 

of soil erosion, and nutrient leaching) depend heavily on agronomic techniques and the 

feedstock under consideration. Similarly, the risk of soil degradation associated with 

using residues from agriculture or forestry heavily depends on management, yield, soil 

type and location. While wheat, rapeseed and corn require significant tillage (FAO 2008), 

crops that provide continuous cover might have a positive effect on soil outside the 

growing season of annual crops by reducing erosion (Berndes 2008). 

The SRREN concludes that “few universal conclusions … can currently be drawn, given 

the multitude of rapidly evolving bioenergy sources, the complexities of physical, 

chemical and biological conversion processes, the multiple energy products, and the 

variability in environmental conditions” (Chum et al. 2011, p. 258). 

3.3.5 Governance 

Global, regional, national and local policies shape agricultural practices and affect 

bioenergy resource potential, GHG performance of bioenergy deployment and other 

socioeconomic and environmental dimensions. Depending on the combination of 

specific policy priorities, such as climate change mitigation, trade, energy security, food 

security or rural development, the overall policy impact can be decisive or negligible, 

conflicting or complementary, sustainable or unsustainable. The policy chapter of SRREN 

concludes that biofuel mandates and blending requirements are key drivers in the 

development of most modern biofuel industries (Mitchell et al. 2011). The example of 

Brazil is given where a combination of tax incentives, blending mandates, regulation and 

infrastructure investments, starting in the 1970s, produced a high share of biofuels in 

the overall fuel mix. More recent biofuel mandates in the U.S. and the EU, and high 

subsidies for corn ethanol, induced a surge in biofuel demand and deployment but were 

non-discriminative with respect to life-cycle GHG emissions, resulting in mostly low-cost 

biofuel deployment with relatively high GHG emissions. In response, the updated low-

carbon fuel standard (California), renewable fuel standard (U.S.) and fuel quality 

directive (EU) introduce rules that discriminate based on GHG emissions (Creutzig et al. 

2011). Similarly, sustainability criteria and certification schemes for bioenergy sources 

aim to limit harmful impacts of bioenergy deployment. The policy review in Chapter 11 

is organized by end-use sectors (electricity, heating, and transport). All sectors are 

increasingly reliant on bioenergy. As a result, the discussion of policies relevant to 

bioenergy deployment is fragmented over Chapter 11. 
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3.4 Evaluating the bioenergy assessment 

In this section, we evaluate the bioenergy assessment of the SRREN, notably its Chapters 

2 (“Bioenergy”) and 10 (“Mitigation Potential and Costs”). In particular, we verify 

whether the bioenergy assessment conforms to the assessment criteria developed in 

section 3.2: 

• Is the assessment comprehensive in topics and communities? 

• Are diverging assumptions made transparent? Is reconciliation attempted? 

• Is there a consistent set of policy-relevant storylines? 

Box 3.1. The role and purpose of Integrated Assessment Models 

Integrated Assessment Models (IAMs) are key to the SRREN and previous Assessment 

Reports of the IPCC. IAMs are tools for exploring long-term and global transition 

pathways under various opportunities and constraints. IAM teams develop their models 

into different directions and aim to improve the level of detail (e.g., energy conversion 

technologies, etc.) and to integrate more systems (e.g., the land-use system). In addition 

to research of individual teams, the international community undertakes model 

comparison exercises. These consist of undertaking model runs with common 

assumptions of the policy targets and other constraints, possibly also harmonizing the 

assumptions on population, GDP, and other drivers. The community compares the 

scenario results of different transition pathways. The modelers” attention shifted to 

strong emission reduction in recent years, resulting in increased deployment of 

bioenergy in models. To systematically understand unintended side effects of land-use 

change, some IAMs are coupled to global land-use models.  

3.4.1 Comprehensiveness 

Chapter 2 of SRREN collects insights on bioenergy deployment from various disciplines 

and communities. Agro-economic and biophysical models of land use and availability 

provide the backbone for potential deployment estimates. These models also consider 

water availability and food security as constrains to different degrees. Studies from the 

life-cycle community are cited to estimate the GHG emissions of bioenergy. Techno-

economic studies deliver cost estimates of various bioenergy feedstocks and pathways. 

Analysis of policy instruments contributes to evaluating the governance of bioenergy. 

The results of these contributions are summarized in section 3.3. 

Social scientists, analyzing inter alia discourses, political economy, and local 

communities, also contribute to the huge literature on bioenergy in ways that go 

beyond what is captured in the SRREN. For example, human geographers and 

anthropologists often observe local communities and the de facto implementation of 

bioenergy policies and programs. A common observation is that the intended outcomes 

of bioenergy initiatives diverge from their real impacts (Borras et al. 2010). For example, 

research in India finds that despite a “pro-poor” discourse about the oilseed shrub 

Jatropha curcas, efforts to promote the crop have favoured resource-rich farmers and 

likely contributed to a widening of the wealth gap (Ariza-Montobbio et al. 2010).  
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Similarly, in Brazil the spread of sugar cane for bioenergy has been linked to increased 

social exclusion (Hall et al. 2009). Further case studies that examine the interactions 

between bioenergy deployment and subsistence farming reveal circumstances that have 

produced better or worse outcomes for local people (McCarthy 2010). Biofuel policies 

have also been identified as a major driver of the recent increase in both the number 

and size of largescale land acquisitions (Franco et al. 2010; Vermeulen and Cotula 2010), 

a trend with significant implications for social relations and smallholder farmers 

(Toulmin et al. 2011). The SRREN makes scarce reference to these studies. The use of 

marginal land for subsistence farming is noted as a constraint in 2.2.2.1 and 2.2.4.3, 

pointing out that subsistence farming may considerably, or even totally, limit the 

potential of marginal land for bioenergy deployment. But the social science literature on 

local politics is not cited or used to identify successful programs. 

Another gap is that governance of bioenergy deployment is discussed in a fragmented 

way (see section 3.3.5). A comprehensive review of bioenergy policies, their impact on 

GHG emissions, deforestation, biodiversity, water and food competition is missing. As 

noted in 3.2, uncertainties of life-cycle emissions can be very high, constraining the 

reliability of policies that rely on quantitative estimates. This fundamental problem of 

policy making is not discussed in the SRREN. 

3.4.2 Reconciliation and clarification of assumptions 

The key dimensions of assessment of the future role of bioenergy are, as identified 

above, costs, GHG emissions, resource potential and deployment, socio-economic and 

environmental impacts and governance. The SRREN makes clear that projections in any 

of these dimensions are highly uncertain and contingent. SRREN Chapter 2 brings 

together research results from different types of analysis—some of which are difficult to 

reconcile. Based on this review of partially disparate views and the underlying methods 

and assumptions, several key trade-offs arise with respect to the future role of 

bioenergy. In SRREN Chapter 10, the IAMs explore more than 150 scenarios, some of 

which vary bioenergy deployment constraints exogenously. Table 3.1 specifies these 

different trade-offs and summarizes how the different chapters treat them. 

A major gap of the SRREN bioenergy assessment was identified as the missing 

reconciliation between the LCA and the IAM community, representing disparate 

perspectives on bioenergy-associated GHG emissions (Creutzig et al. 2012). IAMs 

assume first-best worlds where so-called market failures, such as land-use emissions 

from bioenergy deployment, are addressed by appropriate policy instruments. A key 

result of IAMs is that low-carbon bioenergy can substitute fossil fuels, emerging as the 

key renewable energy source in 2050 and beyond (Fischedick et al. 2011). LCA 

researchers observe life-cycle emissions of biofuels that can be comparable to gasoline 

and are highly uncertain (Plevin et al. 2010). High deployment levels 2009; Popp et al. 

2011a). and agricultural intensification (e.g., Wise et al. 2009; Popp et al. 2011b). 

Creutzig et al. (2012) conclude that plausible scenarios of future bioenergy deployment 

correlated with high bioenergy-induced GHG emissions are systematically 

underrepresented in the literature and in SRREN, specifically. 
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Table 3.1 Bioenergy trade-off characterization in SRREN. 

Possible trade-
offs 

Insights from bioenergy experts 
(Chapter 2, SRREN) 

Insights from integrated models (Chapter 10, 
SRREN) 

Deployment 
and 
affordability 

Higher deployment implies higher 
marginal land and production costs (Fig. 
2.5); but higher deployment also implies 
economies of scale and technological 
learning, decreasing unit prices (Fig. 
2.21) 

Global bioenergy cost-supply curves are given for 
different land use scenarios based on SRES 
assumptions (Fig. 10.23). Marginal costs of 
biomass production increase with increasing 
deployment level (Fig. 10.23) but over time they 
decline due to land productivity improvements, 
learning of conversion technologies, and capital-
labour substitution (10.4.4, Table 10.10). Despite 
being considered in some IAMs, neither 
assumptions nor insights from IAMs on costs are 
reported. 

Deployment 
and water 
availability 

Possible competition between bioenergy 
deployment and water security. Impact 
on water resources varies greatly across 
feedstocks, cultivation systems (e.g., 
irrigated or rain-fed) and conversion 
technologies (2.2.4.2, 2.5.5.1). 

Briefly mentioned in 10.6.2.3: “RE can have 
impacts on waters, land use, soil, ecosystems and 
biodiversity.” Neither assumptions nor insights 
from IAMs on water availability are reported, 
mainly due to a lack of literature (van Vuuren et 
al. 2009). 

Deployment 
and food 
security 

Cited studies generally agree on a 
discernible contribution to food price 
increases by bioenergy deployment 
expansion, but not on the size of this 
contribution. This implies an overall 
adverse effect on food security in 
developing countries—particularly for 
high oil price development (2.5.7.4). 

Only one study (de Vries et al. 2007) addresses 
this trade-off (10.4.4). For a food-first policy, it 
finds declining technical potential as a “direct 
consequence of more people, [. . .] hence more 
land demand for food production”. The 
assumptions made for the bioenergy supply 
curves (Fig. 10.23: production on abandoned and 
rest lands only) also imply an underlying food-first 
policy. No explicit information about food-security 
assumptions in IAMs is given. The “relationship 
between bioenergy production, crop production 
and deforestation” is identified as a knowledge 
gap in 10.2.4. 

Deployment 
and climate 
mitigation 

GHG performance of bioenergy is 
estimated by LCA analyses showing 
substantial but hugely varying life-cycle 
emissions for different types of 
bioenergy. In some cases, land-use 
emissions are potentially higher than the 
direct emissions of conventional fuels 
(2.5.2, 2.5.3). 

For stricter mitigation targets, more bioenergy is 
deployed. Neither the assumptions in nor the 
insights from IAMs concerning co-emissions are 
reported. 10.2.2.4 says: “Some studies have 
indicated that it is the combination of bioenergy 
with CCS that makes low stabilization goals 
substantially easier through negative emissions” 

Deployment 
and soil quality 

Soil impacts of bioenergy feedstock 
production (e.g., soil carbon oxidation, 
changed rates of soil erosion, nutrient 
leaching) depend on agronomic 
techniques and feedstock. Under certain 
conditions, bioenergy crops can enhance 
carbon sequestration in soils. Residue 
removal could negatively impact soil 
carbon and fertility (2.2.4.1, 2.5.5.3). 

Briefly mentioned in 10.6.2.3: “RE can have 
impacts on waters, land use, soil, ecosystems and 
biodiversity.” Neither assumptions nor insights 
from IAMs on water availability are reported, 
mainly due to a lack of literature (van Vuuren et 
al. 2009). 

Deployment 
and 
subsistence 
farming 

Using degraded lands for bioenergy 
purposes might compromise the needs 
of local populations for subsistence 
farming (2.2, 2.5.7.5). 

Not mentioned. 

Deployment 
and 
biodiversity 

The impact of bio-crop production on 
biodiversity depends on crop choice, 
agricultural management and previous 
land use. Biodiversity loss may also occur 
indirectly. Under certain conditions, 
however, the effect might be positive 
(2.2.4.4, 2.5.5.2). 

Briefly mentioned in 10.6.2.3: “RE can have 
impacts on waters, land use, soil, ecosystems and 
biodiversity”; and in 10.3.1.4: “As the available 
land for bioenergy is limited and competition with 
nature conservation issues as well as food and 
materials production is crucial, the sectoral use for 
the available bioenergy significantly depends on 
scenario assumptions and underlying priorities”. 
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Another relevant gap is the absence of trade-off specification between deployment and 

subsistence farming and informal markets. This seems to be related to the absence of 

experts on this topic. Most studies on subsistence farming emphasize the local 

variability of effects. The question then is under which conditions what kinds of 

bioenergy deployment can benefit subsistence farmers. This kind of question needs to 

be given greater attention, and possibly be comprehensively answered, in future 

bioenergy assessments. 

While SRREN identifies disparate views on the future role of bioenergy and provides 

detailed analyses from different communities, the reconciliation of insights sometimes 

remains incomplete. A systematic summary, similar to Table 3.1, linking the treatment 

of trade-offs in Chapter 2 and 10 is not provided by SRREN. In some of the cases this is 

due to a lack of literature. But, more crucially, interdisciplinary communication across 

SRREN chapters and their respective communities is missing (for early efforts of 

tentative integration see (e.g., van Vuuren et al. 2009; Wise et al. 2009)). The SRREN 

provides little indication of how research could help to assess the salience of the 

respective trade-offs, e.g., through improved consequential LCA and through integrated 

assessment of climate, energy, economy and land use. 

3.4.3 Consistent storylines 

In this subsection, we evaluate storylines of Chapter 2 and Chapter 10 of SRREN, and 

their interaction. 

3.4.3.1 Special Representative Emission Scenarios 

Chum et al. develop four storylines aiming to clarify possible futures in a high-

dimensional output space. For this they map their expert judgment on future bioenergy 

deployment on the four Special Representative Emission Scenarios (SRES), developed by 

the IPCC in 2000, relying on Hoogwijk et al. (2005). These scenarios represent storylines 

on globalization/regionalization and more environmentally sensitive versus more 

materially oriented world (IPCC 2000) and form the common scenario basis for the 

assessment of climate change and its mitigation for the climate modeling and integrated 

assessment communities in preparation of the Third and Fourth Assessment Reports. 

Each SRES bundles a set of assumptions, representing a storyline. The SRES emphasize 

fossil fuel availability but hardly discuss bioenergy.  

In Figure 3.3, the four storylines are adapted for bioenergy following Hoogwijk et al. 

(2005) and organized in a matrix, regional versus global orientation, and 

material/economic versus environmental/social orientation. The material/economic 

direction is identified with poor governance, the environmental/social dimension with 

good governance. In the global orientation, bioenergy deployment approaches a high 

number of 300EJ in 2050; in the regional orientation, deployment is limited to 100EJ in 

2050. The figure is built on the hypothesis that “biomass and its multiple energy 

products can be developed alongside food, fodder, fibre, and forest products in both 

sustainable and unsustainable ways”. Each storyline is associated with key preconditions 

and key impacts. In these storylines, Chum et al. attempt to reconcile global drivers of 
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energy demand with the detailed analysis of a particular renewable energy source in a 

narrative way. This attempt is very challenging but is nonetheless a crucial exercise. 

Particularly, parts of their storylines could be criticized (e.g., asking: 1) Could high 

deployment and poor governance imply net additional GHG emissions? 2) How do these 

storylines relate to the original SRES?). But the main point is to take these narrative 

storylines and systematically scrutinize and analyze them, taking all relevant insights on 

market dynamics, LCOE, resource potential, GHG emissions, water scarcity, food 

security, policy options and the associated trade-offs discussed in Section 3.4.2 into 

account, and then verify the plausibility of storylines or adapt them to consistent results 

of these analysis efforts in a more structured and possibly quantitative way. IAMs are 

understood to be the right tool to systematically analyze trade-offs and different 

storylines. The next section will thus present how storylines are used in the SRREN 

analysis of bioenergy deployment levels as derived from IAMs. 

 

Figure 3.3 Possible futures for 2050 biomass deployment for energy: Four illustrative contrasting 

sketches describing key preconditions and impacts following world conditions typical of the IPCC 

SRES storylines (see IPCC 2000; Hoogwijk et al. 2005), taken from Chum et al. (2011, Fig. 2.27). 
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3.4.3.2 Modeling storylines 

For energy and climate change, IAMs provide a suitable infrastructure for scenario 

development. Each scenario, common bundles of assumptions, represents a storyline, 

reflecting numerous assumptions on input parameters and model design. Specific 

realization and numeric representations constitute pathways. To some extent, one could 

call Chapter 10 of SRREN the storyline chapter. Two questions arise then: First, does the 

set of storylines on bioenergy cover the identified dimensions and trade-offs of SRREN 

Chapter 2? Second, do these storylines map on the SRES storylines, as identified above? 

The IAM scenario results assessed in the SRREN cover a wide range of assumptions on 

economic and energy demand growth, the cost and availability of renewable energies, 

and competing low-carbon technologies. Only scant information is given on future 

bioenergy deployment. Most scenarios assume a reduction in traditional biomass, and 

substantial growth in modern bioenergy sources (SRREN Section 10.2.2.2), not further 

discriminating between different types of bioenergy. Most models do not cover the land 

use sector explicitly but rely on an exogenous supply cost function for bioenergy. In fact, 

in many models future yield improvements, land competition or land exclusion due to 

food production, forest protection, biodiversity, soil quality, and water scarcity are 

lumped into this supply cost curve. Global bioenergy cost-supply curves are given for 

2050 and four different land use scenarios (SRREN Fig. 10.23) based on the same SRES 

storylines presented in Chapter 2 (Figure 3.3). In contrast to the potential deployment 

sketches in Chapter 2 also considering “poor governance” cases (A1 and A2) Chapter 10 

supply cost curves assume “good governance” for all SRES storylines (A1, A2, B1, B2). 

This is indicated by the assumption that bioenergy is produced on abandoned and rest 

land only, which implies underlying food-first or nature protection policies. The maximal 

potentials given with the supply-curves range from 170 EJ/a (B2) to 420 EJ/a (A1) and 

are sufficient to cover the deployment levels of 300 EJ/a (A1, B1) and 100 EJ/a (A2, B2) 

presented in Chapter 2. Section 10.3.1.4 briefly points out that “the available land for 

bioenergy is limited and competition with nature conservation issues as well as food 

production is crucial” and, as a consequence, “the use of bioenergy significantly depends 

on scenario assumptions and underlying priorities”. However, the SRREN gives no 

explicit information about land availability and biomass costs assumptions in IAMs. 

Many IAMs do not account for the GHG emissions from (indirect) land-use change and 

increased land-use intensification; in effect, bioenergy is generally assumed to be carbon 

neutral. Exceptions are models like POLES, IMAGE, MiniCAM and MESSAGE 

incorporating more detailed land use modules. In conclusion, sustainability issues 

related to bioenergy supply are poorly reflected in IAMs (Sathaye et al. 2011: Section 

9.4).  

Hence, the space of possible bioenergy storylines explored with IAMs is very narrow. 

Neither is the SRES scenario space of Chapter 2 systematically covered. 
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Figure 3.4 Bioenergy deployment levels (indicated by the size of the circles) of IAM scenarios along 

crude proxies of the SRES dimensions. 

3.4.3.3 Harmonization of Storylines 

Figure 3.4 visualizes the insufficient consideration of SRES dimensions in assessment 

models. It depicts the bioenergy deployment levels of IAMs along the same global-

regional and environmental-material dimensions used for the deployment matrix in 

Figure 3.3. For the representation of the material-environmental dimension, we use the 

growth rate of global final energy intensity. Energy intensity is a shorthand for the final 

energy use per unit of GDP. High negative growth rates of final energy intensity indicate 

a rapid improvement of energy efficiency corresponding to an environmentally oriented 

world (Grübler 2004). To identify whether a scenario represents a globally-oriented or a 

regionally-oriented world, we use the convergence over time in the levels of per-capita-

GDP as an indicator. More precisely we estimate the growth rate of the gap in per-

capita-GDP between regions with lower income and the leading region (Barro and Sala-i-

Martin 2003). High negative growth rates correspond to fast convergence and represent 

a “globally oriented” world. The growth rates for both axes are derived for the scenarios 

from 2020 to 2050 with 10-year intervals using the geometrical mean. Regional values of 

convergence are weighted with population to obtain a global value. The chosen 

indicators are the only ones related to these SRES dimensions on which a substantial 

number of IAMs have reported data. Other indicators would be a better fit to represent 

SRES dimensions (Hoogwijk et al. 2005). 

The graph shows some variety of convergence across models but little or no variety of 

convergence in scenarios within one model. In contrast to high projections of 

deployment levels for a globally oriented world in Chapter 2, IAM results in Figure 3.4 

show no clear sensitivity of deployment levels to any of the two depicted dimensions, 

not even within the models. Even acknowledging the limited possibilities to represent all 

relevant dimensions in highly demanding models, Figure 3.4 illustrates that IAMs 
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insufficiently operationalize important dimensions of bioenergy supply. Harmonization 

of assumptions with Chapter 2 is not attempted. 

Numerous specifications need to be introduced into IAMs such that a more complete 

scenario space, representing the trade-offs identified in SRREN Chapter 2, can be 

systematically explored in an integrated setting. The complexity of existing IAMs 

suggests that this is a highly ambitious task. Creutzig et al. (2012) suggest that more 

specialized models with high resolution on bioenergy but coarse-grained representation 

of other energy technologies can complement and soft-couple to the current model 

world. 

3.5 Ways forward 

We have summarized the state of bioenergy assessment as performed in the IPCC’s 

Special Report on Renewable Energies. Assessments need to comprehensively present 

literature, reconcile disparate views by making assumptions transparent, and develop 

coherent storylines around varying sets of assumptions to be policy relevant. The SRREN 

succeeds in bringing various insights from different communities together—but 

insufficiently represents results from social sciences. The governance of bioenergy is 

discussed in a fragmented way. Trade-offs between bioenergy deployment and other 

essential land-use related dimensions of the biosociosphere are identified and 

discussed. The key trade-off between emission savings from bioenergy and emission 

production by induced land-use changed is not represented in the IAMs of the SRREN. 

Storylines of representative scenarios representing various worldviews are identified 

but—with the exception of deployment costs—not systematically explored in models. 

The report remains largely silent on possible trade-offs and risks related to variations on 

induced co-emissions and impacts on human living condition on a global scale, but also 

in regional or local settings. This chapter has considered how the SRREN performed in 

relation to the discussed assessment requirements. Understanding why it did so, and 

how its gaps could realistically be filled, would require considering a broader set of 

issues including the institutional context. The integrated assessment community is 

currently working on a new class of storylines, the so-called shared socio-economic 

pathways (see Kriegler et al. 2010; Arnell et al. 2011). We express the hope that this 

process, together with upcoming assessments, fills the gaps left by the SRREN and leads 

to further improved exploration of bioenergy futures. 
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4.1 Introduction 

Sustainable development (SD) is a normative concept of intergenerational justice 

according to which the capability of future generations to attain their well-being should 

be sustained (WCED, 1987). As a consequence, concerns about the adaptation to and 

the mitigation of climate change are deeply embedded in the conceptual framework of 

SD and were politically and formally linked at the United Nations Conference on 

Environment and Development in Rio de Janeiro, Brazil in 1992, concluding that 

greenhouse gases (GHG) should be stabilized at a level that would avoid dangerous 

climate change.  

So far, attempts to decouple economic growth from rising GHG emissions at a global 

scale have proven unsuccessful, with world-wide emissions continuing to rise at rapid 

pace (Peters et al., 2013). It becomes increasingly clear that, over the long term, the 

limiting factor of global energy supply is not the scarcity of fossil fuels but is rather the 

limited disposal space of the atmosphere implied by climate stabilization targets. It is 

meanwhile well established that there is a direct link between cumulative carbon 

dioxide (CO2) emissions and long-term global warming. As a consequence, only a limited 

emissions budget remains available if temperature change is to be kept below a certain 

threshold level (Stocker et al., 2013). The UNFCCC formulates the normative objective of 

“avoiding dangerous anthropogenic interference with the climate system” (UNFCCC, 

1992), which was later translated into the long-term goal of limiting global warming to 

2°C relative to pre-industrial levels (UNFCCC, 2010). This target can be understood as a 

possible operationalization of SD in the context of mitigation. 

The mitigation of climate change requires a transformation pathway that entails large 

reductions in GHG emissions (see Edenhofer and Flachsland, 2012; Edenhofer et al., 

2013a; Kriegler et al., 2013a). Figure 4.1 provides a conceptual overview of the range of 

mitigation policies and measures available for such transformation pathways. In the 

context of mitigation studies population policies and policies addressing consumption-

related lifestyle changes are very often omitted because it requires an in-depth analysis 

of the related ethical, social and economic problems. We will discuss these as a 

challenge for future research in the area of mitigation and SD (see section 4.4.2). 

When aiming to determine the optimal level of climate change mitigation or to compose 

a portfolio of mitigation options for alternative climate stabilization targets, no clear 

guidance regarding the use of adequate evaluation criteria exists. Here, the concept of 

weak and strong sustainability can provide a reasonable entry point. In general, SD 

evaluates long-term socio-economic pathways according to a multi-objective social 

welfare function which aggregates different societal goals from a public policy 

perspective. The paradigms of the two approaches differ in the underlying assumption 

about the substitutability of different societal goals. Weak sustainability is based on the 

idea that only the aggregate stock of capital, including social, natural and physical 

capital, needs to be sustained for the well-being of future generations. This implies that 

environmental degradation or use of the atmosphere as a disposal space for CO2 can be 

compensated by man-made capital. As such, weak sustainability can be seen as 
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consistent with an intertemporal cost-benefit analysis (CBA) which calculates the 

optimal composition of the total capital stock according to the applied social welfare 

function. However, the optimal pathway is only sustainable if the consumption stream 

does not deteriorate the capacity of the economy to produce consumption (see 

Weitzman, 2003, pp. 244-94 for a formal discussion). It is worthwhile to note that a 

consistent CBA also requires a comprehensive understanding of the costs of adaptation 

to climate change. As a consequence, the optimal level of mitigation and adaptation is 

determined simultaneously in such analyses.  

Strong sustainability can be viewed as imposing guardrails on socio-economic pathways, 

beyond which no opportunity to compensate environmental degradation with the 

accumulation of man-made capital exists. According to this approach, some stocks, such 

as the rainforest, are considered so precious that they should not be driven down at any 

price. Therefore, strong sustainability can be perceived as the non-substitutability 

paradigm. In the context of mitigation, GHG concentration levels are imposed as 

guardrails beyond which the risks of climate change may become unmanageable for 

socio-economic systems. These guardrails or planetary boundary conditions are often 

motivated by non-linearities, discontinuities or non-convexities (see Neumayer, 2003 

and Sathaye et al., 2011). This concept is consistent with an intertemporal cost-

effectiveness analysis (CEA) which calculates social welfare optima subject to these 

boundary conditions. The guardrails used in the CEA also define the division of labour 

between mitigation and adaptation. However, in contrast to the CBA, adaptation is not 

determined at its optimal level but as a required effort to deal with the remaining 

climate change impacts. 

 

Figure 4.1 Schematic visualization of the technology and policy-based solutions space relative to the 

mitigation of and adaptation to climate change. CDR represents Carbon Dioxide Removal 

Technologies. SRM represents Solar Radiation Management technologies. REDD represents Reducing 

Emissions from Deforestation and Degradation. Source: Used with permission of Annual Reviews, 

from Edenhofer et al. (2013a) On the Sustainability of Renewable Energy Sources. Annu. Rev. Environ. 

Resour. 38: 169–200; permission conveyed in 2022 through Copyright Clearance Center, Inc. 

https://www.annualreviews.org/doi/abs/10.1146/annurev-environ-051012-145344
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This chapter is organized in the following way. In section 4.2 we conceptualize strong 

and weak sustainability in a simple multi-objective framework. From the perspective of 

normative welfare theory, we explore the implication of multiple objectives for the 

evaluation of socio-economic pathways. In section 4.3 we will discuss an important tool 

of applied sustainability research – integrated assessment models (IAMs). These large-

scale numerical models can be broadly grouped into two categories: CBA-based IAMs for 

determining the optimal mitigation pathway, and CEA-based IAMs for identifying the 

optimal portfolio of mitigation options for a given concentration level. IAMs have 

become an important tool to explore climate stabilization pathways by providing insight 

into the role of different technological mitigation options and the related costs and risks 

on a global scale and over long-time horizons. By integrating insights from different 

disciplines, e.g., on atmospheric composition, the climate system, human activities and 

their global macroeconomic dynamics, and ecosystem functions, they are the only tools 

in the mitigation literature that can combine models of both biogeophysical and human 

processes and their connections and feedbacks. Section 4.4 discusses future research 

directions to improve the understanding of the linkage between climate change 

mitigation and SD, followed by concluding remarks in section 4.5. 

4.2 Mitigation pathways and SD: A welfare -theoretic framework 

for analysis 

The concept of SD is open to a multitude of opinions regarding which societal objectives 

should be taken into account in the discussion of current and future well-being. The 

question regarding the most appropriate interpretation is addressed in the research on 

normative welfare theory which – explicitly or implicitly – derives indicators allowing for 

an evaluation of socio-economic development. 

In order to conceptualize strong and weak sustainability we will resort to an example, 

which can be generalized and extended in many ways. We assume that utility at time t 

depends on three factors: consumption 𝐶𝑡, the state of the climate 𝑊𝑡 and health 𝐻𝑡. 

Intertemporal utility is thus: 

(1) 

∫ 𝑒−𝜌𝑡𝑈(𝐶𝑡, 𝑊𝑡 , 𝐻𝑡)𝑑𝑡
∞

0

 

where 𝑈𝐶 > 0, 𝑈𝑊 < 0, 𝑈𝐻 > 0. Although there is an intensive debate on the right way 

of discounting, we use here the standard approach of a constant pure time preference 

rate . This pure time preference rate can be best understood as a normative focal 

point. However, we will not discuss which pure time rate is appropriate from an ethical 

perspective (for this discussion see Gollier, 2012, and Hepburn and Gosnell, 2014). 

Production requires capital 𝐾 and pollution7 𝑃, so that the production function is: 

 
7 This is a simplifying way of modeling the use of pollution-intensive fuels in production. These fuels emit 
CO2 which has an effect on the climate as in equation (3) and also release other health relevant pollutants as 
in equation (4) (see Smith et al., 2009 and Rao et al., 2012). 
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(2) 

𝐹(𝐾𝑡 , 𝑃𝑡) 

where 𝐹𝐾 > 0 and 𝐹𝑃 > 0 as always. 

The state of the climate is measured as CO2 concentration and pollution is measured in 

units of CO2 concentration implied by their emission. The CO2 concentration 𝑊 therefore 

increases with additional pollution:8 

(3) 

𝑊𝑡
̇ = 𝑃𝑡  . 

The state of health depends on investments into the health system 𝐼𝐻,𝑡, but also on air 

quality. This reflects that industrially generated pollution increases the risk of respiratory 

diseases and other health problems. The state of health thus evolves according to 

(4) 

𝐻𝑡
̇ = 𝐺(𝑃𝑡 , 𝐼𝐻,𝑡) 

where 𝐺𝑃 < 0 and 𝐺𝐼𝐻,𝑡
> 0. The remaining state variable is capital, for which the law of 

motion is 

(5) 

𝐾�̇� = 𝐼𝐾,𝑡 = 𝐹(𝐾𝑡 , 𝑃𝑡) − 𝐶𝑡 − 𝐼𝐻,𝑡. 

The social planner of this economy maximizes (1) with respect to the state variable 

evolution in equations (3), (4) and (5). The resulting Hamiltonian is 

(6) 

𝐻 =  U(C, W, H) + λK(F(K, P) − C − IH) + λWP +  λHG(P, IH), 

where 𝜆𝑖 is the shadow value of stock 𝑖. The first order conditions include 

(7) 

UC − λK =  0, 

(8) 

−𝜆𝐾 +  𝜆𝐻𝐺𝐼𝐻
=  0, 

(9) 

𝜆𝑊 +  𝜆𝐾𝐹𝑃 +  𝜆𝐻𝐺𝑃 = 0. 

 
8 Note should be taken that equation (3) is a deliberate and broad simplification for illustrative purposes 

and not intended to provide a detailed representation of the carbon cycle. 
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Substituting the shadow prices into the Hamiltonian we obtain 

(10) 

𝐻 = 𝑈(𝐶, 𝑊, 𝐻) +  𝑈𝐶𝐼𝐾 + ( − 𝑈𝐶𝐹𝑃 −  
𝑈𝐶

𝐺𝐼𝐻

𝐺𝑃) 𝑃  +  
𝑈𝐶

𝐺𝐼𝐻

𝐺(𝑃, 𝐼𝐻). 

To continue with the example, we follow the approach by Perman et al. (1996, Appendix 

19.2), and assume that utility is linear in all its arguments 

(11) 

𝑈(𝐶, 𝑊, 𝐻) =  𝑈𝐶𝐶 +  𝑈𝑊𝑊 + 𝑈𝐻𝐻. 

We make this assumption in order to simplify the calculation. It can also be seen as a 

first order approximation, an approach justified in Weitzman (2000). 

Next, we substitute (11) into (10) and divide by 𝑈𝐶  in order to obtain the Hamiltonian in 

monetary terms 

(12) 

𝐻

𝑈𝐶
= 𝐶 +

𝑈𝑊

𝑈𝐶
𝑊 +

𝑈𝐻

𝑈𝐶
𝐻 + 𝐼𝐾 +  ( −𝐹𝑃 −

𝐺𝑃

𝐺𝐼𝐻

) 𝑃  +
1

𝐺𝐼𝐻

 𝐺(𝑃, 𝐼𝐻). 

 

This equation represents the net national product (NNP) in our example economy and 

permits an understanding of the interaction between the three factors consumption, 

health and the state of the climate, which are discussed in the next section. 

4.2.1 Shifting priorities: Weighting multiple objectives 

Quite naturally, all those socio-economic variables which contribute to well-being 

should be considered as individual objectives. In our example economy these objectives 

are consumption, the state of the climate and health and the Hamiltonian shows how 

they should be taken into account. One part of it is GDP, which is given as the sum of 

consumption 𝐶 and investments into capital 𝐼𝐾. To this, the state of the climate 
𝑈𝑊

𝑈𝐶
𝑊 

should be added as well as ‘investments into climate’,  ( −𝐹𝑃 −
𝐺𝑃

𝐺𝐼𝐻

) 𝑃. Note that 

pollution enters here as a negative term as long as 𝑃 > 0. Finally, the state of health 
𝑈𝐻

𝑈𝐶
𝐻 is added and investments into health 

1

𝐺𝐼𝐻

𝐺(𝑃, 𝐼𝐻). 

This welfare-theoretic framework not only informs about what should be included but 

also how it should be weighted compared to other benefits (see Box 4.1 for an 

application to the notion of co-benefits). The reference value will be consumption, so 

consumption enters the indicator with weight 1. In our simple example economy, the 

state of the climate and health enter the objective function weighted with their 

respective marginal rate of substitution (MRS) with consumption. The MRS says at which 

rates units of consumption can be converted into units of climate quality or health levels 



   69 

 

without changing the level of utility. Capital investments can be transformed one-to-one 

into consumption, thus having the same weight. The weights attached to the 

investments into climate and health are the rates at which they can be converted into 

consumption. Taking the part – 𝐹𝑃𝑃 as an example, 𝐹𝑃 is the marginal rate of 

productivity from pollution, i.e. the rate at which pollution can be converted into output 

(which can then be used for consumption or capital investment). 

Box 4.1. Synergies and co-benefits in a multiple objectives framework 

The right handling of co-benefits is a contentious issue among environmental 

economists (see Krupnick et al., 2000). The word seems to imply that some objectives 

are reached (or not reached) as a by-product of pursuing other objectives without being 

explicit about the interactions between the various objectives and overall social 

welfare.9 This raises the concern that these additional objectives and the associated 

policy instruments will not be taken sufficiently seriously in their own right (cf. Dubash 

et al., 2013). The welfare-theoretic framework offers a different perspective that allows 

identifying and quantifying synergies across objectives without neglecting any particular 

one.  

In the context of our simple example economy, one objective of reducing pollution is to 

stabilize CO2 concentrations. Reducing pollution, however, also has benefits for public 

health, as modeled in equation (4). The main benefit of reducing emissions would then 

be represented by the term – 𝐹𝑃𝑃 in equation (12) and in the improvement of the state 

of the climate 𝑊. The synergy between mitigation and public health would be 

represented by the effect on health, −
𝐺𝑃

𝐺𝐼𝐻

𝑃 and on the state of health 𝐻. Although real-

world settings are, of course, more complex, this simple welfare framework provides a 

useful intuition about the interactions across different objectives and overall social 

welfare: to assess a particular mitigation option comprehensively, the net welfare effect 

is decisive rather than benefits for individual objectives. Mitigation will reduce 

consumption, limit global warming and improve public health. It should thus be pursued 

if the sum of these three (the net welfare effect) is positive. If the net effect turns 

negative, it should not be pursued any further because the loss in consumption 

outweighs the positive effects for global warming and public health.  

It is an unresolved issue in the current debate about which objectives should be included 

in a social welfare function. The so-called ‘Sustainable Development Goals’ (Griggs et al., 

2013) that are envisaged to extend the Millennium Development Goals (MDGs) could be 

reasonable candidates. They include conditions necessary to assure the stability of the 

Earth system and proposals for adding issues such as climate change, unemployment, 

inequality and global market instability to the MDGs (Fukuda-Parr, 2012). It is 

worthwhile to note that minimum thresholds or ‘guardrails’ for access to crucial 

infrastructure services of poor people could be explored in order to identify the costs, 

risks and benefits of these objectives or guardrails. 

 
9 By the term ‘co-benefit’, we refer here to the non-monetary positive co-effects of pursuing one objective 
on additional objectives, whereas the term ‘adverse side-effect’ denotes the antonym (cf. Edenhofer et al., 
2013a). 
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In the public debate on climate change, the notion of co-benefits is particularly 

prominent for situations when decentralized agents have insufficient incentives to act in 

a way that would be consistent with the welfare optimum because of inappropriate 

policies. In this so-called second-best setting, for example when health policies are sub-

optimal, mitigation can have co-benefits on public health which then entail net welfare 

gains until the optimal levels of mitigation and health are reached. However, the notion 

of co-benefits should not divert attention from the goal of reaching the social optimum 

across the multitude of objectives associated with SD. Future research on SD should 

hence focus not only on the exploration of synergies and trade-offs between societal 

goals, but also on the existence of multiple externalities and the interaction between 

multiple policy instruments (see Edenhofer et al., 2013a and Kolstadt et al., 2014, for a 

more extensive discussion). 

4.2.2 Flexible boundaries: Reconciling weak and strong sustainability 

Among environmentalists, there is a passionate debate on whether strong or weak 

sustainability is the right approach to SD (see, for example, Ekins, 2014 and Randall, 

2014). The proposed welfare-theoretic framework of SD reconciles these two positions 

on a formal level. When deciding whether or not to emit another unit of pollution, the 

society pursuing SD trades off the benefit of having higher consumption against the 

benefit of less climate change. The price for ‘trading’ the two in this case is the MRS, 
𝑈𝑊

𝑈𝐶
, 

which corresponds to the weak sustainability approach. The framework is, however, 

able to implement ‘red lines’ as well. Consider for example that a certain level 𝑊∗ of CO2 

concentration should not be crossed, because an irreversible catastrophe would occur. 

Then utility would approach minus infinity at this point, 𝑙𝑖𝑚𝑊→ 𝑊∗𝑈(𝐶, 𝑊, 𝐻) =  −∞. 

Since utility is central for wealth (see equation (10)), wealth would reduce to minus 

infinity as well. Any welfare maximization would thus stay well clear of 𝑊∗, simply 

because the price of approaching it would be punishingly high. 

One of the most important aspects to note though is that a certain point of an 

irreversible catastrophe does not exist. Instead, there is great uncertainty on the limits 

of sustainability (Kunreuther et al., 2013). The climate system in particular relies on 

many uncertain factors, which in turn interact in an uncertain way. These uncertainties 

imply that beyond certain thresholds of atmospheric GHG concentrations there is a 

substantial probability of very dramatic negative consequences, so-called ‘fat tails’. 

Given the existence of fat tails, Weitzman (2009) arrives at a ‘dismal theorem’, which 

says that the expected value of the stochastic discount factor is infinity. Although the 

analysis has been questioned thoroughly (Millner, 2013), the possibility remains that the 

framework is valid. Pindyck (2013) concludes that the uncertainties are so high that no 

reliable social cost of carbon can be estimated, thus making CBA meaningless (see also 

section 4.3.1.1). Weitzman (2012) thus suggests the introduction of targets, which 

would play the role of ‘red lines’ near which the price soars. They would guide society 

away from further exploiting resources, such as using the atmosphere as an infinite 

disposal space for CO2. 
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4.2.3 Towards improved welfare indicators 

The proposed framework allows linking the SD debate to the ongoing debate on GDP as 

a welfare indicator and as a goal for economic and environmental policy. Fleurbaey 

(2009) critically examines four categories of welfare indicators. While each of the 

categories has some strength in measuring welfare and determining objectives, there is 

no consensus candidate yet and practical implementation poses a considerable 

challenge.  

NNP, as used in our example above, falls into the category of ‘corrected GDP’. While it 

can provide systematic, transparent and theoretically founded guidance in translating 

society’s objectives into policies and investment decisions, see Weitzman (2003), it can 

be criticized from many angles. Fleurbaey (2009) points out that, among other 

shortcomings, NNP does not take inequality into account. However, it constitutes a 

formidable tool for broadening the perspective from climate change mitigation to SD in 

a consistent and easily accessible way, as such laying the ground for the discussion on 

how integrated assessment models (IAMs) can be related to SD in the next section. 

Performing the exemplary calculation of NNP provided us with three key insights. The 

first insight is on the combination and comparison of multiple objectives. Once we have 

defined a complete utility function, NNP will reveal which socio-economic variables need 

to be measured and how they need to be weighted from a theoretical perspective. The 

second insight is on the relation between weak and strong sustainability. Once it is 

established at which point a stock (like the state of the climate, the level of biodiversity 

or the amount of rain forest) reaches a critical threshold, NNP will inform us on how 

much we need to invest to avoid reaching this threshold. The third insight is on 

synergies. NNP demonstrates that each stock needs to be used and preserved in its own 

right and no objective can be considered a ‘side-effect’. Welfare indicators in general, 

and NNP as one example, can thus guide the development of IAMs from one or two 

objectives towards a multiple objectives approach to SD and the associated challenges. 

4.3 Applied tools in sustainability science: Integrated assessment 

models 

Based on the insights from the welfare-theoretic framework discussed above, this 

section will look at an important tool of applied sustainability research – the IAMs – to 

clarify the links of IAMs to the sustainability debate. Following the classification of 

Edenhofer et al. (2006 and 2010), this section focuses on optimal growth models and 

energy systems models that are able to calculate intertemporal optima – such as done in 

section 4.2 for our simple example economy.10   

Results derived from recursive-dynamic models of the energy-economic system are 

omitted because of their inability to calculate such intertemporal optima. Also the 

recent development in climate economics to apply overlapping generation models for 

 
10 For CEA-based IAMs considered here, recent developments have made the difference between the two 

categories much smaller because many models incorporate important aspects of the other approach and 
are also referred to as ‘hybrid models’ (Hourecade et al., 2006; van Vuuren et al., 2009) or large-scale 
integrated models (Fischedick et al., 2011). 
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the design of climate policy is not discussed because of the premature status of these 

models. In this section we focus on results from CEA-based IAMs because of the 

inherent uncertainties of the climate damages (see section 4.2.2). This is the reason why 

international assessment bodies like the Intergovernmental Panel on Climate Change 

(IPCC), but also reports like the United Nations Environmental Programme (UNEP) 

Emissions Gap Report, rely on such results (IPCC, 2007; IPCC, 2014; UNEP, 2012). In their 

recent development, CEA-based IAMs have not only derived their results based on 

idealized scenarios but also for so-called ‘imperfect worlds’ – mainly along two 

dimensions: sub-optimal climate policies and limited availability of technologies (see 

Clarke et al., 2014 and section 4.3.2.1). For the sake of clarity, we will visualize results 

from one recent study based on one of the IAMs, REMIND, and embed these results in 

the broader context of recent modeling comparison exercises. These insights might be 

helpful for a better understanding of the underlying technical, economic and political 

requirements of low stabilization scenarios which are used by international climate 

negotiators (Edenhofer et al., 2014). 

In addition, the following section will discuss how the weak and strong sustainability 

paradigms are reflected in the IAM literature (section 4.3.1) and present recent 

attempts to take into account multiple objectives beyond mitigation (section 4.3.2). 

4.3.1 Strong and weak sustainability approaches in IAM scenario literature 

While the different approaches to integrated assessment modeling implicitly subscribe 

to different perspectives on the weak versus strong sustainability debate, they have 

been designed to answer rather specific research questions instead of making explicit 

contributions to the theoretical SD debate. 

4.3.1.1 Weak sustainability and the social cost of carbon 

CBA-based IAMs analyze costs and benefits for different emission levels based on a 

utility function that sometimes combines consumption with other continuous variables, 

such as health (see section 4.3.2.1). They aim to find the optimal amount of mitigation 

by comparing the associated costs for society and the benefits of avoided climate 

damages, expressed in present value. For this exercise, different types of climate 

damages need to be estimated, monetized and aggregated, which is a challenging task 

and the main research contribution of this strand of literature. The resulting damage 

functions, however, have been criticized on various grounds – such as for the high level 

of aggregation, the simplistic coverage of adaptation and catastrophic damages, the 

distorting effect of using the standard model of discounted utility and other potential 

shortcomings (see, e.g. Ackerman et al., 2009; Greenstone et al., 2013; Lenton and 

Ciscar, 2013; Pindyck, 2013). But despite their caveats, these models represent the most 

comprehensive welfare analysis of different levels of emission control. The most 

prominent models are DICE, RICE and FUND (see Nordhaus, 2010; Nordhaus and Sztorc, 

2013; and Anthoff and Tol, 2013 for the most recent versions).  

As noted in section 4.2, CBA-based IAMs trade off the benefits of having higher 

consumption against the benefits of having less climate damage (often presented as 

change in production). The implicit price of trading the two goods is the resulting carbon 
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price. More explicitly, these IAMs have been used to estimate the social cost of carbon 

(SCC), the marginal damage from the change in climate that results from an additional 

ton of carbon emitted to the atmosphere (Clarkson and Deyes, 2002). The resulting SCC 

depends on a number of assumptions, such as the projected emissions pathway in the 

absence of climate policy and the discount rate which, in turn, depends on the rate of 

pure time preference, the growth rate of per capita consumption, and the elasticity of 

marginal utility of consumption (cf. Ramsey, 1928).  

According to Tol (2013), there are 75 studies on the SCC with 588 different estimates, 

which reaffirms that the uncertainty is very large, partly because of the different values 

for the pure rate of time preference. The mean estimate across all studies is a marginal 

SCC of $196 per metric ton of carbon, although it is driven by some very large estimates. 

Irrespective of the exact amount, these numbers highlight the fact that the underlying 

perspective is related to the weak sustainability paradigm which puts forward that the 

net value of emitting, e.g. for some industrial processes, is higher than the net value of 

mitigating these emissions. According to Pindyck (2013), however, these numbers 

suggest “a level of knowledge and precision that is nonexistent”. He not only argues that 

some of the model inputs (e.g. the rate of pure time preference) are subject to ethical 

(cf. Stern, 2008) or political decisions; he also highlights the empirical uncertainty of 

many other model inputs, such as the value of climate uncertainty and the arbitrary 

nature of the models’ damage functions. Additionally, Stern (2013) argues that the 

treatment of economic growth is inappropriately represented in the models because 

they assume an underlying ‘exogenous’ growth rate. However, damages from unabated 

climate change are likely to reduce the growth rate substantially, so that the assumption 

of an exogenous growth rate and an exogenous discount rate can no longer be justified. 

The inherent uncertainties of the climate damages have raised the awareness that the 

implications of different versions of strong sustainability (e.g. imposing different carbon 

budgets, concentration or temperature levels) should be explored in terms of impacts, 

adaptation and mitigation costs and risks. This disaggregated information can facilitate a 

debate about the costs of action and non-action which is not based on a misleading 

precision of numbers. In the next section we focus on the mitigation costs of different 

versions of IAMs reflecting strong sustainability approaches to climate change 

mitigation. 

4.3.1.2 Strong sustainability, delayed participation and limited availability of 

technologies 

The standard approach taken by CEA-based IAMs involves two objectives. One is 

consumption and it is measured as a continuous variable. This means that any small 

increase in it increases overall utility. The second objective is an environmental one and 

it is measured as an all-or-nothing alternative. Achieving, for example, a 450 ppm CO2-eq 

concentration target, implies that the objective is reached. A further reduction to 425 

ppm does not yield additional utility. Missing the objective is avoided at all cost, 

effectively attaching a utility of negative infinity to it. As a consequence, the 

maximization of the model strives to achieve the highest amount of consumption, which 

still respects the 450 ppm target. 
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One recent paper (Luderer et al., 2013) is able to clearly show the negative relationship 

between temperature targets and mitigation costs in a so-called ‘temperature–cost 

trade-off curve’ (see Figure 4.2): the lower a specific temperature target, the higher are 

the associated aggregated mitigation costs for achieving it.11 Particularly noteworthy is 

also the highly convex shape of the temperature-cost trade-off curve, which indicates 

that costs increase disproportionally the lower the long-term temperature target is set. 

Note should however be taken of the blue shaded bands that exemplify the uncertainty 

associated with reaching a specific temperature target. This uncertainty relates to a 

large part to uncertainties about carbon cycle feedbacks and the climate system 

response to changes in atmospheric GHG concentration. As a consequence, when 

translating concentration levels into temperature targets, this uncertainty is accounted 

for by assigning different probabilities to reaching a particular target. Ensuring a higher 

likelihood of achieving a climate target implies tighter emissions constraints, and thus 

higher costs (cf. also Rogelj et al., 2013a). 

 

Figure 4.2 Temperature–cost trade-off curve. Note: The figure shows the relationship between 

maximum twenty-first-century surface air temperature targets and aggregated mitigation costs for a 

scenario assuming no global climate agreement till 2015 and a default technology portfolio. Blue 

shaded bands show uncertainty ranges of the climate system’s response to anthropogenic activities. 

Source: Luderer et al. (2013). 

 
11 Mitigation costs in CEA-based IAMs typically measure efforts related to emissions reductions in 
comparison to a counterfactual baseline scenario but often do not take into account avoided damages or 
co-effects of climate change mitigation on other policy objectives (see section 4.3.2.1 for the few existing 
exceptions). There is a range of ways to report mitigation costs, depending on the model type, the purpose 
of a particular study (for example model intercomparison exercises) and other reasons. In the figures that 
are shown here, mitigation costs refer to macroeconomic consumption losses that are aggregated with a 5 
percent discount rate over the time horizon 2010–2100 and divided by the aggregated and discounted gross 
world product (GWP) (see Luderer et al., 2013). Other ways to present mitigation costs relate to: (i) 
aggregated and discounted increase in energy system costs relative to GDP/GWP; (ii) aggregated and 
discounted GDP/GWP losses relative to GDP/GWP; (iii) aggregated and discounted consumption losses 
relative to global consumption; and (iv) ‘balanced growth equivalents (BGEs)’ (see Anthoff and Tol (2009) for 
a discussion of the use of BGEs in CBA-based IAMs). While all these indicators can be interpreted as delaying 
production/consumption growth, BGE can also be interpreted as an exogenous price shock to the global 
economy. 
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Figure 4.3 Emission gap between the baseline scenario and the climate policy scenario limiting global 

warming to 2°C with a 67 percent likelihood. Note: The emission reductions induced by climate policy 

are decomposed into six technology groups as well as the contribution of changes in energy demand. 

Source: Decomposition analysis based on scenario data from Luderer et al. (2013) and the methodology 

presented in Luderer et al. (2012b). 

Figure 4.3 provides an overview of the contribution of different technology options to 

the emission reductions required to meet a low stabilization target. As can be seen, 

different technology groups contribute with varying shares to the emission reductions 

that are necessary to deviate from a counterfactual baseline scenario (upper black line) 

to reach a 2°C target with a 67% likelihood (lower black line). In this study, bioenergy use 

with carbon capture and storage (BECCS), non-biomass renewables, and energy demand 

reductions play the largest roles (Luderer et al., 2013). The important role of bioenergy 

can be ascribed to its ability to generate ‘negative emissions’ (i.e. removing emissions 

from the atmosphere) when combined with carbon capture and storage (CCS) 

technologies (Edenhofer et al., 2014). 

In a further step, IAMs can investigate the effects of different challenges to achieving 

such a low stabilization target via introducing additional constraints to the model. 

Recent research examined, for example, the effects of sub-optimal climate policies (e.g. 

due to delays in setting up a global climate agreement, cf. Clarke et al., 2009; Jakob et 

al., 2012; Luderer et al., 2012a, 2016) and limited availability of technologies (Azar et al., 

2010; Edenhofer et al., 2010; Tavoni et al., 2012; Kriegler et al., 2013a) on the costs of 

climate change mitigation or the combined effect (van Vliet et al., 2012; Luderer et al., 

2013; Rogelj et al., 2013a, 2013b; Riahi et al., 2015). 

The availability of different mitigation technologies was found to have a marked effect 

on the overall costs of abatement. While leaving nuclear energy out of the technology 

mix increases abatement costs compared to a full technology scenario only slightly, 

scenarios in which CCS is assumed not to be available show much higher cost increases 

for reaching a specific temperature target (Figure 4.4). Also, the unavailability of specific 

technology options results not only in increasingly higher abatement costs but could 

make reaching low stabilization targets infeasible in their entirety, in particular if 

biomass or CCS – which are key ingredients for negative emissions technologies – are 

limited (Luderer et al., 2013; Riahi et al., 2015; Kriegler et al., 2013a). Such findings are 

exemplified by the arrows in Figure 4.4, which point to the increase in the lowest 

achievable mitigation target at a specific mitigation cost level as a consequence of the 

unavailability of CCS. 
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Figure 4.4 Temperature–cost trade-off curves showing the effect of technology availability on 

aggregated mitigation costs for reaching a specific temperature target (maximum 2010–2100 

temperatures reached with a 67 percent likelihood). Notes: Bar charts indicate economic challenges of 

limiting warming to 2°C. Legend: Default – full technology portfolio; NoCCS – unavailability of CCS; 

NoBECCS – unavailability of CCS in combination with bioenergy (BECCS); LimBio – reduced 

bioenergy potential (100 EJ/year compared to 300 EJ/year in all other cases); NucPO – phase out of 

investments into nuclear energy; LimSW – penetration of solar and wind power limited to 20%; 

LowEI – lower energy intensity, with final energy demand per economic output decreasing faster than 

historically observed. Source: Luderer et al. (2013). 

A further prerequisite for a cost-efficient transformation pathway is an immediate 

implementation of climate policies, implying full flexibility in the timing of emission 

reductions. If climate policies are inexistent or weaker than optimal in the near term, 

larger emission reductions are required in the medium to long term, making it more 

difficult and more costly to reach climate targets. Figure 4.5a shows how such delays in 

ambitious and global cooperation, by keeping the climate policy regime weak and 

fragmented up to 2015, 2020 and 2030, respectively, are associated with increasingly 

higher overall climate policy costs. At the same time, such delays also cause a shift in the 

temperature–cost trade-off curves towards higher temperatures, which means that for 

certain mitigation cost levels, some temperature targets cannot be met any longer (as 

indicated by the arrows in the figure). This effect would be aggravated if such delays in 

global cooperation were to occur in conjunction with the unavailability of certain 

technology options. In this regard, Figure 4.5b emphasizes the increased dependence on 

bioenergy for reaching ambitious temperature targets in case of prolonged fragmented 

global cooperation. 

 



   77 

 

 

 
Figure 4.5 Temperature–cost trade-off curves showing (a) the effect of timing of global comprehensive 

mitigation action and (b) the effect of a limited bioenergy potential on aggregated mitigation costs. 

Notes: X-axis shows temperature targets (maximum 2010–2100 temperatures) reached with a 67% 

likelihood. Bar charts indicate economic challenge of limiting warming to 2°C. Frag2015, Frag2020 and 

Frag2030 scenarios assume that climate policies remain weak and fragmented and without a globally 

harmonized GHG pricing until 2015, 2020 and 2030, respectively. The hypothetical Immediate scenario 

assumes global comprehensive emissions reductions effective and implemented from 2015 onwards. 

Source: Luderer et al. (2013). 

4.3.2 Multiple objectives approaches in IAM scenario literature 

While the choice of a specific GHG concentration target and its associated costs are 

defining elements for making a development pathway sustainable or not, other SD 

concerns also deserve more specific consideration. This is because the deployment of a 

range of mitigation technologies comes with its own set of sustainability benefits and 

concerns. For example, the broad-scale application of BECCS, i.e. the application of CCS 

technologies to bioenergy conversion processes, in order to achieve negative emissions 

towards the end of the century, may not be compatible with land, water, biodiversity 

and livelihood concerns (see, e.g. Creutzig et al., 2012a for a broader discussion of SD 

concerns of bioenergy). Recent developments within the IAM community have shown 

considerable efforts to include such additional objectives in the models (McCollum et al., 

2011; GEA, 2012; PBL, 2012; Howells et al., 2013), for example air quality, public health 

and energy security (Bollen et al., 2010; McCollum et al., 2013). Exploring the impact of 

multiple objectives on overall policy costs and mitigation pathways, these studies are 

able to identify potential synergies and trade-offs between climate change mitigation, 

b 
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energy security and local air pollution goals. This methodological innovation could be a 

starting point to conceptualize the debate on co-benefits in a consistent SD framework 

(see, e.g. Edenhofer et al., 2014). 

4.3.2.1 The interaction between mitigation, air quality and energy security in 

recent IAM scenario literature 

This section focuses on two recent studies that attempt to quantify the many 

interactions across mitigation, air quality and energy security in economic terms. The 

analysis in Bollen et al. (2010) uses a CBA-based IAM and develops a set of scenarios to 

assess the costs and benefits of pursuing the three objectives in isolation or in various 

combinations. For each scenario, the model calculates an emission time path that 

optimizes social welfare which, in turn, depends on the different levels of the three 

objectives. McCollum et al. (2013) use a CEA-based IAM. Instead of calculating the 

optimal levels of the three different objectives, they impose constraints to their model 

that correspond to a set of policy targets of varying stringency for each objective. Based 

on 624 scenarios, they calculate how to achieve these policy targets in the most cost-

effective way, respectively.  

Despite the different methodologies, both studies find important synergies across these 

multiple objectives and highlight the cost savings of policies – particularly in the short 

term – by addressing these objectives in an integrated manner as opposed to pursuing 

them in isolation. Many of these synergies materialize through the reduction of energy 

intensity and energy demand, consequently reducing the need for end-of-pipe pollution 

control equipment and imported fossil fuels. However, the synergies across stringent 

climate policies and additional policy objectives will be much less pronounced if future 

policies for air quality and energy security are more aggressive than currently planned 

and as assumed in the model runs (Clarke et al., 2014). 

4.3.2.2 Energy security in recent IAM scenario literature 

Focusing on the particular synergy between mitigation and energy security also allows 

some interesting insights into the broader implications of some mitigation pathways. 

Achieving or maintaining energy security constitutes a priority in many national 

development plans. While recent IAM literature cannot provide sufficient information 

down to the national level, insights can still be gained for some regional developments 

under climate policies. Model results show that changes in the energy mix as a response 

to climate policies are mainly caused by reductions in the volume and intensity of global 

energy trade, with the effect that under climate policies energy systems of most regions 

diverge more than under the baseline (Cherp et al., 2016). However, the implications of 

this development in the diversity of the energy mix can exhibit marked differences 

across regions (Figure 4.6). In China, where the energy mix in the baseline scenario 

(BAU) is dominated by coal, it becomes more diversified by the introduction of low-

carbon energy technologies in a climate policy scenario (450 ppm CO2eq). In Africa, fossil 

fuel-based technologies are largely replaced by biomass and the diversity in the energy 

mix decreases. These results hint at a change in regional energy mixes towards being a 

better representation of the regional differences in resource availability and demand 

dynamics (Cherp et al., 2016). 
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Figure 4.6 Energy mix in Africa (AFR) and China (CHN) and the standard deviation of energy 

diversity in all the world regions under the Baseline and a 450 scenario in WITCH. Legend: BAU DEF 

– Baseline default; 450 DEF – 450 ppm default; PES – Total Primary Energy Supply.  

Source: Used with permission of Springer Nature, from Cherp et al. (2016) Global energy security 

under different climate policies, GDP growth rates and fossil resource availabilities. Clim. Change, 

136(1), 83–94, Figure S-7.  

4.3.2.3 Energy demand for development in recent IAM scenario literature 

The advantages of IAMs, however, come with some important caveats, such as the lack 

of distributional, and limited spatial and temporal resolution, as well as structural 

rigidity (see Sathaye et al., 2011, section 9.4). For example, CEA-based IAMs often report 

final energy consumption levels of developing-country households that correspond to 

minimal poverty thresholds such as 10 GJ per capita (Ekholm et al., 2010; van Ruijven et 

al., 2011; Daioglu et al., 2012; Krey et al., 2012; Narula et al., 2012). However, these 

implicit assumptions are often not consistent with reaching more ambitious 

development levels at the same time – unless it is assumed that the pace of decoupling 

growth from energy use far exceeds historical trends (Steckel et al., 2013). This is all the 

more challenging as increased energy prices due to climate policies could delay 

structural changes and the build-up of physical infrastructure (Jakob and Steckel, 2013; 

Goldemberg et al., 1985). Taking these issues into account in IAM analyses would 

increase the plausibility of model results (Steckel et al., 2013; cf. van Ruijven et al., 

2008). 

https://link.springer.com/article/10.1007%2Fs10584-013-0950-x
https://link.springer.com/article/10.1007%2Fs10584-013-0950-x
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4.4 Future challenges for research on mitigation and sustainable 

development 

The link between climate change mitigation and SD is one of the most challenging areas 

of theoretical and applied sustainability science. 

4.4.1 Improved realism in transformation pathways 

With their ability to dynamically evaluate the portfolio of mitigation options and thus 

outline different transformation pathways, IAMs constitute powerful tools in applied 

sustainability science. However, because of the underlying optimization assumptions, 

these IAM scenarios exhibit an inherent tendency to overlook real-world imperfections. 

While recent developments have clearly shown that IAMs are able to incorporate real-

world imperfections, more efforts have to be undertaken in order to overcome the 

biased optimism in these models. 

At a sectoral level, path dependencies and lock-in effects have to be taken into account 

for a more realistic evaluation of the inertia of transformation processes. The installed 

infrastructure and the limited flexibility of other capital stocks cause additional costs 

which are not sufficiently reflected in many IAMs. In addition to these more conceptual 

problems, mitigation efforts in some sectors entail synergies and trade-offs which only 

become visible when case studies and more sector-specific studies are included in a 

more comprehensive analysis. For example, the impact of large-scale bioenergy use on 

food security, biodiversity, water infrastructure and livelihoods is a contentious example 

where a dialogue between different communities is required to arrive at a more 

comprehensive picture that is useful for decision-makers (see Searchinger et al., 2009; 

Chum et al., 2011; Creutzig et al., 2012a, b; Edenhofer et al., 2013a; Kriegler et al., 

2013b; Tavoni and Socolow, 2013). Integrating evidence across different research 

communities operating at different scales would be an important contribution to 

improve the understanding of transformation pathways. 

At the regional level, assumptions about the potential for development in climate 

stabilization scenarios might also be perceived as optimistic, and development 

economists investigate how rapid reductions of energy demand might create potential 

poverty traps or limit the potential for further economic growth, particularly in 

developing countries (see Steckel et al., 2013). In addition, the existence of fat tails 

needs to be considered not only in the context of climate damages but also in the 

analysis of risky mitigation for developing countries. A very promising research avenue 

will be to incorporate non-standard tools of risk management into IAMs (for a 

discussion, see Kunreuther et al., 2013). 

At the institutional level, an additional future challenge for IAMs will be to implement 

the whole range of policy instruments available to policymakers at different government 

levels such as municipalities, states and national governments (Edenhofer et al., 2013b). 

It would be highly valuable if the interaction between these government levels were 

represented explicitly, for example to arrive at an understanding of how and when 

national carbon taxes might improve the likelihood for international cooperation. Since 
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nation states are often embedded in a situation of tax competition, another interesting 

future research direction might explore the impact of tax competition for the likelihood 

of international cooperation (Edenhofer et al., 2013b). Admittedly, some IAMs have 

been able to incorporate a game-theoretic structure which allows analyzing the impact 

of policy instruments on international cooperation (e.g. coordinated R&D investments, 

international spillovers). While this can be perceived as a promising starting point, more 

can and should be done in this direction. 

4.4.2 Population policy and life-style changes 

Population dynamics and mitigation is a relatively unexplored area and at present all 

IAMs include exogenous population scenarios. However, modeling comparison exercises 

that have carried out sensitivity analyses of high and low population scenarios are 

relatively rare (Kriegler et al., 2013c). This remains an important avenue for future 

research. Differences in population levels may have large effects beyond the 

decarbonization of the electricity sector. GHG emissions in the agricultural sector in 

particular might strongly depend on population. Understanding this topic requires a 

comprehensive investigation of land-use dynamics, which might turn out to be quite 

challenging to transform. As a consequence, more detailed studies are needed to 

improve our understanding of the link between the energy and the land-use system 

(Calvin et al., 2016).  

Considering population dynamics endogenously becomes even more challenging. 

Millner (2013) points out that the standard welfare functions, average utilitarianism and 

classical utilitarianism, fail to fulfil some elementary axioms. Based on Blackorby et al. 

(2005) Millner proposes using critical level utilitarianism instead since it performs much 

better on these axioms. Within this normative framework, population policy can be 

evaluated. At a descriptive level, the fertility decision of families is endogenized in 

overlapping generation models, see Galor (2011). These decisions might become sub-

optimal when social security schemes are absent, underinvestment in education is 

persistent or other intertemporal market imperfections are considered explicitly. It is 

needless to say that the proposed policy instruments ranging from social security 

schemes, incentives for investment in human capital, legal allowances for a specific 

number of children, contraception and abortion are highly contested. While welfare 

economics is not in a position to resolve these highly contested ethical issues, IAMs are 

able to explore some impacts of different social welfare functions on population and 

mitigation policies.  

It is obvious that lifestyle changes might impact GDP. From a welfare-theoretic point of 

view it is still debated how lifestyle changes can be conceptualized. There are many 

reasons why people might have preferences for a less growth-intensive lifestyle: the 

interest in more leisure time when material well-being is increasing; the preference for 

more non-material goods like investment in social capital, relationship to friends, less-

intensive status consumption; and higher preferences for ‘green’ goods and 

technologies. However, there is an ongoing debate about the empirical validity and the 

theoretical plausibility of these aspects (see Frey, 2008).  
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One explicit link between IAMs and SD exists in studies on ‘Low-Carbon Society (LCS) 

pathways’ which typically include actions that are compatible with SD principles and 

contribute to the stabilization of GHG concentration to avoid dangerous climate change 

(e.g. Skea and Nishioka, 2008; Kainuma et al., 2012; Hourcade and Crassous, 2008). In 

contrast to conventional low-carbon scenarios, which tend to rely on carbon pricing to 

achieve system-wide transformations, LCS pathways typically assume policies and 

measures that facilitate lifestyle changes, green manufacturing processes, and 

investments into energy-efficient devices, recycling measures and other targeted 

technologies (Shukla and Chaturvedi, 2012). As particular attention is paid to local 

conditions and short-term needs and objectives, the existing literature is regional in 

focus (Kainuma et al., 2012). One finding from the Indian context might be relevant 

globally though: the sustainability scenario was shown to feature a lower carbon price 

compared to the one delivering identical mitigation in the conventional mitigation 

scenario (Shukla et al., 2008). Including a broader set of objectives, such as distributional 

aspects and lifestyle changes with, e.g. preferences for green technologies, can thus 

provide interesting insights into the relevance of different mitigation measures and 

options when the whole solution space is considered (see Figure 4.1). 

4.5 Concluding remarks 

This chapter has tried to summarize recent efforts in research to embed climate change 

mitigation in the narrative of SD. For an improved understanding how research on 

climate change mitigation is linked to sustainable development, this chapter referred to 

SD as a narrative including inter- and intragenerational justice, a lens to look at the 

interconnections between the economy, society and the environment to support future 

and long-term human well-being as well as a multi-objective framework to guide public 

policy to address currently existing externalities. The chapter showed how research on 

climate change mitigation is linked to sustainable development by introducing a simple 

conceptual framework and by presenting two categories of IAMs – an important tool of 

applied sustainability research. Against this background, an explicit analysis of 

management strategies for decisionmakers confronted with catastrophic risks, tipping 

points and non-linearities in mitigation and adaptation will need to become a key topic 

in future sustainability research. This research can help facilitate a public discourse 

about and guide public policy choices between the trade-offs and synergies across 

different SD objectives. 
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Abstract 

Achieving a truly sustainable energy transition requires progress across multiple 

dimensions beyond climate change mitigation goals. This article reviews and synthesizes 

results from disparate strands of literature on the co-effects of mitigation to inform 

climate policy choices at different governance levels. The literature documents many 

potential co-benefits of mitigation for non-climate objectives, such as human health and 

energy security, but little is known about their overall welfare implications. Integrated 

model studies highlight that climate policies as part of well-designed policy packages 

reduce the overall cost of achieving multiple sustainability objectives. The 

incommensurability and uncertainties around the quantification of co-effects become, 

however, increasingly pervasive the more the perspective shifts from sectoral and local 

to economy wide and global, the more objectives are analyzed, and the more the results 

are expressed in economic rather than non-monetary terms. Different strings of evidence 

highlight the role and importance of energy demand reductions for realizing synergies 

across multiple sustainability objectives. 
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5.1 Introduction 

A large body of literature has looked at the challenge of meeting stringent climate 

targets (1–6). However, many argue that stringent climate change mitigation goals are a 

necessary but insufficient condition for a sustainable energy transition (7–9). Other key 

sustainability objectives include improved air quality and health, the provision of 

affordable energy services for all, energy and food security, as well as minimizing 

energy-related land and water use and biodiversity loss. Mitigation efforts should hence 

be assessed in a multi-objective framework (8–12), which would need to consider the 

energy transition as a multilevel governance challenge. On the one hand, mitigation is a 

global commons problem that warrants a coordinated global response (13, 14). In fact, 

the integrated model literature has shown that achieving particular mitigation goals, 

such as the 2°C target, is most cost-effective if approached from a global perspective 

and results in high long-term global benefits at considerable short-term costs (15, 16). 

On the other hand, most climate policies are increasingly formulated at national and 

even subnational levels, where many of the non-climate objectives are often more 

salient as policy drivers (17–19). Because co-benefits of mitigation hold the prospect of 

helping achieve some of these other objectives and reducing the short-term costs of 

climate policies that accrue on the local/national level, the concept has recently 

attracted increasing attention. Hence, tailored information on the interactions of 

mitigation and other sustainability objectives is required to guide choices within a 

multilevel governance framework ranging from the global to the national and 

subnational levels. 

The Working Group III Contribution to the Intergovernmental Panel on Climate Change 

(IPCC) Fifth Assessment Report (WGIII AR5) (20), based on the assessment of global 

integrated model results, highlights that there is no single preferred mitigation pathway 

for cost-effectively meeting any specific temperature goal. Instead, it indicates that 

there is flexibility in how a particular mitigation goal can be achieved: The timing of 

greenhouse gas (GHG) emissions reductions, the choice of particular sets of low-carbon 

energy supply technologies and their upscaling requirements, etc., can substantially 

differ across scenarios, both globally and locally (1). Policymakers can increase the level 

of flexibility by enacting policies that help reduce energy demand (5, 21) and can 

harness this flexibility by choosing climate policies according to national/local 

circumstances and preferences. These include the levels of socioeconomic and 

technological development, distributional aspects, risk perceptions, and priority settings 

for non-climate objectives (7, 19, 22). 

Although there is a wealth of relevant literature on synergies and trade-offs across 

mitigation and non-climate objectives, evidence remains scattered across different 

sectoral studies, different research communities, and different scales of analysis. This 

makes it generally inaccessible for decision making. As with the rapid expansion of 

literature in climate science in general, there is not enough meaningful interpretation of 

the sum of the individual sets of results (23; see also 24–26 for bioenergy research). 

Indeed, the benefits of integrating sectoral evidence with evidence from scenario 

studies have been highlighted in recent reviews (24, 27–30). Such an integrated 
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perspective is highly relevant for decision making because it advances the understanding 

of the practical implications of alternative climate policy choices for other human and 

policy dimensions (8–10, 31). 

In this article, we try to connect relevant strings of evidence (scattered across many 

different strands of literature and different scales of analysis) on the interactions 

between mitigation and other sustainability objectives. By doing so, we generate new 

insights and identify robust evidence for policy makers—even for those locations for 

which no scientific evidence is directly available. This article focuses on a global 

perspective, aiming to provide insights on the interactions of mitigation and non-climate 

objectives relevant for understanding the global energy transition challenges.12 The 

WGIII AR5 has already made important progress in assessing this broad body of 

literature by (a) providing both a social welfare and a sustainable development (SD) 

framework for climate policies in a multi-objective context, (b) assessing the literature 

on co-effects of mitigation measures in different sectors, and (c) assessing the 

integrated model literature on co-effects of mitigation pathways on a global scale. It has, 

however, only provided a limited synthesis, which is divided across several chapters of 

the report. This has hindered a comprehensive view with more far-reaching insights on 

this important topic. We further condense and expand the synthesis of the material by 

(a) presenting the different WGIII AR5 chapters’ results at a single glance (see the tables 

in Sections 5.3 and 5.4.1 below), (b) analyzing the challenges of quantitative aggregation 

of co-effects, particularly on a global scale, (c) presenting a way forward to usefully draw 

on existing strings of evidence, (d) discussing the high-level insights gained, and (e) 

pointing to a promising research agenda for multi-objective literature and its synthesis. 

To that end, Section 5.2 provides a welfare-theoretical framework that serves as an 

organizational device for the review and condensation of sectoral research results in 

Section 5.3 and of integrated model literature results in Section 5.4. These sections 

discuss the various aspects focused on by different communities in their analysis of the 

interactions of mitigation and multiple other sustainability objectives, pointing to their 

respective strengths as well as the caveats for quantitative synthesis. Section 5.4.3 

critically discusses the extent to which integrated models are actually able to assess 

changes in welfare, and Section 5.5 suggests one possible way forward to make multi-

objective implications of climate policy choices more transparent by drawing on the 

respective strengths of these different communities. Although this approach does not 

eradicate the incommensurability in the aggregation of various co-effects, particularly 

on a global scale, it deals with the uncertainties of different sets of results in a more 

transparent way. It also makes them more accessible to decision makers who would like 

to understand how to maximize synergies and minimize trade-offs across multiple 

sustainability objectives. 

 
12 In practice, the stated rationale of a particular climate policy at the national or local level may not be 
restricted to mitigation and may be different in varied contexts. In fact, mitigation is often considered the 
co-benefit of other policies primarily aimed at environmental, health, and development issues (32). The aim 
of this article is, however, less to illuminate the different drivers of implementing mitigation-related policies 
at the national or local level but instead to synthesize existing evidence on the global implications for 
multiple sustainability objectives and social welfare if governments embark on alternative global mitigation 
pathways. 
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5.2 A conceptual framework for assessing the co-effects of 

mitigation 

Despite a long-standing interest in the co-effects of mitigation (see, e.g., 33), there is no 

commonly agreed upon terminology. For example, positive (negative) co-effects are 

referred to in the literature as co-benefits or ancillary benefits (co-costs, ancillary costs, 

adverse side effects or trade-offs), but these terms have been defined differently across 

studies (see 12 for a review). This is largely because the same terms have been used to 

describe a range of effects from different methodological approaches. Box 5.1 

introduces a conceptual welfare-theoretical framework. We use this framework as a 

device for structuring our literature review and condensation of insights from different 

strands of literature. 

Box 5.1. A conceptual welfare-theoretic framework for assessing the co-effects of 

mitigation 

Suppose social welfare 𝑊 can be written as a function of different objectives 𝑧𝑖  (𝑖 =

1, … , 𝑚); the attainment of each of those objectives is influenced by the deployment of 

a number of technological or other measures 𝑚𝑘 (𝑘 = 1, … , 𝑛) which, in turn, are 

influenced by the implementation of a number of policies, 𝑝𝑙  ( 𝑙 = 1, … , 𝑜). Now 

consider a marginal change 𝑑𝑝𝑙  in one or more policies. Building on the conceptual 

framework presented by Kolstad et al. (34), but highlighting the important role of the 

broad set of measures through which policies often impact objectives, the net effect on 

social welfare effect is given by Equation 1.13 

   𝑑𝑊 = ∑ ∑ ∑
𝜕𝑊

𝜕𝑧𝑖

𝑜
𝑙=1

𝜕𝑧𝑖

𝜕𝑚𝑘

𝜕𝑚𝑘

𝜕𝑝𝑙
𝑑𝑝𝑙

𝑛
𝑘=1

𝑚
𝑖=1              1. 

Based on these considerations, we define co-benefits (or adverse side effects) as the 

potential positive (or negative) effects of a policy 𝑝𝑙  aimed at one objective on other 

objectives (
𝜕𝑧𝑖

𝜕𝑚𝑘

𝜕𝑚𝑘

𝜕𝑝𝑙
 for l ≠ i), without evaluating the implications for social welfare (not 

multiplied by ∂𝑊/ ∂zi, i.e. the value different individuals or society as a whole attach to 

the co-effect). This differentiation between the non-monetary effect on a particular 

objective and the associated social welfare effect is important because the overall 

magnitude is determined by the two effects in combination, which may also work in 

different directions (see Section 5.4.3). Moreover, co-effects are often reported in non-

monetary or even qualitative terms only because they are challenging to measure, 

quantify, and monetize because of a variety of practical obstacles, such as data 

availability (see, e.g., 12, 35, 36). 

We classify the literature into three main strands based on this framework. Figure 5.1 

provides an overview and relates the strands to each other. Most importantly, it 

highlights that the system boundaries of the strands are very different. System boundary 

 
13 Please note that spatial, temporal and distributional dimensions have been omitted from Equation 1, 
although they are discussed where relevant. A discussion of changing governance conditions is beyond the 
scope of this article. 
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expansion from strand 1 to 3 is paved with complexities and practical problems, which 

explains the increasingly thin literature base.  

Literature strand 1 (from climate change mitigation measures to multiple objectives; see 

I in Figure 5.1) links mitigation measures, defined here as “technologies, processes and 

practices that contribute to mitigation” (37, p. 1266), to other sustainability objectives  

𝑧𝑖  (𝑖 = 1, … , 𝑚). In particular, it characterizes these mitigation measures in terms of 

their multiple co-benefits and adverse side effects on non-climate objectives (see 

Section 5.3), mostly in the context of specific sectors/ applications and locations. Other 

co-effects accrue to stakeholders outside the sector/location (upstream, downstream, 

or downwind). Such evidence can inform the technological choices of national and local 

policy makers by highlighting the potential co-effects of mitigation measures for other 

objectives. This task remains challenging, however, because the wealth of evidence is 

scattered across multiple research communities and studies, each dealing with specific 

aspects, sectors, locations, and sometimes policies, but neglecting cross sectoral and 

cross regional interactions of policies, technology choices, and the associated 

implications for social welfare. 

 

Figure 5.1 Schematic overview of important terms and concepts linked to the different literature 

strands on the interactions of mitigation, other objectives, and social welfare, following Equation 1. 

Abbreviations: CBA, cost-benefit analysis; CEA, cost-effectiveness analysis. 
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Literature strand 2 (from climate policies to mitigation measures to multiple objectives, 

see II in Figure 5.1) analyzes the implications of a stylized global climate policy (i.e., a 

global mitigation goal) for other sustainability objectives via the deployment of globally 

cost-effective portfolios of mitigation measures and the resulting macroeconomic 

mitigation costs. The analysis has been largely limited to the co-effects of mitigation on 

one sustainability objective at a time—and in some cases vice versa (see Section 5.4.1). 

This body of research can be an important source of evidence for policy makers, 

potentially changing the incentive structure for global mitigation efforts if near-term 

benefits for other objectives (e.g., local air quality) are more explicitly taken into account 

(36, 38–44). This strand focuses, however, on the co-effects of mitigation pathways in 

non-monetary terms and neither explicitly considers interactions of climate and non-

climate policies nor the resulting macroeconomic effects (beyond aggregate mitigation 

costs).14 

Literature strand 3 (from integrated policies to measures to objectives to welfare; see III 

and IV in Figure 5.1) adds another step by not only considering how integrated policies 

(i.e., climate and non-climate) through different measures contribute to multiple 

objectives but also analyzes the policies’ respective macroeconomic effects. To analyze 

the aggregated importance of the synergies and trade-offs between multiple objectives 

resulting from alternative policy packages on a global scale, different integrated models 

have sought to extend their system boundaries to embrace a multi-objective 

perspective. Because welfare effects are only significant in second-best environments 

(i.e., if there are multiple externalities that are not fully internalized; see Section 5.4.3), 

the existing studies look at a smaller set of objectives than the other literature strands 

to deal with rising complexity (see Section 5.4.2). Although one modeling approach 

compares many different future mitigation scenarios based on various combinations of 

policies to achieve different levels of multiple energy policy objectives [cost-

effectiveness analysis (CEA), III in Figure 5.1], another modeling approach equalizes 

marginal costs (including residual impacts) and benefits (including avoided impacts) to 

determine socially optimal policy stringencies [cost-benefit analysis (CBA), IV in Figure 

5.1]. Owing to major conceptual challenges in integrating several objectives in a decision 

framework, this evidence base is still in its infancy (7, 10, 34, 46, 47). 

5.3 Sectoral research results on the co-effects of mitigation 

measures 

This section provides a qualitative meta-analysis of the many existing studies on 

mitigation co-effects from the sector-specific research assessed in the WGIII AR5. Our 

goal is to expand its high-level findings and the associated implications for multi-

objective decision making. The section also identifies the most important caveats that 

are associated with the quantification and global aggregation of co-effects—often 

 
14 Barker et al. (45) reviews studies that apply computable general equilibrium models for evaluating the 

welfare impacts of climate vis-`a-vis non-climate policies, but with a focus on specific regions and policies in 
the short to medium term (e.g., Chile and China). They are thus not suitable for drawing lessons for a global 
scale and longer time horizons. 
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referring to literature on air pollution because it is the most thoroughly researched co-

effect (12, 36, 41).  

The qualitative meta-analysis in Figure 5.2 on the potential co-effects of sectoral 

mitigation measures for a wide range of sustainability objectives builds on several 

hundred studies that were published after the WGIII AR4 (48) and assessed in the 

different sector chapters of the WGIII AR5 (20). Although the underlying studies were 

often conducted for locally specific circumstances, the potential for such effects in one 

location often implies that they are possible or even likely in other locations with similar 

circumstances. Some studies are able to draw on existing data for some of the sectoral 

measures (particularly bioenergy), but many studies on co-effects are forward-looking 

because many mitigation measures are not yet implemented for various reasons. 

Owing to space constraints, Figure 5.2 focuses on the effects for which a considerable 

number of studies exist. To facilitate a structured overview, the mitigation measures on 

the demand side and the associated co-effects are classified into three broad strategies: 

(a) fuel switching to low-carbon energy carriers/fuels, (b) technical energy-efficiency 

improvements, and (c) energy demand reduction through other means (e.g., 

behavioural/structural changes)—largely following Edenhofer et al. (11, Table TS.3). The 

co-effects for the different sustainability objectives are classified along the three SD 

pillars—economic, social, and environmental [see Fleurbaey et al. (7) on the relation 

between multiple objectives and SD]. Although some objectives can be regarded as 

ultimate end points (e.g., health), others are intermediate end points (e.g., water 

pollution), following the availability of literature on the respective co-effects. 

The extent to which any of these effects will eventually materialize also depends on 

other factors. These include the scale, scope, and pace of implementation of the 

mitigation measures, which are not discussed in detail here. In the Supplemental 

Material, the reader can find condensed information on the co-effects from 

Supplemental Table S-5.1 (available at 

http://www.annualreviews.org/doi/suppl/10.1146/annurev-environ-021113-095626 

and in section 5.10) in the context of the appropriate sector. Two broad messages that 

are globally relevant for decision making can be derived from this meta-analysis: 

1. For mitigation measures on the demand side, the potential co-benefits outweigh the 

risks; on the supply-side, the balance depends to a larger degree on the specific 

measure (1). This implies that efficiency and other measures to reduce sectoral 

energy demand are robust strategies across multiple objectives but that the overall 

co-effects of fuel switching are not as clear-cut (see further below in this section). In 

these cases, the number of potential positive versus negative effects is not 

necessarily a good indication for the net effect on welfare because some large 

effects in terms of the change of non-monetary indicators may have very small 

welfare effects—and vice versa (see Section 5.4.3). 

2. Multi-objective decision making on climate change mitigation can build on a wealth 

of evidence of the different co-effects on many policy-relevant objectives. In fact, 

the scientific literature covers the co-effects of most sectoral mitigation measures 

http://www.annualreviews.org/doi/suppl/10.1146/annurev-environ-021113-095626
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for energy security and reduced health and ecosystem impacts. This is, however, not 

the case for all objectives: Some effects seem to be rather idiosyncratic to specific 

(groups of) measures, as shown in the last column of Figure 5.2, highlighting the 

question of how to compare these different effects. If no arrow is shown, this can 

imply either that an effect is unlikely to materialize or that no scientific literature is 

(as yet) available.  

 

Figure 5.2 The wealth of evidence from sectoral research on the potential co-effects of sectoral 

mitigation measures on additional sustainability objectives, described in part by the following colours 

and symbols: green arrows/text, potential co-benefits; orange arrows/text, potential adverse side 

effects; smaller arrows, small-scale effects by comparison; blank cell, the effect is either unlikely or is 

not reported in the literature; grey-shaded cells, potential effects also possible outside the location of 

implementation. Figure 5.2 is based on a qualitative meta-analysis of the sectoral literature on non-

monetary indicators for co-effects in the WGIII AR5 sector chapters on energy supply (21), the 

transport sector (54), the buildings sector (52), the industry sector (147), and bioenergy (102). 

Abbreviations: BECCS, bioenergy and CCS, i.e. the application of CCS technology to bioenergy 

conversion processes; CCS, carbon dioxide capture and storage.  

a Relates to reduced exposure to fuel price volatility; the concentration of the nuclear supply chain 

may, however, lead to long-term stresses (148). 

b The co-effects of bioenergy heavily depend on the development context and the scale of the 

intervention. Other agriculture, forestry and other land-use (AFOLU) measures are not included in 

this figure because they are not directly related to energy transition (see 26, 102, and 109 for an 

overview). 

c This is mainly valid for large-scale monocultures. 

d Excluding diesel. 

e Land-use planning can create the underlying conditions for collocated higher employment and 

residential densities that are necessary to support the use of public transport (see 18). 

f Including efficient equipment as well as insulation interventions. 

g Based mainly on behavioural changes. 
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It is, however, difficult to gain more than qualitative insights for policy making in one 

location if the quantitative evidence is based on locally specific circumstances, policies, 

and assumptions from another location. For example, the net effect of fuel switching on 

other objectives depends on the extent to which the benefits of switching away from 

high-carbon energy carriers dominate the context-specific balance of co-effects arising 

from the increased supply of low-carbon energy carriers. The net effect also depends on 

how individual measures are implemented, affecting the degree to which each unit of 

low-carbon energy actually replaces one unit of high-carbon energy (49). Many studies 

discuss the example of biofuel deployment and its effect on total global fuel 

consumption, but they do not agree on its quantitative importance (e.g., 50, 51). In the 

same way, energy-efficiency measures in the energy demand sectors may not 

necessarily lead to the possible energy demand reductions because rebound effects can 

occur. These also differ across different locations (52, 53). In fact, a multitude of changes 

(e.g., in climate and non-climate policies, energy prices, and energy supply and demand 

resulting from technological and behavioural changes) makes any comprehensive 

analysis highly complex, and estimations of these rebound effects vary widely (21, 54, 

55). Figure 5.2 addresses this challenge of context-specific circumstances by assuming, 

in the first part of the figure, that each unit of low-carbon energy supply replaces one 

unit of coal (instead of a locally specific energy mix). This specification is required to 

establish a baseline against which the lower-carbon energy supply technologies can be 

evaluated with respect to other objectives. 

This implies that any quantifiable results reported in the literature depend largely on the 

system boundaries chosen for the analysis of individual studies. In contrast to the cross 

regional, cross sectoral mitigation perspective adopted by the integrated models 

discussed in Sections 5.4 and 5.5, sectoral research on co-effects often focuses on a 

particular location/country. This allows the research to take into account locally specific 

detail, which in turn is useful for informing local/national policy priorities and processes, 

but this level of detail is less useful as a basis for generalized results. The diverging foci 

can partly be explained by the fact that mitigation effects are independent of the 

location of GHG emission reductions, whereas many of the co-effects are most salient as 

policy drivers at the local scale (19, 41, 56).15  

Moving beyond technological aspects, the empirical projections for co-effects of 

individual sectoral studies also depend on explicit or implicit assumptions on the 

effectiveness of existing or planned non-climate policies at the national and local levels 

that target the non-climate objectives directly, i.e., the projected baseline developments 

in the absence of climate policies (35, 43, 55, 60, 61). For example, the effects of 

mitigation measures on air pollution usually differ between wealthier and poorer 

countries; there are more stringent air quality policies in richer places and, hence, a 

lower base of pollutants squeezing the potential health gains (35, 41, 57, 59, 62, 63). The 

extent to which co-effects materialize also depends on geographical characteristics—

 
15 The most notable exceptions are emissions of non-GHG air pollutants, which are reduced along with GHG 

emissions reductions when fossil-fuel combustion is avoided. The analysis of many air pollutants also draws 
on regional and global models (see, e.g., 43, 57–59) because the impacts are not confined to the location of 
emission. See section 5.4.1 for a discussion of their climate effects. 
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even within an individual country where differences can arise, for example, between 

rural and urban environments. Socioeconomic circumstances that cannot be shaped by 

policies, at least in the near to medium term, such as different indoor/outdoor activity 

patterns and the concentration of population, can also impact the associated exposure 

to air pollution (29, 35, 45, 64). 

Despite these caveats in quantifying the co-effects of mitigation policies in non-

monetary terms, many researchers have gone one step further by monetizing them. 

They build on economic valuation techniques that are used in research fields such as 

health and environmental economics (12, 34, 64). Some of the studies on monetized 

health co-benefits through air quality improvements, for example, cover a wide range of 

estimates: $2–840 per ton of CO2 saved (see 41 for an overview, 59 for the upper 

estimates). This is due to, inter alia, consideration of diverse locations, mitigation and air 

quality policies, pollutants, impact channels, economic sectors, time horizons, and 

valuation techniques (see, e.g., 35, 41, 45, 55, 65). 

In conclusion, many of the qualitative results for the various co-effects of mitigation 

measures derived for a single location are critical for decision making in that location. 

They can also be helpful for decision makers elsewhere to gain an overview of the 

potential effects of the many available sectoral mitigation measures. At the same time, 

any quantitative aggregation of sectoral research results on co-effects, particularly at a 

global scale, beyond the qualitative meta-analysis presented above, remains challenging 

owing to the incommensurability in results across effects, sectors, and locations—

despite the vast amount of literature that has recently developed. Such an aggregation 

is, however, a prerequisite for a detailed understanding of the importance of global-

scale synergies and trade-offs across mitigation and the many other global-scale 

sustainability objectives. The next section discusses quantitative results from integrated 

models on these interactions, building on a unified framework of analysis with respect 

to future global climate policy and a number of harmonized exogenous key parameters 

across models (see Supplemental Material Section 5.10.1). This makes their results at 

the global level more comparable and accessible to decision makers, but it is at the 

expense of the rich sectoral details presented above. 

5.4 Integrated model results on the interactions of multiple 

sustainability objectives 

The results of the interactions of mitigation and other sustainability objectives from 

integrated model studies assessed in the WGIII AR5 (1) are further condensed and 

discussed in this section to expand on the high-level findings and the associated 

implications for multi-objective decision making. One important advantage of this 

literature is that the deployment projections capture cross regional and cross sectoral 

interactions of mitigation measures.16 On the basis of methodological insights in 

analyzing the co-effects on specific objectives from the sectoral literature (see Section 

 
16 To keep model complexity manageable, however, this strand of literature typically projects the effects of 
stylized policies rather than considering detailed policy instruments. It ignores the potential interactions 
between different mitigation policy instruments on different governance levels (19, 66). 
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5.3), the integrated models have expanded their system boundaries to analyze the 

interactions of global mitigation goals and additional objectives in one research setup, 

such as air quality and its health implications, energy security, energy access, as well as 

minimizing energy-related biodiversity loss and water and land use. Although the 

majority of these studies focus on the co-effects of mitigation pathways on one other 

objective, or vice versa, in non-monetary terms (see Section 5.4.1), a few recent 

analyses have looked at the interactions of integrated policies for multiple objectives, in 

some cases even taking welfare effects into account (see Section 5.4.2). A thorough 

analysis of such welfare effects with numerical models requires a consistent formulation 

of policy and counterfactual baseline scenarios. Section 5.4.3 critically discusses these 

issues as well as the associated cost metrics used in integrated models to convey 

information on macroeconomic and welfare impacts. 

5.4.1 Integrated model results on the co-effects of mitigation pathways 

In the integrated model literature, there is growing attention paid to the interactions of 

mitigation and non-climate objectives (8, 67). Figure 5.3 offers a condensed overview of 

those studies looking at (a) the co-effects of different mitigation pathways and (b) the 

reverse direction, i.e., the effect on climate change if, for example, air quality policies 

are pursued (indicated by the arrows in the second column). 

An increasing body of literature has explored the linkages between air pollutant and 

climate policies (see 68 and 69 for a review). These studies indicate significant co-

benefits of mitigation for a number of different air pollutants—up to 50/35/30/22% 

reductions by 2030 of sulfur dioxide (SO2), nitrogen oxides (NOx), 2.5-μm particulate 

matter (PM2.5), and mercury (Hg) emissions or concentrations against baseline scenarios, 

respectively (8, 43, 70, 71).17 At present, only a limited number of global-scale integrated 

models are able to analyze these effects in some detail. The current versions of these 

models typically estimate the physical air pollution co-benefits of technological changes 

motivated by mitigation activities (63); in some cases, air quality and human health 

impacts are also calculated (43). However, explicit representations of air pollution 

control costs are for the most part not included. What some of the scenarios do consider 

are clearly specified policy packages for air pollution control, finding that the co-benefits 

of mitigation depend on the stringency of current and planned air pollution legislation 

(cf. Sections 5.3 and 5.4.2) (e.g., 40, 69). Other studies have meanwhile analyzed the 

reverse mechanism: the impacts of air pollution control measures on the global climate. 

A key point here is that many of the air pollutants also impact radiative forcing as they 

form aerosols or act as precursors of aerosols or GHGs. There is, however, great 

uncertainty in the estimates (38, 63, 72–75). Studies focusing on the co-benefits of air 

pollution policies for mitigation show that they can potentially reduce net radiative 

forcing and midterm temperature change by up to 0.2°C by 2030. This can only occur, 

however, under somewhat debatable assumptions, such as limited or no improvements 

in the control of air pollutants that cool Earth (e.g., SO2, NOx) (58, 69, 75). 

 
17 Because the deployment projections are uncertain with respect to the role of individual measures (even 

for a particular mitigation goal, such as the 2°C target) and different models show different results (see 
Supplemental Material Section 5.10.1), the ranges for these results are relatively large (see Supplemental 
Figure S-5.2 for BC and SO2 emissions). 
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Figure 5.3 Overview of integrated model literature results on interactions of mitigation and other 

sustainability objectives on a global scale as reviewed in Clarke et al. (1, sections 6.3.5 and 6.6), 

described in part by the following colours and symbols: green arrows, potential co-benefits; orange 

arrows, potential adverse side effects; smaller arrows, small-scale effects by comparison; grey-shaded 

cells, research that analyzed the co-effects of pursuing sustainability objectives on mitigation goals. 

Studies that looked at integrated policies for achieving multiple objectives are discussed in Section 

5.4.2, but their results are also included in this figure. Abbreviations: CO2, carbon dioxide; GHG, 

greenhouse gas; GJ, gigajoule; Hg, mercury; MSA, mean species abundance; NOx, oxides of nitrogen; 

PM2.5, particulate matter 2.5 micrometers in diameter or smaller; SLCP, short-lived climate pollutant; 

SO2, sulfur dioxide.  

a Interregional energy trade is used in the underlying studies as a global proxy for regional import 

dependence.  

b Energy access here refers to basic needs for clean, reliable, and affordable energy services and should 

not be confused with the increased demand for energy services that, at least historically, has been 

driven by broader economic growth (1). 

Current science indicates that such climate benefits decrease with increasing mitigation 

efforts and, more generally, depend greatly on which air pollutants are reduced and to 

what extent. This is because emissions of SO2 and NOx mask global warming because of 

their cooling effects, whereas emissions of black carbon (BC) and tropospheric ozone 

precursors contribute positively to radiative forcing (55, 72). Several studies go further 

by noting that reductions in short-lived climate pollutants do not buy substantial time 

for CO2 emissions reductions but can complement concerted mitigation efforts (69, 76, 

77). Air pollution policies that are not focused on the co-benefits for mitigation could 

even exacerbate global warming (63). 

A growing body of literature focuses on the energy security implications of climate 

change mitigation scenarios. From the perspective of energy sovereignty (or risks arising 

from foreign actors), most of the literature finds that energy trade and imports decline 

as a result of mitigation (8, 78–82). The bulk of this co-effect emerges after 2030, 

however, because in the short-term mitigation limits domestic coal deployment, which 

counterbalances the increase in domestic renewables (83). In addition, the increased 

sovereignty of major importing countries is likely to result in a drop in energy export 
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revenues for the Middle East, the former Soviet Union, and possibly the United States 

(84–89).18 Moreover, geographic diversity of production has been found to increase as 

fossil fuels are phased out of the system (78, 88). The upside of lower extraction rates is 

less concern over resource scarcity and the related price volatility (78, 83, 93). The 

literature also finds that mitigation leads to greater resilience from diversification of 

energy sources in transport and electricity (8, 78, 80, 83). What the scenario literature 

on the linkages between energy security and mitigation does not include are, for 

instance, a broad treatment of the robustness concerns related to systemic failures from 

discontinuities and shocks (94) and a more systematic analysis of the climate 

implications of policies targeted at energy security than has been done previously (40, 

95). 

The impact of climate policy on energy access depends strongly on how the policy is 

actually implemented. Although the transition from traditional to modern energy could 

become somewhat more expensive if GHG emissions were priced universally (96), 

staged implementation of climate policies or dedicated policy schemes could lead to 

very different results (67). In least-developed countries with a high potential for off-grid 

technologies, scenario studies have shown that the deployment of renewable energy 

can help promote access to clean, reliable, and affordable energy services (97, 98). The 

impacts of policies promoting energy access on climate change are projected to be very 

small (67, 99). As energy consumption of the world’s poorest is very low and modern 

energy carriers can be used much more efficiently than traditional ones, studies have 

shown that there is negligible impact on global CO2 emissions over baseline levels, even 

if traditional biomass is completely replaced by fossil fuels (100, 101).19 Moreover, the 

use of modern energy also reduces emissions of BC, further reducing the net impact on 

climate (38, 58, 72). 

The interactions between climate policy and biodiversity are complex and beset with 

increased uncertainty from a lack of knowledge regarding the detailed functioning of 

complex ecosystems. The impact of climate policy on biodiversity particularly depends 

on the net impact of avoided climate change (and associated changes in air pollution) 

and the possible impacts of mitigation measures, such as the use of bioenergy and 

forestry-related measures (the impact here depends on the specific measure). Van 

Vuuren & Kok (67) show that unless bioenergy is regulated the negative impacts might, 

in future decades, dominate the positive ones. In the opposite direction, policies to 

preserve biodiversity could lead to a reduction of CO2 emissions from land use if they 

lead to a larger forest area on a global scale (67). This not only depends on local policies 

to protect specific ecosystems but also on land-use policies in different areas of the 

world in general (given the potential impacts on food trade). 

 
18 Though a few studies argue that if costs of unconventional oil were high enough conventional oil 

producers may actually benefit from climate policies because this market structure would increase the 
marginal price of oil (90–92). 
19 Pachauri et al. (100) argue that achieving universal energy access could even reduce global GHG 
emissions, assuming that 20% of traditional biomass is unsustainably harvested today and hence adds to 
current net GHG emissions.  
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The relationships between land use and climate policy are complex as several very 

uncertain relationships exist, and different policies can have very different impacts. For 

instance, mitigation scenarios tend to use large levels of bioenergy. Models show that 

this can significantly influence land use or land tenure as land is needed for bioenergy 

production, potentially leading to a reduction of natural areas (and associated GHG sinks 

and/or areas for food production). The exact impact depends on assumptions and 

modeled impacts on (induced) yield changes, dietary patterns, trade policies, land 

policy, and other GHG policies. The latter could, for instance, lead to an incentive not to 

increase (or even decrease) the natural area. At the moment, most integrated models 

only capture some of these relationships, and the net impact is difficult to assess given 

the uncertainties involved (24, 27, 29, 67, 102–105).20 Most studies agree that overall it 

is important to account for the adverse side effects of large-scale use of afforestation 

and bioenergy, particularly because of food security and land tenure concerns (see 26, 

103, 109–111 for a more in-depth discussion and assessment of many other SD 

implications).21 This is why many scenarios in the literature explicitly consider futures 

with limited supplies of biomass for bioenergy purposes; although this may lead to 

higher mitigation costs in total, the SD risks could be lower (113). 

A few studies have looked at the relationship between climate policy and water use. 

Mitigation reduces water use for fossil-fuel power plants (114; also see Supplemental 

Material Section 5.10.4 on energy supply for the varying effect of deploying different 

renewable energy technologies) but could increase water use for bioenergy production 

(115, 116; also see Supplemental Material Section 5.10.4 on bioenergy). In addition, 

mitigation influences the precipitation and evaporation changes associated with climate 

change, but these are very uncertain (117). Given these uncertainties, it is challenging to 

conclude anything on these net impacts at the moment. 

Taken together, the overall evidence on the implications of stringent mitigation goals on 

other objectives—particularly from multimodel scenario results—is very relevant for 

multi-objective decision making. For instance, the integrated model literature confirms 

the insights from more sectoral studies (condensed in a qualitative way in Figure 5.2) 

that the co-effects of mitigation goals on air quality and energy security via the many 

sectoral mitigation measures are positive and shows that they are often projected as 

substantial. At the same time, this synergy is less clear or entirely reversed for the 

mitigation benefits of policies primarily targeted at air quality or energy security.  

The majority of the model studies, however, have only explored the co-effects of 

mitigation on a single additional objective—or vice versa. The next section discusses the 

recent body of strand 3 literature, which takes a more comprehensive and holistic 

 
20 Under the heading of water-land-energy nexus, however, local trade-offs are analyzed by a growing 
research community (e.g., 106–108). 
21 One recent model intercomparison (the first for agro-economic models) found that the effect of 
lignocellulosic bioenergy deployment, rising to about 100 EJ by 2050, on food prices is significantly lower 
(5% higher prices on average across models) than the potential effects induced by climate impacts on crop 
yields in a high-emission scenario (25% higher prices on average across models) (112). Because these effects 
are closely related to land-use impacts, they are not separately shown in Figure 5.3. 
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perspective to explore the interactions of multiple objectives in one study and how to 

reach them simultaneously with integrated policies. 

5.4.2 Integrated model results on integrated policies for multiple objectives 

Some of the modeling teams further broadened the scope of their model tools to 

analyze integrated policies, which simultaneously achieve multiple objectives: Bollen et 

al. (95), scenarios developed in the context of the Global Energy Assessment (118; see 8, 

40,119), Rao et al. (43), van Vuuren & Kok (67), Rogelj et al. (69), Chuwah et al. (120), 

Calvin et al. (121), and Akimoto et al. (122).22 The former two studies quantify key 

interactions in economic terms on a global scale, which is why they are discussed in 

more detail in this section. As outlined by Edenhofer et al. (28) and in Section 5.4.3, 

analysis of integrated policies, the associated effects on multiple objectives, and the 

effects on macroeconomic costs or welfare metrics imply consideration of multiple 

externalities—either explicitly or implicitly. 

Bollen et al. (95) developed a set of scenarios using a social welfare optimization 

approach to assess the costs and benefits (both market and external) of climate, air 

pollution, and energy security policies, either in isolation or in an integrated way (i.e., a 

CBA, see the pink circles in Figure 5.4). The GEA scenarios, as pictured in McCollum et al. 

(119), focus on the same subset of energy policy objectives but instead use a set of 

normative policy targets (implicitly assuming a second-best environment, i.e., that pre-

existing externalities are not sufficiently internalized; see Section 5.4.3) and a large 

ensemble of scenarios to determine ranges of costs for policy packages of varying 

stringencies and forms (i.e., a CEA, see Figure 5.4 and the table below to explain the 

three stringency levels for each objective). For both sets of scenarios, Figure 5.4 shows 

global policy costs as a percentage of globally aggregated gross domestic product (GDP) 

between 2010 and 2030 of pursuing one of the three energy policy objectives in 

isolation (the three leftmost bars/circles) or all of them simultaneously with integrated 

policies (rightmost bar/circle). For a discussion of the different welfare metrics used by 

the two studies, please refer to Section 5.4.3. 

Both studies find substantial synergies across the different objectives. McCollum et al. 

(119) show that global policy cost reductions can materialize—particularly in the near 

term—if multiple objectives are pursued with integrated policies rather than in isolation. 

Note, for example, that the sum of the costs represented by the three leftmost bars is 

much greater than the costs represented by the rightmost bar. These cost synergies 

arise, for example, through reduced financial requirements for end-of-pipe air pollution 

control equipment and imported fossil fuels in a decarbonized energy system (see Figure 

5.3). Similar findings have been made for regional assessments of the economic 

implications of co-benefits (57, 128, 129), but the literature reviewed here is the first to 

evaluate these effects on a global scale. 

 
22 Although the literature on low-carbon society pathways considers multiple sustainability objectives in an 
integrated way, the models are calibrated to national scales only, which is why they are not discussed here 
(123–127). 
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Figure 5.4 Costs of achieving three energy policy objectives for different policy prioritization 

frameworks. For McCollum et al. (119) (blue bars), policy costs are derived from an ensemble of >600 

scenarios and represent the net financial requirements (cumulative discounted energy-system and 

pollution-control investments, variable costs, as well as operations and maintenance costs) over and 

above baseline energy-system development, which itself is estimated at 2.1% of the global gross 

domestic product (GDP). For Bollen et al. (95) (pink circles), policy costs are derived from a set of four 

distinct scenarios and are calculated as GDP losses (cumulative discounted) relative to a no-policy 

baseline. Triangular schematics summarize the performance of scenarios from McCollum et al. (119) 

that achieve stringent fulfilment only for the objective(s) targeted under the corresponding policy 

frameworks (axis values normalized from 0 to 1 based on the full range of scenario ensemble 

outcomes). Sources: Riahi et al. (8), Bollen et al. (95) and McCollum et al. An integrated approach to 

energy sustainability. Nat. Clim. Change, 1(9): 428–9 (2011), used with permission of Springer Nature. 

Other near-to-midterm synergistic effects of mitigation activities, also identified by 

Bollen et al. (95), include improved air quality (hence, lower health impacts) and 

enhanced energy security through fuel diversification by lowering the reliance on oil and 

gas demand and imports. As many of these synergies come about through energy and 

carbon intensity reductions, climate policy may be seen as a strategic entry point for 

reaping these benefits. It should be mentioned, however, that the co-benefits of 

stringent climate policies for energy security, air quality, and health, respectively, will be 

much less pronounced if future policies for air pollution and energy security are more 

aggressive than currently planned, as discussed in Section 3 (see 43, 69, and 120 for a 

detailed discussion of the implications of different air pollution control stringencies). 

The integrated model studies presented in this section are the most comprehensive 

efforts to date in integrating many of the steps from the welfare-theoretical framework 

presented in Section 5.2 and showing conclusive quantitative results on a global scale. 

https://www.nature.com/articles/nclimate1297
https://www.nature.com/articles/nclimate1297
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At the same time, these studies show the limits of integrating all these aspects into a 

single analysis framework. This is because they have to reduce the scope of analysis at 

each step, unlike in other literature strands, thus highlighting the value of each 

individual strand: 

1. To keep model complexity manageable, these two studies focus on a smaller set 

of (energy policy) objectives, compared to the objectives considered in the 

sectoral research (literature strand 1, condensed in Figure 5.2) and even 

compared to model results on co-effects (literature strand 2, condensed in Figure 

5.3).  

2. Because these studies are each based on single models, the entire uncertainty 

range of deployment projections (see Supplemental Material Section 5.10.1) and 

the associated co-effects (as evidenced by the wide ranges from literature strand 

2 in Figure 5.3) cannot be fully considered. 

3. The determination of optimal levels of multiple objectives is prone to 

assumptions and value choices and largely hypothetical for nonmarket goods, so 

this small set of studies that analyze macroeconomic implications across multiple 

objectives reduce the complexity of the task by resorting to a range of simplifying 

assumptions. McCollum et al. (40), for instance, avoid explicit analysis of 

externalities and determination of welfare optima by considering a set of three 

possible stringency levels of policy targets from the political arena; this 

circumvents the (locally) contested nature of the priority levels attached to many 

objectives. By contrast, Bollen et al. (95) choose a relationship between income 

and the value of statistical life as well as specific parameters for the penalty 

function for energy security deficiencies and for the climate change damage 

function; these all predetermine the priority setting across the analyzed 

objectives; yet, despite the sensitivity analysis conducted, the choice of these 

values/parameters/functions does not cover the wide range of estimates 

available in the relevant literature. 

The analysis of additional objectives relevant for multi-objective decision making in the 

future would require consideration of the locally specific priority settings and policies, 

their non-climate and climate effects on a global scale, and their implications for 

macroeconomic costs and welfare. Because such research is not yet available, Section 

5.5 presents a complementary approach, which usefully juxtaposes sectoral research 

and integrated model results. Section 5.4.3 critically discusses the degree to which the 

integrated assessment of costs, benefits, and co-effects of mitigation can be embedded 

in a welfare framework, and how this depends on the modeling approach. 

5.4.3 Critical discussion of policy costs and welfare effects in integrated 

models 

In Section 5.2, co-benefits and adverse side effects were introduced as part of a welfare-

theoretic framework. We now show how the analysis of co-effects in integrated models 

can be related to this framework. Such models are dynamic numerical tools that explore 

the impact of transformational policies on the coupled energy-economy-environment 

system over a longer period of time (see Supplemental Material Section 5.10.1, for more 



106 

details). By definition, such policies lead to nonmarginal changes in economic activity 

and social welfare. The related economic costs and welfare effects of a policy are usually 

measured against a counterfactual baseline case, which is used as a point of reference 

for the analysis. Integrated models come in various types (see Supplemental Table S-5.1 

in the Supplemental Material Section 5.10.3) and thus have different capabilities of 

measuring the economic costs and welfare effects of policy changes. Two dimensions 

are relevant here: (a) the coverage of policy impact channels in terms of their economic 

costs and their benefits for societal objectives and (b) the degree to which (changes in) 

welfare can be measured.  

Concerning coverage of policy impact channels, most models provide estimates of the 

direct economic costs of climate policies measured, for example, in terms of reduction in 

household consumption or economic output (2; see discussion below). A small, but 

increasing, number of models are also capable of capturing the direct costs of additional 

policies aimed at other non-climate objectives (see 40 and Section 5.4.2). Only a subset 

of models directly includes the economic benefits of policy intervention in terms of 

reduced climate damages (130–132; see 10 for a discussion). A full welfare analysis of 

costs, benefits, and co-effects of climate policy would require capturing the benefits and 

adverse effects of the whole policy portfolio on all relevant objectives and, in turn, the 

modeling of all impact channels through which the set of policies may alter the 

objectives (see 95 and Section 5.4.2). Such a complete CBA (e.g., following Equation 1) 

involves a series of heavily contested value judgments, is associated with a whole array 

of (additional) uncertainties in the valuation process, and hence remains a huge 

analytical and empirical challenge (cf. 10, 47). Those models that capture only policy 

costs are used for CEA, estimating the costs of reaching a set of predefined objective 

levels, for example, long-term climate targets (II in Figure 5.1) or targets for other 

objectives (III in Figure 5.1). Those models that additionally capture the policy benefits 

and residual impacts can also be used in a CBA mode to identify social welfare 

maximizing policies (IV in Figure 5.1). 

Supplemental Figure S-5.3, in Supplemental Material Section 5.10.2, shows how this 

welfare effect can be decomposed into policy cost and benefit components and how the 

range of cost and welfare estimates emerging in CEA and CBA applications, as well as 

climate damage estimates, relate to each other. For example, the policy costs in a multi-

objective setting in the case of McCollum et al. (40) are estimated by a CEA, considering 

the policy benefits in physical terms only (e.g., health benefits), rather than in economic 

terms. By contrast, Bollen et al. (95) include the disutility of air pollution, climate 

change, and energy insecurity in their study. A thorough understanding of how cost and 

benefit estimates relate to a social welfare approach is essential for a meaningful 

comparison of costs and benefits to assess overall welfare changes. Nevertheless, 

information about the individual components of welfare changes shown in 

Supplemental Figure S-5.3 is also particularly useful to evaluate policy trade-offs. Such 

information can be deduced from an analysis of subsystems, includes a smaller set of 

uncertainties and assumptions, and is based on models with better system 

representation. For example, policy cost estimates based on CEA do not need to make 
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assumptions about climate damages that are still highly uncertain, particularly on a 

global level (see 22 for a discussion). 

A second source of difference between cost estimates of different integrated models is 

related to the degree to which welfare can be measured. Partial equilibrium models can 

only explore economic impacts on the sectors that are represented in the model. They 

usually express policy costs in terms of changes to consumer and producer surplus. 

Estimates of welfare changes require a general equilibrium framework that can capture 

the macroeconomic impacts of policies and changes to other objectives (see 

Supplemental Table S-5.1 in the Supplemental Material Section 5.10.3). Monetary 

measures of welfare change in general equilibrium frameworks include equivalent 

variation and compensating variation, which describe how income would need to 

change to keep households just as well off after the implementation of a policy as 

before. As these are quite difficult to calculate and communicate, proxy measures for 

welfare changes, such as changes in household consumption, are used more frequently 

in integrated models (1). Changes in GDP are also commonly used, although GDP is a 

less satisfactory measure of welfare changes because it only captures economic output, 

rather than the welfare benefit it generates (47). 

The introduction of a baseline scenario against which the welfare impact of a policy is 

measured gives rise to the notion of idealized (first-best) and nonidealized (second-best) 

policy environments (cf. 133). An idealized policy environment is one in which a single 

policy problem relating to a single objective exists; all other objectives are already 

achieved at their optimal levels in the baseline scenario (economically speaking, all 

externalities are already fully internalized). Economic theory stipulates that an idealized 

(first-best) policy consisting of ubiquitous Pigouvian pricing of environmentally 

damaging activities is optimal. In the case of mitigation, the idealized policy corresponds 

to comprehensive uniform GHG pricing in all sectors and regions, rising over time at a 

rate that reflects the cost increase of the next available unit of GHG emissions reduction. 

This is a useful analytical benchmark, included in most integrated modeling studies. 

However, co-effects do not have any value for society in such an idealized setting 

because the value of co-effects depends on the degree of internalization of existing 

externalities (34). These therefore need to be studied in nonidealized environments 

characterized by deviation from the optimal levels in more than one objective. In such 

circumstances, first-best policies may no longer be optimal (cf. 134). In some cases, 

climate policy could even lead to welfare losses if an already internalized externality was 

over corrected (34) or interacted with pre-existing inefficiencies in a welfare-degrading 

way (135, 136; also cf. literature on the double dividend, e.g., 137, 138). For example, if 

a climate policy can adversely affect other objectives, overall mitigation costs can rise. If 

co-benefits are dominant, by contrast, mitigation costs can be lower or possibly 

negative, even before factoring in the direct benefits of reducing climate change (see 

Figure 5.5). How large the value of co-effects would be is an empirical question; a major 

research challenge for the next generation of climate policy assessments. 

An even bigger challenge is to integrate the perspective across mitigation and 

adaptation. Integrated models were originally developed and are still used to prescribe 
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optimal policy, including impacts and adaptation in addition to mitigation. However, the 

vast majority of scenarios reviewed by the IPCC was based on CEA rather than CBA and 

had a narrow focus on mitigation. This was mostly owing to the uncertainty in 

estimating impacts and adaptation, and their dependence on the geographical scale (see 

Supplemental Material Section 5.10.1). Mitigation, adaptation, and damages are, 

however, highly interconnected, and joint assessments are receiving renewed interest 

(139). Few integrated studies have quantified the competition between mitigation and 

adaptation in terms of the allocation of investments (140, 141). Others have looked into 

the implications of including adaptation strategies on equity in international climate 

policy (142, 143). In all cases, mitigation and adaptation strategies are found to be 

complementary but with potentially important repercussions on mitigation costs and 

strategies, especially in terms of regional differences.  

 
Figure 5.5. Stylized representation of mitigation cost impacts owing to considerations usually outside of 

those included in integrated models, such as co-effects. The plotted cost range refers to the percentage 

loss relative to baseline scenarios across models for cost-effective mitigation scenarios reaching CO2-

equivalent concentrations of 430–530 ppm (parts per million) in the year 2100 (25th–75th percentiles). 

Adapted from Krey et al. (133). 

5.5 Untapped potential for further synthesis of existing research 

The review and condensation of literature on the co-effects of mitigation measures and 

pathways in Sections 5.3 and 5.4, respectively, show that interesting and important 

insights can be gained from the different strands of literature. Across these strands, 

there is, however, a trade-off between the number of objectives analyzed in a study and 

its ability to present aggregated quantitative results. This is mainly caused by the 

challenges of linking results from the integrated model literature on the one the hand to 

the sectoral literature on the other. Recent attempts to tackle this analytical separation 

from within the integrated model literature (Section 5.4.2) have improved the 

integrated understanding but are limited in scope because studies need to find the right 
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balance in handling complexity, providing transparency, and dealing with computational 

limitations. This section suggests a complementary synthesis, juxtaposing (a) 

quantitative evidence from a wider set of mitigation scenarios from integrated models 

consistent with the 2°C target and (b) qualitative evidence on the potential co-effects of 

mitigation measures on a wider set of sustainability objectives from sectoral research. 

Although such a synthesis also faces limitations, it is able to draw on the respective 

strengths of the somewhat disparate literature strands: (a) the ability of the different 

integrated models to take into account cross regional and cross sectoral interactions of 

mitigation measures and (b) the ability of the sectoral studies, taken together, to take 

into account the co-effects on a wider set of sustainability objectives and at a more 

disaggregate, detailed level. 

In this context, Figure 5.6 presents the different sets of results in such a way that they 

speak to each other and so increase the understanding of relevant co-effects owing to 

global mitigation pathway choices. The figure draws on data for energy supply and 

demand projections (in primary and final energy terms, respectively) that are presented 

by a large group of integrated models for different sets of scenarios (from the WGIII AR5 

Scenario Database, https://secure.iiasa.ac.at/webapps/ene/AR5DB). Ranges of scenario 

results are shown for those indicators that can be linked directly to the (groups of) 

mitigation measures for which co-effects are presented. Integrated models usually 

include all relevant energy supply technologies; however, the number of sectoral 

mitigation measures far exceeds the current limitations of complexity of the models. For 

each demand sector, the figure therefore focuses on the range of projections for total 

sectoral energy demand. It also centres on those high-carbon energy carriers that are 

most widely used today and whose reduction is linked most directly to the co-benefits 

presented on the right side. Finally, it shows the median projections of sectoral demand 

for electricity and bioenergy, which are the most important low-carbon energy carriers 

(see Supplemental Material Section 5.10.4). To show the effect of climate policies on the 

energy supply and demand projections, the figure shows baseline versus mitigation 

scenarios consistent with the 2°C target (as an illustration). This is for both standard 

(black ranges) and for low energy-intensity (EI) assumptions (blue ranges) in which the 

rate of EI reduction is consistent with and greater than historical developments, 

respectively. The figure thus allows the co-effects of the sectoral mitigation measures to 

be linked to the projected changes in crucial energy indicators. Even though the ranges 

are often wide, the changes in the median projections consistently show the following: 

1. Increased attempts to achieve EI reductions in baseline scenarios (i.e., without 

targeted climate policies) lead to reduced demands and supplies of energy 

carriers in all sectors against the baseline; this implies that there would be a 

substantial number of potential co-benefits, particularly owing to reduced 

impacts of those energy carriers that are associated with the largest adverse 

side effects (oil, traditional biomass, and coal; see Supplemental Material 

Section 5.10.4). However, relying solely on optimistic EI reductions, without 

having a dedicated climate policy, does not allow the 2°C target to be achieved 

(1) as it only slows the growing oil and coal demand and may generate rebound 

problems (see Section 5.2). 

https://secure.iiasa.ac.at/webapps/ene/AR5DB
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Figure 5.6 Scenario results from integrated models consistent with a 2°C target for different energy 

supply and demand indicators and the potential co-effects of (groups of) sectoral mitigation measures 

on additional sustainability objectives. Only scenarios with immediate mitigation and full availability of 

technologies are shown. Mitigation scenarios with CO2-equivalent concentrations of 430–480 ppm 

(parts per million) in the year 2100 are indicated by 450 ppm. For details, see section 6.1.2 and Table 

6.2 in Clarke et al. (1). Dark green arrows/text, potential co-benefits; orange arrows/text, potential 

adverse side effects; smaller arrows, smaller effects by comparison (see Figure 5.2 for details and 

notes). Abbreviations: BECCS, bioenergy and CCS; CCS, carbon dioxide capture and storage; CO2, 

carbon dioxide; EJ, exajoule. 
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2. Projections for mitigation scenarios with standard EI assumptions not only 

require demand reductions against baseline and today’s levels of oil and coal 

use but also result in an increased demand for biofuels and electricity from low-

carbon sources. The balance of the local co-effects primarily depends on how 

and where the additional bioenergy is produced and which low-carbon 

electricity supply technologies are deployed where to satisfy the additional 

electricity demand (Section 5.3 and Supplemental Material Section 5.10.4). 

3. Increased attempts to achieve EI reductions in mitigation scenarios lead to the 

lowest demand for all fossil-based energy carriers as shown in Figure 5.6. The 

additional supply of low-carbon electricity and bioenergy is lower than that of 

mitigation scenarios with standard EI assumptions. Maximizing synergies and 

minimizing trade-offs with non-climate sustainability objectives hence require 

that climate (and non-climate) policies be chosen in such a way that certain 

adverse side effects of bioenergy production are either avoided or carefully 

managed (24–26, 29, 102, 109, 113, and bioenergy supply in the Supplemental 

Material Section 5.10.4) and that low-carbon, but risky, energy supply 

technologies (e.g., nuclear and carbon dioxide capture and storage) are 

deployed in situations where they generate the lowest adverse side effects (see 

21, 118, and energy supply in the Supplemental Material Section 5.10.4). 

This synthesis offers a useful opportunity to draw on different strings of evidence from 

the somewhat disparate strands of literature at one glance and potentially increases our 

understanding of the implications of mitigation policy choices. Yet, Figure 5.6 offers 

neither quantitative results on the net global co-effects nor their impact on overall social 

welfare. To mitigate this shortcoming and better adapt these findings to the specific 

circumstances, this exercise could be repeated for those disaggregated scales that are 

still supported by the integrated models (for up to about two dozen world regions). This 

would give decision makers the opportunity to interpret the results against the 

background of regional contexts and priority settings (see, e.g., 39), circumventing some 

of the challenges of welfare accounting discussed in Section 5.4.3. 

5.6 Conclusion and outlook 

Based on a welfare-theoretic framework, the review and condensation of the WGIII AR5 

results in this article show that the different strands of literature on co-effects have 

focused on different aspects of the interactions of climate change mitigation and other 

sustainability objectives; each strand of literature considered independently has 

remained partial in its ability to generate insights. This article also reveals that 

quantification and aggregation of co-effects are challenging because of the 

incommensurability and uncertainties of results that are all the more pervasive (a) the 

more the perspective shifts from sectoral and local to economy wide and global, (b) the 

more objectives are taken into account in the analysis, and (c) the more the results are 

expressed in economic rather than non-monetary terms. 

Despite the growing insights into the co-effects of mitigation measures and recent 

efforts to conduct more integrated research, there are still substantial trade-offs (a) 
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between the number of objectives analyzed and the ability to present quantitative 

results, particularly for overall welfare implications; and (b) between capturing synergies 

and trade-offs across different levels to inform global coordination and providing 

context-specific information necessary for local/sectoral policy making. 

Literature strand 1 is able to analyze the effect on many objectives at a high degree of 

sectoral detail, and its meta-analysis in Figure 5.2 points to the important role of energy-

efficiency improvements and other measures to reduce energy demand. The associated 

results are, however, very challenging to aggregate, particularly in monetary terms and 

on a global level. One reason for this is that they do not take into account cross sectoral 

or cross regional interactions—a prerequisite for cost-effective mitigation. Although 

literature strand 2 develops a better understanding of cost-effective mitigation 

pathways with respect to their implications for global co-effects in quantitative terms, 

revealing the salience of energy security and air quality co-benefits, it only analyzes a 

limited number of objectives. Lastly, literature strand 3 offers important insights into the 

welfare implications of pursuing three energy policy objectives either simultaneously or 

in isolation and reveals that climate policy is a good entry point to realize synergies 

across these objectives. The number of objectives analyzed is even smaller than in the 

second strand as is the ability to reflect the full range of uncertainty across different 

models. Future work can build upon these efforts. 

To relax this trade-off to some extent, we present a way forward that draws on the 

existing strings of scientific evidence and builds on the respective strengths of the 

different literature strands without integrating them into a common modeling 

framework. Section 5.5 brings together in one figure (a) quantitative evidence on the 

future energy supply and demand in different sectors from a wider set of mitigation 

scenarios consistent with the 2°C target and (b) qualitative evidence on co-effects of 

mitigation measures on a wider set of sustainability objectives from sectoral studies. 

Although this approach does not eradicate the pervasive incommensurability and 

uncertainties, it makes them more transparent and accessible to decision makers. This 

synthesis tool allows decision makers to gain a better overview of, and to extract high-

level insights into, the complex interactions of multiple objectives, revealing the 

following: 

1. Mitigation pathways consistent with the 2°C target lead to a whole range of 

potential co-benefits and lower risks by reducing the use of fossil fuels and 

traditional biomass against baseline developments (and often current use); 

higher demand for low-carbon energy carriers might increase supply-side risks in 

specific local circumstances. 

2. Faster-than-historical EI reductions lead to potential co-benefits and reduced 

risks in all sectors, irrespective of the scale of targeted global mitigation efforts. 

Combining optimistic EI reductions with stringent mitigation efforts leads to 

higher co-benefits and lower risks compared to mitigation pathways with 

standard EI reductions by reducing the demand for fossil fuels and traditional 

biomass and increasing the flexibility of choice between alternative mitigation 

measures. This allows better management of mitigation risks on the supply side 
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associated with the upscaling of low-carbon energy technologies and bioenergy 

supply. 

The good news is that most risks on the supply side, which increase with the stringency 

of the mitigation goals, occur at the local scale and can be managed locally or nationally 

(except, perhaps, nuclear proliferation risks and the global aspects of food insecurity). 

Decision makers at the local/national level can exploit the increasing level of knowledge 

and the flexibility implied by the large range of results from mitigation scenarios (see 

Supplemental Material Section 5.10.1) to choose climate policies and mitigation 

measures according to their priorities for sustainability objectives. On the basis of 

existing literature, however, it is not possible to analyze the co-effects of these 

(sub)national measures on multiple objectives and their global mitigation effects in an 

integrated way, and vice versa, at least not for more than a small number of energy 

objectives (see Section 5.4.2). Despite a better understanding of the potential co-effects 

of different sets of mitigation pathways for a broader set of objectives (presented in 

Section 5.5), scientific evidence thus far only offers limited guidance for decision makers 

who seek to understand under which conditions and at which level synergies across 

multiple objectives can actually be realized and trade-offs avoided. Future research 

could advance the understanding of these complex interactions in three possible ways. 

First, given that the trend is toward increased subnational- and national-level climate 

legislation and policy and that international cooperation is also increasingly focused on 

leveraging and enhancing these national measures (19, 144), greater attention to 

consolidating and summarizing co-effects at the national scale would be particularly 

helpful (see, e.g., 145). Similarly, there has been a proliferation of subnational decision 

making on climate issues, and other sustainability objectives (e.g., urban air quality) are 

almost exclusively handled at this level (18, 19). To serve these needs, future research 

should develop a multidimensional typology of co-effects beyond the classification into 

sectors, local or global effects, and sustainability aspects presented in Figure 5.2. This 

could then be used to target the specific types of challenges associated with the 

realization of synergies and the avoidance of trade-offs to more specifically target co-

effects that map to decision-making jurisdictions, such as cities, states/provinces, and 

countries. For example, the typology could differentiate more explicitly among the co-

effects that accrue locally and are primarily driven by local decisions (e.g., mobility 

access), those that accrue locally but are primarily driven by decisions made within the 

broader region (e.g., local agricultural yield gains through methane mitigation 

elsewhere), and those that accrue globally but are primarily driven by decisions made 

locally (e.g., technological spillovers). Other dimensions could include distributional, 

geographical, or timing aspects (i.e., which societal groups or stakeholders are most 

affected, and where and when they are affected). This would be useful for research that 

could choose the most appropriate methods, models, and system boundaries as well as 

for the political process that could focus on the most salient aspects of the interactions 

of multiple objectives. 

Second, such a typology could be useful for a broader modeling strategy that could draw 

on the strengths of different methods by combining global-scale integrated models 
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(which take into account cross sectoral and cross regional interactions) with national 

and subnational models (which are more spatially disaggregated and may have greater 

technological and sociodemographic details and heterogeneity). Although it may be too 

much to expect the hard coupling of these different tools, careful analyses within the 

framework of internally consistent scenario studies could permit a better accounting of 

national/local circumstances and preferences (along with their aggregate global/regional 

consequences), such as the level of socioeconomic and technological development, 

distributional aspects, risk perceptions, and priority settings for non-climate objectives. 

Third, from a risk-management perspective, it is particularly important to differentiate 

between risks that can be managed locally (e.g., landscape impacts) and risks that can 

build up globally (e.g., for food security and nuclear proliferation). Future research could 

draw on the recent advances of integrated modeling with respect to more elaborate 

real-world assumptions for mitigation pathways, taking into account delayed and 

fragmented global mitigation efforts as well as the limited availability of mitigation 

technologies. Understanding the synergies and risk trade-offs across multiple 

sustainability objectives for alternative mitigation pathways would be an important 

contribution to a better-informed decision-making process at global and national/local 

levels. 

Because many authors have argued for a more integrated policy approach to advance 

mitigation and additional sustainability objectives (e.g., 7, 10, 28, 39, 41, 43, 44), partly 

dissolving the analytical separation between the different sets of scientific evidence as 

done in this article is highly relevant for climate and sustainability policy choices. Better 

knowledge about the potential synergies and trade-offs across multiple objectives 

improves the understanding of this ends-means interdependency and may, according to 

Edenhofer & Kowarsch (31), even encourage decision makers to adapt existing priority 

settings to release political gridlocks, e.g., in international climate policy (cf. 146). 

5.6.1 Summary points 

1. The literature documents a large potential for co-benefits of mitigation for non-

climate objectives, such as human health and energy security, but little is known 

about aggregated results and their overall welfare effects, particularly on a 

global scale. 

2. Integrated model studies highlight that climate policies as part of well-designed 

policy packages reduce the overall cost of achieving multiple sustainability 

objectives but do not offer a systematic analysis of mitigation risks. 

3. The incommensurability and uncertainties around quantification of co-effects 

become increasingly pervasive the more the perspective shifts from sectoral and 

local to economy wide and global, the more objectives are analyzed, and the 

more the results are expressed in economic rather than non-monetary terms. 

This reveals a trade-off between the number of objectives analyzed in a study 

and its ability to present aggregated quantitative results. 

4. Drawing on different strings of evidence highlights the role of energy-efficiency 

and other measures to reduce energy demand for realizing synergies across 

multiple sustainability objectives and hedging mitigation risks on the supply side. 
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5.6.2 Future issues 

1. Future research should develop a multidimensional typology of co-effects 

beyond the classification into sectors and sustainability aspects to inform (a) the 

choice of methods, models, and system boundaries in the analysis of a particular 

effect; and (b) the political process that could then focus on the most salient 

interactions of multiple objectives. 

2. Greater attention to consolidating and summarizing co-effects at the 

local/national scale would be particularly helpful to better map to decision-

making jurisdictions and the respective circumstances, preferences, and priority 

settings. 

3. Future modeling efforts should draw on the strengths of different methods by 

combining global-scale integrated models (which take into account cross 

sectoral and cross regional interactions) with national and subnational models 

(which are more spatially disaggregated and may have greater technological and 

sociodemographic detail and heterogeneity). 

4. Understanding the synergies and risk trade-offs across multiple sustainability 

objectives for alternative mitigation pathways would be an important 

contribution to better informed decision-making processes at global and 

national/local levels, drawing on the recent advances of integrated modeling 

with respect to more elaborate real-world assumptions, such as delayed and 

fragmented global mitigation efforts as well as limited availability of mitigation 

technologies. 
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5.10 Supplemental material 

5.10.1 Dealing with uncertainty in integrated model studies 

The integrated model results presented in Sections 5.4 and 5.5 derive from large-scale 

numerical models that identify the globally most cost-effective portfolios of mitigation 

measures for a given climate goal for all world regions. To that end, they integrate 

insights from different disciplines and draw on models of both biogeophysical and 

human processes over long-time horizons (1–3). To circumvent climate system 

uncertainties with respect to the temperature response due to a given emission 

scenario, integrated models usually calculate mitigation scenarios whose emission 

pathways meet different atmospheric CO2eq concentrations or carbon budgets. The 

uncertainty reflected in their results due to the diversity of modeling approaches with 

respect to structural as well as parametric differences (4) is hence distinct from the 

uncertainty of the exact change in the global mean surface temperature due to different 

emission scenarios (see Section 6.3.2.6 in 5). The model community regularly organizes 

model intercomparison projects in which efforts have been made to harmonize key 

input parameters and to make model outputs comparable (4, 6–10). Partly owing to this 

coordinated research agenda, the results from the different modeling teams have been 

an important contribution to the IPCC Assessment Reports (e.g., 5, 11, 12). Another 

reason is that cost-benefit analysis (CBA) is contested in climate economics due to a 

variety of reasons, one of them being the challenge to adequately account for ‘fat tail’ 

probability distributions of high-impact climate damages, as discussed in Edenhofer et 

al. (3). There are, of course, a number of drawbacks associated with the global approach 

taken by the models. For example, many non-technical measures including behavioural 

changes or modal shift are usually not represented in detail by integrated models (13). 

In some circumstances, multi-criteria analysis (MCA) approaches might instead be 

chosen to make synergies and trade-offs across different objectives transparent without 

valuation in monetary terms (14–17). 

Although the deployment projections from the integrated model literature for the 

portfolio of measures are consistent with a particular mitigation goal, such as a given 

atmospheric CO2eq concentration, they are uncertain with respect to the role of 

individual measures. This is illustrated by Supplemental Figure S-5.1 which shows results 

from mitigation scenarios leading to an atmospheric concentration of 430-530 ppm 

CO2eq in 2100, i.e., with a probability of roughly 50% and higher of staying below the 

2°C target. The figure does show, however, how the two main mitigation strategies, 

energy demand reduction and switching to low-carbon fuels, interact on a global scale 

(see also Sections 5.3 and 5.5): the required upscaling of low-carbon energy supply 

technologies for meeting a stringent mitigation goal is significantly lower for future 

scenarios in which the total final energy demand is low. Reducing energy demand 

(against baseline) is increasingly seen as a low-cost mitigation strategy within the 

integrated model literature (e.g., 4, 9, 18).  
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Supplemental Figure S-5.1 Deployment of low-carbon energy supply technologies in 2050 for 

mitigation scenarios reaching 430-530 ppm CO2-equivalent (CO2eq) concentration in 2100, 

differentiating between low- and high-energy demand scenarios. Blue (red) bars show the deployment 

range with <20% growth of final energy in 2050 compared to 2010 (>20% growth of final energy in 

2050 compared to 2010). For each technology, the full deployment range, the interquartile and the 

median are displayed (adapted from 19). 

This is also why the model teams have constructed low-EI pathways in addition to the 

conventional ‘scenarios families’ (i.e., scenarios where some political and/or 

technological aspects are constrained allowing comparison across models for similar sets 

of assumptions). In that way, it is possible to analyze implicitly how different energy 

demand patterns (e.g., through behavioural changes in energy service, food and 

material consumption) in the future can impact mitigation efforts in terms of timing, 

costs and effects on the rest of the energy system. Since the cost-effective mitigation 

potential of energy efficiency improvements declines, however, with increasing 

decarbonization of the supply side, they need to be realized in the short to medium 

term if targeted at mitigation (13). 

Supplemental Figure S-5.2 provides an illustrative example for the co-benefits of 

stringent mitigation policies for air pollutant emissions. It shows the spatial distribution 

of the current human exposure to PM10 pollution in 3200 cities, as well as the ranges of 

co-benefits for two key air pollutants (SO2 and BC) from a large number of mitigation 

scenarios from the WGIII AR5 scenario database. Despite relatively large uncertainties 

(partly owing to parametric and structural differences across integrated models, see 

above), the co-benefits are robust against a wide range of integrated models that 

quantified the climate-pollution interactions.  
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Supplemental Figure S-5.2 Human risk exposure to PM10 pollution in 3200 cities worldwide (adapted 

from 20, data from 21) and co-benefits of stringent mitigation policies for air quality in scenarios 

reaching concentrations of 430-530 ppm CO2eq in 2100 (adapted from 5). 

5.10.2 A conceptualization of welfare metrics in integrated model studies 

To conceptualize the diverse set of cost information from integrated models in a welfare 

framework, it is useful to rewrite the social welfare function from Section 5.2 as 𝑊(𝑧1
∗ −

𝐷1(𝒑), … , 𝑧𝑚
∗ − 𝐷𝑚(𝒑), 𝑐(𝒑)) , where the objective 𝑧𝑖  is described as the combination of 

some ideal level 𝑧𝑖
∗ in the counterfactual case of a non-existing policy problem, e.g., an 

undamaged environment, and the adverse impact 𝐷𝑖 on the objective 𝑧𝑖  under some set 

of given policies 𝒑. In addition, we add household consumption 𝑐 that may be directly 

affected by the policy implementation as a further element of the welfare function. The 

counterfactual reference case without policy intervention is then characterized by 

welfare 𝑊𝑅 for some reference policy 𝒑𝑅, and the total welfare gain of a policy 

intervention 𝑑𝒑 = 𝒑 − 𝒑𝑅 is given by 𝐺 = 𝑊𝑝 − 𝑊𝑅. Thus, the welfare differentials 

shown in Supplemental Figure S-5.3 could be based on direct welfare, welfare 

equivalent consumption metrics, direct consumption, economic output and partial 

equilibrium measures depending on the model. 

 
Supplemental Figure S-5.3 Welfare and associated cost and benefit metrics for transformational policy 

analysis with integrated models. 
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5.10.3 Key characteristics of integrated models with respect to multiple 

objectives 

In order to provide an overview of the types of integrated models on which the 

literature builds that is reviewed and condensed in Sections 5.10.4 and 5.10.5, 

Supplemental Table S-5.1 provides key characteristics of a representative set of six 

different integrated models with a special focus on the differences discussed in Section 

5.10.4.3:  

1. the coverage of policy impact channels is represented by the columns ‘System 

boundaries’ and ‘Non-climate sustainability objectives covered’; 

2. the degree to which (changes in) welfare can be measured is represented by 

the columns ‘Model type’, ‘Metric for climate change mitigation costs’, and 

‘Costs for other objectives covered’. 

One aspect not covered by the above conceptualization is the interrelation between 

climate change mitigation and poverty eradication beyond access to basic energy needs. 

Generally, current integrated models are lacking the presentation of the poor and their 

economic and social development. Conversely, climate policies are expected to have 

repercussions for development and poverty (22, 23). For example, higher energy prices 

could delay structural changes and the build-up of physical infrastructure (24, 25). The 

subset of integrated models which include an economic feedback capture some of these 

dynamics, although in most models economic growth is largely exogenous and stems 

mostly from labour productivity changes. Further endogenization of economic growth 

and linkage to poverty and climate change is an important avenue of future research.
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Supplemental Table S-5.1 Key characteristics of and representation of multiple objectives and costs for selected global integrated modeling frameworks (partly derived from 26) 

Model name Model type Metric for climate change 
mitigation costs  

System boundaries Non-climate sustainability 
objectives covered 

Costs for other objectives 
covered 

IMAGE 

Energy system partial 
equilibrium model – recursive 
dynamic, simulation 

Energy system cost mark-up, 
area under marginal 
abatement cost curve 

Energy, land-use change, 
agriculture, climate, hydrology, 
some adaptation (not 
comprehensive)  

Energy access, food, water, 
air pollution, biodiversity 
loss, energy security 

Food production costs, energy 
access investments and 
subsidies, energy system costs 
for improving energy security 

GCAM Energy system cost mark-up, 
area under marginal 
abatement cost curve 

Energy, land-use change, 
agriculture, forestry, climate, 
hydrology, some adaptation 
(not comprehensive) 

Energy access, food, water, 
air pollution, energy 
security 

Food production costs, energy 
system costs for improving 
energy security 

MESSAGE-
GLOBIOM 

Systems engineering energy 
system model coupled with 
macroeconomic generable 
equilibrium model – perfect 
foresight, optimization  

GDP & consumption loss, 
energy system cost mark-up, 
area under marginal 
abatement cost curve 

Energy, land-use change, 
agriculture, forestry, climate, 
water for irrigation and energy, 
some adaptation (mainly in the 
agriculture sector) 

Energy access, food, water, 
air pollution/health, energy 
security 

Food production costs, energy 
access investments and 
subsidies, air pollution control 
costs (ex-post), energy system 
costs for improving energy 
security 

REMIND-
MAgPIE 

Optimal growth generable 
equilibrium model – perfect 
foresight, optimization 

Welfare change, GDP & 
consumption loss, energy 
system cost mark-up 

Energy, land-use change, 
agriculture, climate, air 
pollution, hydrology, some 
adaptation of land use (not 
comprehensive)  

Food, water, air pollution, 
energy security 

Food production costs, energy 
system costs for improving 
energy security, adaptation costs 

WITCH-
GLOBIOM 

Welfare change, GDP & 
consumption loss, energy 
system cost mark-up 

Energy, aggregated land-use 
change, agriculture, forestry, 
climate, climate damages and 
adaptation 

Food, air pollution, energy 
security, adaptation  

Food production costs, energy 
system costs for improving 
energy security 

GEM-E3 Computable Generable 
Equilibrium model – recursive 
dynamic, optimization 

Welfare change, GDP & 
consumption loss, equivalent 
variation 

Energy, climate, adaptation, 
labour markets 

Air pollution, energy 
security, employment, 
impact on competitiveness 

Energy system costs for 
improving energy security 



   129 

 

5.10.4 Literature review of co-effects of mitigation measures in specific 

sectors  

5.10.4.1 Energy supply 

The energy supply sector is characterized by a chain of processes, comprising energy 

extraction, conversion, storage, transmission, and distribution processes. It is by far the 

largest contributor to GHG emissions, accounting for about 35% of the total 

anthropogenic GHG emissions at 144 GtCO2/yr in 2010 (19). Between 2000 and 2010, 

their growth in the global energy supply sector increased to 3.1% per year, compared to 

the previous decade’s levels of 1.7% – largely fueled by higher energy demand 

associated with rapid economic growth in emerging economies and an increase of the 

share of coal in the global fuel mix (27, 28). 

As outlined in Bruckner et al. (19), multiple options exist to reduce energy supply sector 

GHG emissions. These include energy efficiency improvements and fugitive emission 

reductions in fuel extraction as well as efficiency improvements in energy conversion, 

transmission, and distribution systems; fossil fuel switching; and low-GHG energy supply 

technologies such as renewable energy (RE), nuclear power, and fossil fuel and 

bioenergy use with carbon dioxide capture and storage (CCS/BECCS). The 

implementation of these options can lead to a range of co-benefits and adverse side-

effects that would have an influence on investment decisions, individual behaviour as 

well as policy directions (19, 29). The large variation that exists across and within regions 

in terms of the nature and composition of the co-effects can be explained by differences 

in resource endowments, renewable energy potential, economic structure, 

development pathways and priorities, etc.  

Since changing the energy sector is at the heart of all climate change mitigation 

scenarios, there are always energy security co-effects from mitigation. Most energy 

security analysis focuses on short-term evaluation of static energy systems and even in 

the short-term, the meaning of energy security is contested (30–33). The most general 

definition, which is applicable under radical energy system transformations, is low 

vulnerability of vital energy systems (34), since both vulnerabilities and vital energy 

systems can change under mitigation scenarios (35). This definition also facilitates the 

identification of vital energy systems for different actors such as reliability of energy 

imports for importers (security of supply) and energy export revenues for energy 

exporters (security of demand) (36). The explicit separation of vital energy systems and 

vulnerabilities also helps identify distinct perspectives on risks and resilience capacities 

of energy systems. There are three commonly recognized perspectives on energy 

security: two focus on risks (sovereignty threats from foreign actors and robustness risks 

from critical infrastructure or resource constraints) and the third focuses on the 

resilience capacity, which is commonly measured by the diversity of an energy system 

(37). In general, the increase in renewables under mitigation scenarios leads to lower 

energy imports (35, 38–41) and higher resilience from greater energy system diversity 

(35, 38, 42, 43), but the existing literature has yet to develop a full analysis of the 

robustness impacts of scaling up renewables. 
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Another co-effect in the energy supply sector associated with climate policies is the 

effect they would have on employment. According to Cai et al. (44), the increased share 

of renewables in China generated over 470,000 net job gains in 2010. Studies by Lehr et 

al. (45) and Ruiz-Romero et al. (46) for Germany and Spain, respectively, also indicated 

over 500,000 people would be employed in the renewable energy supply sector in each 

country by 2030. Employment generation is not limited to the renewables sector. It also 

extends to nuclear power generation and CCS where safe-guarding jobs in the fossil-fuel 

industry is seen to be the main employment co-benefit (47, 48). However, it is also 

important to recognize that mitigation measures could come at a high cost when seen as 

unit of public investment against the number of jobs created. A study by Frondel et al. 

(49) has calculated that the cost per job created in the PV sector in Germany could be as 

high as €175,000, indicating that the viability of the industry is dependent on the level 

and continuity of public support (50). 

Differences in access to modern energy supply across regions partly explain the wide 

disparity in economic and social development, both within and between countries. More 

than 1.3 billion people worldwide, especially in sub-Saharan Africa and developing Asia 

lack access to electricity and over 2.5 to 3 million people are estimated to lack modern 

fuels for heating and cooking (51, 52). Whilst improvements in energy access do not 

need to entail significant changes in GHG emissions (see Section 5.4.1), multiple co-

benefits could be obtained. In a number of developing countries such as India, Brazil, 

Nepal and parts of Africa, renewable energy deployment has been shown to stimulate 

local economic development (53, 54). Educational benefits and enhanced support for 

income generation are some of the specific benefits observed in large parts of the 

developing world (55–57). At the same time, the effect of climate policies on energy 

prices and, by extension, energy access aspirations is not as clear and depends 

importantly on the specific circumstances within countries and devolved jurisdictions, 

such as the type of fuel used by different income groups, the distribution of the 

revenues through, e.g., a carbon tax and effectiveness of pro-poor interventions (58). 

Hence, regulators have an important role to play so that climate policies do not become 

a burden on low-income households and communities (19). 

Combustion-related emissions from the energy supply sector cause significant and 

widespread human health and ecological impacts and depend on the height of the 

smokestack, the type of fuel used, the scrubber technology installed, the downwind 

population concentration as well as the background pollution from other sources (see 

Section 5.3). Ambient air pollution for some 80% of the world’s population is estimated 

to exceed the World Health Organization (WHO) recommended levels of 10μg/m3 for 

PM2.5 (59) and to cause about 3.2 million of premature deaths each year (60). SO2 and 

NOx are implicated in acidification of fresh water and soils as well as threatening 

biodiversity (61, 62). Coal is an important source of mercury and other toxic metals, 

which could be reduced significantly through a range of pollution control technologies. 

Moreover, extraction and transport of fossil fuels, particularly coal, have high 

occupational impacts and accident rates (63). Replacing coal with cleaner fuels is hence 

associated with a wide range of co-benefits (19, 64). 
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However, ecological and health impacts are not limited to fossil fuels but also extend to 

renewable and nuclear systems. These impacts are in areas of land use, water use and 

pollution, effect on ecosystems, and impacts associated with mining and material 

processing. Hertwich et al. (65) compared indicators for pollution-related health and 

ecological effects of fossil fuel and renewable power technologies, taking into account 

life-cycle emissions and thus accounting for emissions from material and fuel 

production, manufacturing, operation and decommissioning. They found that although 

wind power, photovoltaics, concentrating solar power and some hydropower plants 

require more materials than coal and gas fired power plants, the pollution-related 

indicators are generally significantly lower for these renewable power technologies. 

Even modern supercritical coal power plants and natural gas combined-cycle plants with 

state-of-the-art pollution control equipment cause more PM exposure and freshwater 

ecotoxicity per kWh electricity produced than any of the renewable power technologies 

investigated (see Supplemental Figure S-5.4). For freshwater eutrophication, natural gas 

performed on par with renewable technologies, but it caused more marine 

eutrophication. The implementation of a range of renewables as foreseen in mitigation 

scenarios would stabilize or reduce all investigated pollution-related environmental and 

human health indicators, while a baseline scenario would increase these indicators (65). 

For impacts related to habitat change, see below. 

Health effects associated with radioactive material handling have preoccupied 

healthcare professionals as some epidemiological studies show an increase in childhood 

leukaemia of populations living within 5 km of nuclear power plants (66–68). 

The capture and storage of CO2 from fossil fuel and biomass conversion processes are 

mitigation measures that are important in most mitigation scenarios investigated by the 

WGIII AR5 (19). Even though a wide range of technologies have been investigated, the 

process of CO2 capture and storage requires 16-44% of additional energy (74), thereby 

increasing the fuel requirements and associated environmental impacts. On the other 

hand, CO2 capture requires a pure gas stream, reducing some air pollution from the 

power plant. Investigating different CCS technologies, Hertwich et al. (65) find that CCS 

increases the life-cycle indicators for PM, toxicity and eutrophication by 5-60% 

compared to state-of-the-art coal and gas power plants. CCS doubles the demand for 

metals. For the case of biomass co-firing with coal, Schakel et al. (75) find that impacts 

from the biomass supply chain are comparable to those of coal production and that 

combustion-related pollution is also comparable, so that BECCS, while providing net 

negative GHG emissions, results in similar pollution-related health and ecological 

impacts as coal power with CCS. 

Renewable energy systems are also in focus because they lead to habitat change, 

leading to biodiversity loss. For wind power, collisions of birds and bats with wind power 

plants are an important concern (76–78). It is clear that wind power plants reduce 

survival rates of some species, but there are disagreements as to whether these impacts 

are significant and how they compare to other threats to the same species (79, 80). For 

hydropower, dams clearly impact freshwater species by disrupting the free flow of 

water, affecting flooding and nutrient deposition, leading to a deepening of the channel, 
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and acting as a migration barrier (81–83). Not all dams are used for hydropower and 

some hydropower plants may have positive impacts on freshwater species as well, and 

some impacts may at least be partially mitigated. For both hydropower and wind power, 

site selection, project design and mitigation of ecological impacts are important topics. 

Even though habitat change-related impacts of renewable energy sources can be clearly 

identified, it is not clear how these impacts compare with the ecological impacts of fossil 

fuel extraction, transport and use. Land use associated with coal mining is substantial 

and larger on a per kWh basis than that of most non-biomass renewable energy systems 

(65). Consumptive water use of hydropower and concentrating solar power is significant 

while that of photovoltaics and wind energy is small (84). The cooling water use of 

thermal power plants, whether they are operated with coal, nuclear or geothermal 

energy, can cause ecological impacts (85). CCS technologies can significantly increase 

water consumption and withdrawal (up to 100%) due to efficiency penalties and 

additional process demands (84, 86). Methods to compare such impacts are currently 

under development, but more work, taking into account site-specific impacts of 

populations of realized or prospective projects, is needed to allow a comparison of the 

ecological impacts of different energy scenarios. 

 
Supplemental Figure S-5.4 Human health impact from PM exposure resulting from air pollution 

caused in the production of 1 kWh of electricity with various technologies Hertwich et al. (65) as 

evaluated using the lifecycle impact assessment method ReCiPe (http://www.lcia-recipe.net), presented 

in units of kg PM10-equivalents (PM10-eq) as suggested by van Zelm et al. (69).  Figure credit: Thomas 

Gibon, NTNU. 
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5.10.4.2 Bioenergy supply 

Bioenergy mitigation options include energy resources as dedicated agricultural and/or 

forestry plantations, optimal forest harvesting, forest and agriculture residues or organic 

waste. A further mitigation option in this sector is given by reducing traditional biomass 

demand and/or increasing efficiency of bioenergy technologies (87, 88). Due to the 

different bioenergy sources as well as to the specificities of the areas where bioenergy is 

produced, development impacts from bioenergy and its qualification as potential co-

benefits or adverse side-effects are context-, pace- and size-specific (88–91).  

The specific interaction between environmental, social, institutional and technological 

factors with a given biomass resource and its size is what determines the sustainable 

development (SD) impacts in a given region. Further, co-benefits and potential adverse 

side-effects do not necessarily overlap, neither geographically nor socially (92–94). Thus 

generalizations (global statements) of SD impacts from a given bioenergy source is very 

difficult. Scientific studies since 2007 have looked at development impacts at five 

dimensions: institutional, social, environmental, economic and technological (see 

Supplemental Table S-5.2). 

The main potential co-benefits seem to be related to access to energy services and 

impacts on the economy, job creation and improvement of local resilience (98–102). The 

main potential adverse side-effects of bioenergy include competition on arable land 

(103) and consequent impact on food security, displacement of communities and 

economic activities, creation of a driver of deforestation, impacts on biodiversity, water 

and soil or increment in vulnerability to climate change (87, 90, 98, 99, 104–113). 

Research on indirect effects (e.g., those on consumption due to increased income) is 

only starting (114–117) and preliminary conclusions are not yet generalizable. 

Labelling, certification and other information-based instruments are seen as option to 

promote ‘sustainable’ biofuels (91, 118). Nevertheless, certification approaches have 

been scrutinized and challenged on the basis of a lack of legitimacy in their design, 

inherent design weaknesses (119), and a deficient on-the-ground implementation (120, 

121), rendering them inadequate substitutes for effective territorial policy frameworks.  

For many bioenergy options and almost all regions there is still a knowledge gap 

between top-down models based on rough estimations and bottom-up studies looking 

at specific impacts on specific contexts (see, e.g., 95, 96, 122, 123). 
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Supplemental Table S-5.2 Major SD impacts – positive (+) and negative (-) – reported from bioenergy supply (based on 88, 95–97). 

Institutional Social Environmental Economic Technological 

May contribute to energy 
security (reduce dependency on 
fossil fuels) (+) 

Land use competition implying 
risks, e.g., to food security 
(except for bioenergy derived 
from residues, wastes or by-
products) (-) 
Some agroforestry plantations 
can contribute to food security 
while producing biomass 
resources (+) 

Biofuel plantations can promote 
deforestation and/or forest 
degradation (-) 

Increase in economic activity and 
income diversification (+) 
May promote concentration of 
income and /or increase poverty 
(-) 

Can promote technology 
development and/or facilitate 
technology transfer (+) 

Impacts on land tenure for local 
stakeholders (+/-, however 
mostly negative) 

Increasing (+) or decreasing (-) 
existing conflicts or social 
discomfort  

Increase in use of fertilizers with 
negative impacts on soil and 
water (-) 

Increase (+) or decrease (-) of 
market opportunities 

Increasing infrastructure 
coverage (+) while reduced 
access to infrastructure might 
increase marginalization (-) 

Cross-sectoral coordination (+) or 
clashes (-) between forest sector, 
agriculture, energy and/or 
mining 

Impacts on traditional practices 
(+/-) 
Promote capacity building and 
new skills (+) 

Large-scale bioenergy crops can 
have negative impacts on soil 
quality, water pollution and 
biodiversity (-) 

Contribution to the changes in 
prices of feedstock (+/-) 

High-tech and/or mechanization 
might reduce labour demand (-) 
or promote capacity building (+) 

Impacts on labour rights across 
the value chain (+/-) 

Displacement of small-scale 
farmers by big-scale producers (-
) 

Displacement of activities or 
other land uses (+/-, however 
mostly negative) 

Employment creation (+) 
High dependence on technology 
transfer and/or technology 
acceptance (+/-) 

Promotion of participative 
mechanisms for small scale 
producers (+/-) 

Health impacts from bioenergy 
production (+/-, however mostly 
negative) 

Installing bioenergy plantations 
on degraded land can have 
positive impacts on soil and 
biodiversity (+) 

Bioenergy from waste and 
residues might create socio-
economic benefits with reduced 
non-environmental risks (+) 

  

  Gender impacts (+/-)   Price uncertainty (+/-)   
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5.10.4.3 Urban transport 

Transport is relatively unique among the energy end-use sectors as it depends on 

petroleum products to 94%, with natural gas, biofuels and electricity making up the 

small rest (124). However, the modes with which people and freight are transported 

vary greatly with regard to their energy intensity, ranging from walking and cycling to 

shared modes, such as public transport to car and truck-based road transportation, rail, 

waterborne transport and aviation. The choice of modes, technologies and fuels heavily 

influences the potential externalities of passenger and freight transport. Air quality, 

safety, energy efficiency, access to mobility services and other factors that are 

considered to be co-benefits of sustainable transport measures from a climate change 

perspective are in fact often the driving factors for policy intervention, in particular on 

the local level. 

As transport relies almost entirely on petroleum products, energy security is a major 

issue for the sector (30, 125, 126). While there is hence a direct link between energy 

security and mitigation actions that all reduce fuel consumption, potential co-benefits 

for other objectives differ across the types of action. For example, fuel switching and 

propulsion technology-based options, such as biofuels and electrification can potentially 

result in co-benefits for energy security, depending on the fuel stock or electricity source 

(35, 127, 128). These strategies, however, do not yield the potential to generate as many 

co-benefits for other objectives as many demand-side measures do (129). For example, 

fuel efficiency, shifting to more efficient transport modes and compact urban design can 

improve energy security (30, 32, 130) as well as access to mobility services and reduce 

transport costs, which positively affects productivity and social inclusion (131, 132) and 

provide better access to jobs, markets and social services (133–135). 

Mitigation actions that relieve congestions are also a potential generator for additional 

co-benefits, providing that the reduced congestion does not induce additional traffic.23 

For congestion relieve measures to be effective a combination of solutions is vital to 

avoid trade-offs and induced additional travel. For example, ‘Intelligent Transport 

Systems’ and traffic management systems should be accompanied by strategies to shift 

to lower-carbon modes, such as walking, cycling and public transport. Technology and 

fuel-based measures are unlikely to impact congestion levels and traffic flows, indicating 

that these actions should also be part of a wider, more comprehensive strategy (141, 

142). 

Another major factor where climate change mitigation actions can have positive 

synergies with other objectives is related to the various health impacts of transport 

activities, such as air pollution, noise, vibration and road safety. Well over one million 

people are killed in road accidents globally each year, 91% of which occur in low and 

middle-income countries (143). Reducing car-based transport can have an immediate 

effect on road safety (144–147). Comparing the multiple health and safety effects of 

increased physical activity through walking and cycling with often higher exposure to air 

 
23 Time lost in traffic was valued at 1.2% of GDP in the UK (136); 3.4% in Dakar, Senegal; 3.3% to 5.3% in 
Beijing, China (137); 1% to 6% in Bangkok, Thailand (138) and up to 10% in Lima, Peru with daily travel times 
of almost four hours (139, 140). 
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pollution is slightly more complicated (147, 148), but the effects are considered to be 

mostly positive (145, 146). Again, a combined approach, for example in conjunction with 

fuel or technology switch for the public transport and taxi fleets, access restriction for 

road freight carriers and incentives for more efficient and lower-carbon motorized 

transport can ensure that air quality is improved to reduce exposure to air pollutants 

while using active modes of transport (149). 

Biofuels for transportation as replacement for petroleum products are associated with 

several uncertainties, not only with regard to their ability to contribute to GHG emission 

reductions, but also to their air quality and health impacts (88). For example, replacing 

fossil-based transport fuels with biofuels may reduce carbon monoxide and hydrocarbon 

emissions but increase NOx emissions (73). This is likely to improve, however, with more 

advanced biofuels (150). Similarly, the potential contribution of electric mobility to local 

air quality improvements depends on the source of the electricity generation and the 

location of power plants in a city (151). 

There is a lack of studies managing to provide a comprehensive picture on the costs, 

benefits and potential adverse side-effects and co-benefits of sustainable transport 

measures across a range of options and beyond specific case studies. Some of those 

case studies are widely used as examples of the potential for co-benefits and synergies 

(e.g., 137, 147, 148, 152). Measuring the co-benefits and adverse side-effects of 

sustainable transport measures is currently not carried out in a consistent manner as 

different studies/countries apply different metrics and values, e.g., value of a statistical 

life vs. DALY/QALY or value of travel time, and are hence challenging to aggregate 

globally. Some effects are barely assessed at all, such as quality of life in cities, but can 

be very crucial for the success of a sustainable urban mobility policy (see also 20 for a 

spatial planning perspective on transit and accessibility). 

5.10.4.4 Buildings 

The buildings sector is characterized by the utilization of a diverse array of energy 

sources, technologies and practices, which provide a number of energy services, namely 

thermal comfort, refrigeration, illumination, communication and entertainment, 

sanitation and hygiene, nutrition, etc. The technologies and practices widely used today 

in the buildings sector rely, directly or indirectly, on the usage of various energy carriers, 

such as solid fuels (3%), petroleum products (13%), natural gas (24%), combustible 

renewable energy sources (31%) as well as electricity (29%) and are to a large extent 

responsible for a number of negative impacts to the environment and public health 

(153). Specifically: 

1. In developing countries inefficient combustion of traditional solid fuels used by 

about 2.5-3 billion people in households worldwide (51, 154), mainly biomass 

and coal, produces gaseous and particulate emissions (known as products of 

incomplete combustion), which result in significant health impacts, particularly 

for women and children who spend longer periods at home (155–157). Indoor 

air pollution from the use of biomass and coal was responsible for about 3.5 

million premature deaths in 2010 (60). 
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2. A significant part of the population in both developed and developing countries 

lives in households with inadequate insulation, ventilation and heating 

systems; the resulting indoor conditions are associated with respiratory 

diseases, allergies, asthma, etc. (158, 159). Of particular importance is fuel 

poverty, which is associated with excess mortality and morbidity effects, 

depression and anxiety. It is estimated that over 10% to as much as 40% of 

excess winter deaths in temperate countries is related to inadequate indoor 

temperatures (160, 161). 

3. The consumption of fossil fuels either directly in households or indirectly 

through electricity and heat generation is associated with the degradation of 

outdoor air quality, resulting in: (i) increased mortality and morbidity, 

particularly in developing countries and big cities (60, 162, 163); and (ii) 

additional stresses on natural and anthropogenic ecosystems (19, 164). 

The implementation of energy efficiency measures in the buildings sectors, including 

fuel switching to electricity that is increasingly decarbonized, improves indoor and 

outdoor conditions resulting in significant co-benefits for public health and the 

environment. For example, the associated health and environmental benefits attributed 

to reduced outdoor air pollution are of the order of 8-22% of the value of energy savings 

in developed countries (165, 166), and even higher in developing countries. Monetized 

co-benefits associated with fuel poverty alleviation make up over 30% of the total 

benefits of energy efficiency investments (160, 167). Bruce et al. (168) found that the 

healthy years gained per US$2010 million spent in implementing interventions aiming at 

reducing indoor air pollution range between 700 and 79,500 depending on the world 

region and the type of intervention implemented. On the other hand, the 

implementation of energy efficiency technologies in the building sectors is associated 

with limited risks emanating mostly from health problems caused by airtight buildings 

with insufficient ventilation (‘sick building syndrome’) and the use of sub-standard 

energy efficiency technologies due to in-situ toxic chemicals (169, 170). 

Apart from health and environmental improvements, an increasing number of studies 

show that greater use of renewables and energy efficiency technologies in the building 

sectors result in positive economic effects through job creation, economic growth, 

increase of income and reduced needs for capital stock in the energy sector (171–173); 

these conclusions, however, have been criticized for the accounting methods used, 

whereas objections have been raised over the overall efficacy of using public funds for 

implementing energy projects instead of other less labour-intensive activities (174). A 

review of the literature on quantifications of the employment effects of energy 

efficiency measures in the buildings sector conducted in the context of WGIII AR5, point 

out that the implementation of mitigation measures in buildings in the developed 

economies generates on average 13 (with a range of 0.7 and 35.5) job-years per $ 

million spent (175). Monetization of employment effects for integrating them in social 

CBA is possible through the implementation of either the adjusted reservation wage 

gain approach or the adjusted earnings gain approach (176). A recent application of the 

latter showed that the employment benefits associated with the exploitation of energy 
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saving technologies in the Greek building stock reach 10-24% of the energy costs savings 

attributed to the implementation of these interventions throughout their entire lifetime, 

increased up to 45% in economies with high unemployment rates (177). In addition, 

energy-related renovations of buildings improve workplace productivity by 1-9% or even 

higher for specific activities or case studies as evidenced by a meta-analysis of several 

studies undertaken in the context of WGIII AR5 (see 159, 169, 175, 178).  

Other co-benefits associated with the implementation of energy efficiency measures in 

the buildings sector comprise improved energy security, increased comfort due to better 

control of indoor conditions and the reduction of outdoor noise, increased safety, 

enhancement of urban biodiversity, reduction of the heat island effect, improved values 

for real estate and enhanced ability to rent (20, 175). It should also be noted that most 

of the aforementioned co-benefits are also expected from fuel switching to electricity 

that is increasingly decarbonized. Increased use of electricity in the building sector is 

projected in both baseline and mitigation scenarios elaborated (175); however, the 

magnitude of the associated health and environmental benefits are related to the 

nature of electricity generation (see Supplemental Material Section 5.10.4.1). 

Despite the unequivocal progress in quantifying the co-benefits of energy efficiency 

measures there are only a limited number of studies that incorporate such benefits into 

social CBA; using common metrics and monetization could facilitate their integration 

into decision-making processes. In most cases the quantified co-benefits (in physical or 

monetary terms) of energy efficiency are expressed per million investments in energy-

saving interventions or per unit of energy saved by the implementation of such 

interventions (179). However, the utilization of these indices in different case studies is 

not easy as the mitigation potential per intervention and the other underlying 

assumptions may differ significantly from country to country or even within a given 

country. Finally, while these metrics do not lend themselves to cross-sectoral analysis, 

they can be very policy-relevant in specific policy settings. 

5.10.4.5 Industry 

The industry sector processes a wide array of materials, products and services with the 

production of chemicals and petrochemicals, iron and steel, cement, pulp and paper, 

and aluminium usually accounting for most of the sector’s energy consumption in many 

countries. Approximately three quarters of industrial energy is used to create materials 

from ores, oil or biomass, with the remaining quarter used in the downstream 

manufacturing and construction sectors that convert materials to products. In 2010, the 

industry sector contributed to GHG emissions by direct combustion of carbon-based 

fuels (5.27 GtCO2) and indirectly through purchasing electricity and steam (5.25 GtCO2), 

as well as by chemical reactions in industrial processes (2.59 GtCO2). In 2008, 42% of 

industrial energy supply was derived from coal and oil, 20% from gas, and the remainder 

from electricity and direct use of renewable energy sources (180) with coal mining and 

combustion having the highest number of fatalities and negative impacts on health and 

the environment, respectively (see Supplemental Material Section 5.10.4.1). 



   139 

 

Despite high reductions in energy intensity in developed economies and major structural 

changes in developing countries during 1995–2008 (181), potential still exists for 

deployment of best available technologies to deliver products with low energy intensity 

in many countries where they are not in use. While the technical potential of energy 

efficiency measures in industry is estimated to be up to 25%, additional reductions of up 

to 20% in energy intensity may potentially be realized through innovation before 

approaching technological limits in some energy-intensive industries (180, 182). Up to 

30% of emission reduction in industry in 2050 may result from using CCS technologies 

according to IEA (183). Finally, cross-country investment in mitigation technologies can 

enhance positive technological spillovers in host countries although this depends on 

additional technology policies (184–186). However, to attain stringent mitigation goals 

in industry options like material use efficiency, low-carbon fuel use, decarbonized 

electricity use, and demand reductions in other sectors (e.g., food) that lead to reduced 

demand for industrial products have an important role to play as well. 

Besides reductions in GHG emissions technical energy efficiency measures have resulted 

in less fossil fuel use per ton of production and hence productivity growth at the 

company level (187–190) and less import of fossil fuel with less exposure to price and 

supply shocks (30, 38) to generate employment and income through expansion of a new 

appliance design sector, fiscal deficit reduction etc. (48, 191–195). Reduced fossil fuel 

burning leads to reduced local impacts on ecosystems through less mining activity for, 

e.g., coal and waste disposal liability (196, 197). There is wide consensus in the literature 

on local air pollution reduction benefits from energy efficiency measures in industries 

(193, 198, 199), such as positive health effects, and on increased safety, and improved 

work conditions and job satisfaction (48, 188, 200, 201).  

Fuel switching options in the industry sector imply local air pollution reduction (193, 

198, 199, 202) associated with health benefits (203, 204) and reduced ecosystem 

impacts (205). Companies individually gain from mitigation efforts through enhanced 

economic competitiveness, water conservation and reputation/public image building 

with shareholders (206). Saving on materials by enhancing efficiency in material use will 

enhance competitiveness (207). Industrial clusters and parks enhance resource sharing 

which lead to additional societal gains (208, 209), reducing the demand for virgin 

materials. Demand reduction for industrial products by adopting new diverse lifestyles 

(210–213), dietary changes (88, 214, 215) and sufficiency goals can result in multiple 

benefits related to climate as well as health.  

The scientific literature has identified multiple benefits of many individual mitigation 

measures in the industry sector but the limited number of studies that have quantified 

such benefits in comparable metrics across studies and countries makes them difficult to 

include in policy implementation (e.g., CBA). Weighing and aggregating these multiple 

benefits that accrue to various societal stakeholders is hence difficult for national policy 

maker, such as for energy intensity reductions in terms of i) savings in the national 

import bill due to less import of coal or oil or ii) health damage cost reduction to 

individual households living near industrial units from reduced air pollution measured in 

terms of sick days reduction or valued at wage loss. 
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Abstract 

The adoption of the Sustainable Development Goals (SDGs) and the new international 

climate treaty could put 2015 into the history books as a defining year for setting human 

development on a more sustainable pathway. The global climate policy and SDG 

agendas are highly interconnected: the way that the climate problem is addressed 

strongly affects the prospects of meeting numerous other SDGs and vice versa. Drawing 

on existing scenario results from a recent energy-economy-climate model inter-

comparison project, this letter analyzes these synergies and (risk) trade-offs of 

alternative 2°C pathways across indicators relevant for energy-related SDGs and 

sustainable energy objectives. We find that limiting the availability of key mitigation 

technologies yields some co-benefits and decreases risks specific to these technologies 

but greatly increases many others. Fewer synergies and substantial trade-offs across 

SDGs are locked into the system for weak short-term climate policies that are broadly in 

line with current Intended Nationally Determined Contributions (INDCs), particularly 

when combined with constraints on technologies. Lowering energy demand growth is 

key to managing these trade-offs and creating synergies across multiple energy-related 

SD dimensions. We argue that SD considerations are central for choosing socially 

acceptable 2°C pathways: the prospects of meeting other SDGs need not dwindle and 

can even be enhanced for some goals if appropriate climate policy choices are made. 

Progress on the climate policy and SDG agendas should therefore be tracked within a 

unified framework.  

https://doi.org/10.1088/1748-9326/11/3/034022
https://creativecommons.org/licenses/by/3.0
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6.1 Introduction 

There is hope that 2015 will be remembered as a defining year for setting human 

development on a more sustainable pathway. Two important milestones were reached. 

On 25 September, a new development agenda was adopted in New York aimed at 

eradicating poverty and facilitating inclusive development within ever tighter planetary 

boundaries. Economic, social and environmental progress will be tracked across a set of 

agreed sustainable development goals (SDGs). The SDG framework is intended to 

manage trade-offs and maximize synergies across the 17 different goals and associated 

169 targets (Griggs et al 2013).  

On 12 December, countries agreed upon a new international climate treaty, the Paris 

Agreement, at the United Nations Framework Convention on Climate Change (UNFCCC) 

Conference of Parties (COP21) in Paris. It ‘aims to strengthen the global response to the 

threat of climate change, in the context of sustainable development and efforts to 

eradicate poverty, including by holding the increase in the global average temperature 

to well below 2°C above preindustrial levels’ (UNFCCC2015a). 

Both processes are highly interrelated: SD is an explicit part of the Paris Agreement, 

while avoiding dangerous climate change features as one of the SDGs (#13). In fact, 

failure in one process would undermine the success of the other. Stringent and 

sustained mitigation is a necessary condition for SD, because unabated climate change 

will exacerbate many of today’s development issues and negate future improvements 

(see Fleurbaey et al 2014). However, it is an insufficient condition for SD, because some 

2°C pathways could, if not designed properly, undermine SD in non-climate dimensions. 

For example, pathways with a limited short-term ambition like the current INDCs may 

have higher SD risks than more ambitious ones. Such broader SD implications could 

delegitimize some 2°C pathways or even the 2°C target itself (Edenhofer and Kowarsch 

2015). SD further hinges on the successful implementation of non-climate policies that 

complement or support climate policies in other dimensions. Thus, identifying socially 

acceptable 2°C pathways requires framing climate policy in a broader SD context. 

Assessments of alternative mitigation pathways so far have mainly focused on 

characterizing the underlying technological and economic challenges (Clarke et al 2014), 

but less is known about the wider social, economic and environmental implications. For 

example, many 2°C pathways project large amounts of bioenergy demand in the second 

half of this century. It is highly debated in the literature whether these can be provided 

sustainably: food security, place-specific livelihoods, water availability and biodiversity 

are amongst the critical issues being discussed (Creutzig et al 2012, Smith et al 2014). At 

the same time, many 2°C pathways project potential health gains and co-benefits for 

other sustainability objectives. The balance of these co-effects is poorly understood, 

particularly on the supply side, because risks of alternative 2°C pathways for non-climate 

sustainability objectives have not yet been systematically analyzed (von Stechow et al 

2015).  
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In this letter, we analyze the implications of alternative 2°C pathways for SD risk 

dimensions by drawing on existing, publicly available inter-model comparison results 

from integrated energy-economy climate models—henceforth referred to as integrated 

models (see SI section, available at stacks.iop.org/ERL/11/034022/mmedia and in 

section 6.8). We demonstrate how broadening the analytical framework can allow both 

for a more informed public debate about alternative 2°C pathways and how achieving 

the climate SDG may affect the prospects of meeting other energy-related SDGs. This is 

important both for critically discussing the relationship between the international 

climate policy and SDG agendas as well as for identifying stringent mitigation pathways 

that are socially acceptable. 

6.2 Methods 

Choosing appropriate climate policies is an exercise in risk management for which it is 

key to understand and evaluate relevant uncertainties (Kunreuther et al 2013). We focus 

on uncertainties related to different model structures and assumptions, i.e. ‘model 

uncertainty’ (Drouet et al 2015) and draw on results from a structured inter-comparison 

exercise of integrated energy-economy-climate models, AMPERE (Kriegler et al 2015, 

Riahi et al 2015). To complement existing literature, this data is used to assess relevant 

SD implications of alternative clusters of mitigation pathways that are consistent with 

the 2°C target (see Table S-6.2) to initiate a public debate on their wider sustainability 

implications.  

6.2.1 Choice of indicators for SD risks 

The analysis builds on recent literature that explores a growing number of mitigation 

challenges with implications for non-climate sustainability objectives. Comprehensive 

discussions can be found in Clarke et al (2014, section 6.6) and von Stechow et al (2015, 

section 4). Table 6.1 summarizes the indicators that can be calculated from integrated 

model variables. Our choice of indicators is further constrained by the model structures, 

scenario runs, and reported variables as aggregated in the publicly available AMPERE 

database (https://secure.iiasa.ac.at/web-apps/ene/AMPEREDB). For example, the 

coarse regional disaggregation of reported data in AMPERE impedes the analysis of 

indicators that are most relevant for inequality and poverty outcomes, such as energy 

supply per capita to satiate basic human needs (see Steckel et al 2013, Lamb and Rao 

2015 and SI section 6.8.2 for a discussion of further model limitations). By systematically 

linking the chosen set of indicators to global SD risks, we can present a first, rough 

approximation of how alternative clusters of 2°C pathways perform with respect to 

energy-related SDGs and other multilaterally agreed sustainable energy objectives (see 

Table 6.2 and SI section 6.8.3 for a discussion on the indicator choice). 

Due to the limited data availability, the analysis cannot address all relevant SDGs 

explicitly. But it enables us to provide an early contribution to public and scientific 

debates on the relationship between the international climate policy and SDG agendas 

and contribute to important early learning processes. To simplify the complex 

relationship between indicators, energy-related SDGs and other sustainable energy 

objectives (see Figure S-6.2), Table 6.2 focuses on the strongest links between them. 

http://stacks.iop.org/ERL/11/034022/mmedia
https://secure.iiasa.ac.at/web-apps/ene/AMPEREDB
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Table 6.1 Integrated model literature on mitigation challenges with implications for non-climate 

sustainability objectives, with a focus on indicators that can be calculated from model variables. The 

different categories largely follow Table 4.1 in Fleurbaey et al (2014). Due to strengths and weaknesses 

of the models, some mitigation challenges were only analyzed by individual models while others were 

covered by multiple models—mostly in the context of model inter-comparison projects. A 

comprehensive review on co-benefits and risks of mitigation is provided in von Stechow et al (2015). 

Mitigation challenges Indicators used Selected literature 

Economic/affordability challenges 

Aggregate economic 
costs of mitigation 

Aggregated and discounted 
GDP/consumption losses 

Kriegler et al 2013, Paltsev and Capros 2013, 
Clarke et al 2014, Kriegler et al 2014, Rogelj et al 
2015 

Transitional economic 
costs of mitigation  

Consumption growth reduction 
Kriegler et al 2013, Luderer et al 2013, 2016, 
Bertram et al 2015b 

Carbon price growth  
Carbon price jump over a decade 
Global energy price index 

Rogelj et al 2013a, 2015 
Luderer et al 2013, Bertram et al 2015b 

Energy price growth  Electricity price growth rate Kriegler et al 2013, Rogelj et al 2015 

Stranded fossil 
investment  

Idle power plant capacity per 
year 

Luderer et al 2013, Rogelj et al 2013a, Bertram et 
al 2015a, Johnson et al 2015 

Energy dependence  Trade flows between regions 
Cherp et al 2016, Jewell et al 2013, 2014, Riahi et 
al 2012 

Resilience of energy 
systems  

Diversity of energy carriers in 
individual sectors (SWDI, HHI) 

Cherp et al 2016, Jewell et al 2013, 2014 

Depletion of oil 
reserves  

Cumulative oil extraction Sathaye et al 2011, Jewell et al 2013 

Technological/innovation challenges 

Integration challenges 
of low-carbon 
technologies 

Technological upscaling (rates) 
Wilson et al 2013, Kim et al 2014, Eom et al 2015, 
Riahi et al 2015, van Sluisveld et al 2015, Bertram 
et al 2015a 

Carbon intensity 
improvement  

Carbon intensity reduction rates 
Luderer et al 2013, Edenhofer et al 2014a, Kriegler 
et al 2014, Riahi et al 2015 

Social/institutional challenges 

Food price increase  
World and regional market 
prices 

von Braun et al 2008, PBL 2012, Lotze-Campen et 
al 2014, Wise et al 2014, van Vuuren et al 2015 

Energy supply per 
capita/ energy access 

Final energy supply per 
year/access to modern fuels 

van Ruijven et al 2012, Daioglou et al 2012, Krey et 
al 2012, Steckel et al 2013, Riahi et al 2012, 
Pachauri et al 2013, Lamb and Rao 2015, van 
Vuuren et al 2015 

Nuclear proliferation  
Enrichment/reprocessing 
facilities 

Lehtveer and Hedenus 2015 

Carbon market value  Value of cumulative emissions Luderer et al 2013, Bertram et al 2015b 

Environmental challenges 

Resource 
extraction/use  

Cumulative coal/uranium 
extraction 

Rogner et al 2012, Bauer et al 2013, McCollum et 
al 2014 

Bioenergy expansion  Biomass supply for energy Creutzig et al 2012, Smith et al 2014 

Air pollutant 
concentration  
 

SO2, BC, OC and NOx 
emissions/concentrations 
 

Riahi et al 2012, McCollum et al 2013a, Rogelj et al 
2014, Rose et al 2014, Strefler et al 2014, van 
Vuuren et al 2015 

Environmental risks of 
CO2 capture and 
storage 

CO2 (fossil/biomass) captured and 
stored underground 

Kriegler et al 2013, Eom et al 2015, Rogelj et al 
2015, Smith et al 2016 

Land use change  
Global area changes for cropland, 
pasture, biomass, unmanaged 
land 

Wise et al 2009, Reilly et al 2012, Lotze-Campen et 
al 2014, Popp et al 2014, Calvin et al 2014 

Water shortage  
Water use (mainly for bioenergy 
supply) 

De Fraiture et al 2008, Arnell et al 2011, PBL 2012, 
Hejazi et al 2013, Bonsch et al 2016 

Biodiversity loss (MSA)  Mean species abundance PBL 2012, van Vuuren et al 2015 

Peak atmospheric CO2 

concentration 
Cumulative CO2 emissions until 
mid-century 

Joos et al 2011, Zickfeld et al 2012 

Exceedance likelihood/ 
overshoot risk  

Likelihood of exceeding specific 
temperature/concentration 
target 

Kriegler et al 2013, Luderer et al 2013, Rogelj et al 
2013a, 2013b  
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However, many indicators are also relevant for some cross-cutting SDGs, such as poverty 

and inequality, which are not addressed in the analysis (see SI section 6.8.3.1). The 

resulting set of indicators is relevant for judging both co-benefits of mitigation (air 

quality, oil security) and mitigation risks (upscaling of bioenergy and low-carbon 

electricity technologies) and has been shown to have substantial sustainability 

implications in many integrated models (Jewell et al 2013, McCollum et al 2013a, von 

Stechow et al 2015). It also includes an indicator for ocean acidification (Joos et al 2011, 

Zickfeld et al 2012) as well as three indicators that relate to transitional socioeconomic 

mitigation risks (growth in mitigation costs and energy prices as well as early retirement 

of coal capacity). 

Our analysis presents SD risk profiles for alternative clusters of 2°C pathways (see 

Figures 6.2–6.4). The figures plot percentage changes over baseline projections in each 

dimension rather than comparing different metrics to each other and/or identifying 

critical thresholds because of the difficulty of incommensurability across different SD 

dimensions (von Stechow et al 2015). Care needs to be taken in the interpretation, 

because the different risks analyzed cannot be directly compared to each other, i.e. a 

larger increase in one risk is not necessarily more important than a smaller increase in 

another risk. Any interpretation of these risk profiles and any trade-off across risk 

dimensions requires evaluation and weighting—and this depends on the locally specific 

policy contexts and differ depending on individual priorities and risk perceptions (Slovic 

1987, Jakob and Edenhofer 2014, Kunreuther et al 2014). The provided risk profiles 

therefore allow readers to make their own judgement about the relevance of changes in 

risk levels across SD dimensions. In this sense our analysis provides a starting point for a 

more informed public debate about the interaction between the mitigation and other 

energy-related SDGs that will put the normative aspects of such evaluation centre stage 

(see Edenhofer et al 2014b). 

Table 6.2 The link between relevant and available indicators calculated from integrated model 

variables, SD risk dimensions, and SDGs and other sustainable energy objectives. See Figure S-6.2 and 

SI section 6.8.3 for more details. 

Indicators calculated from integrated 
model variables 

SD risk dimensions affected by 
Mitigation  

SDGs and other sustainable 
energy objectives 

Biomass supply for energy per year  Bioenergy expansion Food security (SDG 2) 

Cumulative BC and SO2 emissions  Air pollutant concentration  Health via air quality (SDG 3.9) 

Maximum decadal energy price growth  Energy price growth) Energy access (SDG 7) 

Maximum decadal growth reduction  Consumption growth reduction  Economic growth (SDG 8.1) 

Idle coal capacity per year  Stranded fossil investment  Full employment (SDG 8.3) 

Maximum decadal PV and Wind upscaling  Wind&PV grid integration  Resilient infrastructure (SDG 9) 

Cumulative global oil trade, cumulative oil 
extraction, fuel diversity of transport sector 

Oil insecurity, transport sector, 
reliance on oil 

Ensure energy securitya 

Nuclear capacity expansion in Newcomersb  Nuclear proliferation Peaceful use of nuclear power 

Cumulative CO2 emissions until mid-
century  

Peak atmospheric CO2 
concentration 

Minimize ocean acidification 
(SDG 14.3) 

CO2 captured and stored per year  Environmental risks of CCS Sustainable production (SDG 
12.4) 

a Due to the focus on global risks, the analysis is limited to oil security—the fuel with the highest 

scarcity concerns and high import dependence in most countries, lacking substitutes in transport (see 

SI section 6.8.3.1.7). 

b We designed a new indicator that can draw on existing model variables (see SI section 6.8.3.2). 
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6.2.2 Choice of scenario data 

Using model inter-comparison results from AMPERE allows us to take advantage of an 

internally consistent set of scenario specifications and harmonized input assumptions 

(Kriegler et al 2015, Riahi et al 2015). AMPERE work package 2 was chosen because (i) 

the data is publicly available, (ii) it consistently defines alternative short-term climate 

policy pathways across models until 2030, which is particularly relevant from an SDG 

perspective with a focus on short/medium-term developments, and (iii) it is the only 

model intercomparison project that combines different types of constraints with respect 

to the stringency of short-term climate policies and the availability of mitigation 

technologies or energy demand growth assumptions (see Table 6.3 and SI section 6.8.4). 

This is a key requirement for comprehensively exploring the SD risk dimensions of 

alternative 2°C pathways. Yet the reported data does not shed light on all relevant 

dimensions. One shortcoming is the simplifying assumption of regionally homogeneous 

carbon prices without consideration of burden sharing regimes. This impedes an analysis 

of regional mitigation cost distributions (see den Elzen et al 2008, Luderer et al 2012, 

Tavoni et al 2013, Aboumahboub et al 2014, Tavoni et al 2015) and related SD 

implications.  

The analysis draws on more than 20 scenario specifications from seven models: DNE21+, 

GCAM, IMAGE, MESSAGE, POLES, REMIND, and WITCH (for further information, see 

Riahi et al (2015) and SI section 6.8.4). To avoid comparisons of scenario results from 

different sets of models, most figures only draw on a subset of models as (i) not all 

models ran or found a solution for all mitigation scenario specifications, and (ii) not all 

models report results for all indicators due to model type, assumptions on parameters 

and constraints, or respective system boundaries (see Table S-6.1). The results are 

presented similarly to the scenario ranges in the Working Group III contribution to the 

IPCC Fifth Assessment Report (WGIII AR5) because this shows variability across models. 

However, given that the sample size is small and no systematic variation of all relevant 

model input assumptions was performed this variability does not represent full model 

uncertainty. 

Table 6.3 Naming of AMPERE mitigation scenarios (see Table S-6.3 and Riahi et al 2015 for details). 

Model constraints Description Scenario 
name 

Short-term targets (2030) 

Optimal policy  Emissions follow optimal 2°C pathway ‘OPT’ 

Low short-term target  High-ambition pathway (low short-term target): 53 Gt CO2eq ‘LST’ 

High short-term target  Low-ambition pathway (high short-term target): 61 GtCO2eq ‘HST’ 

Technology cases 

Full portfolio of technologies Full portfolio of mitigation technologies ‘Full-Tech’ 

Low energy intensitya  Energy intensity improvements rate doubles ‘LowEI’ 

Limited biomass  Limited global potential for bioenergy (<100 EJ/yr) ‘LimBio’ 

No CCS  available CO2 capture and storage never becomes available ‘NoCCS’ 

Limited solar/wind potential Limited potential (<20% of regional electricity supply) ‘LimSW’ 

No new nuclear plants  No new nuclear capacity is added; older plants are retired ‘NucOff’ 
a LowEI scenarios assume lower final energy demand due to improvements in energy efficiency and behavioural 

changes so that equivalent levels of overall energy service are supplied with lower final energy. Due to the limited 

representation of end-use technologies in some models, many models represent this in a stylized way. 
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6.3 Results 

The analysis is divided into two parts: we assess co-benefits of alternative 2°C pathways 

before turning to their mitigation risk profiles. In each part, we systematically analyze 

different clusters of 2°C pathways to understand the implications for SD outcomes of 

variations in (i) short-term climate policy stringency, (ii) availability of mitigation 

technologies or (iii) a combination of the two. Analyzing these clusters is highly relevant, 

because the current and projected INDC emission trajectories are not consistent with 

optimal 2°C pathways (UNFCCC 2015b) and the standard assumption of full 

technological flexibility is inhibited as significant upscaling of low-carbon technologies 

faces many different hurdles in practice24. Our analysis here focuses on the first half of 

the 21st century in which the interaction of short-term climate policies and the long-

term climate target is strongest (Kriegler et al 2013, Luderer et al 2013, 2016, Riahi et al 

2015, Eom et al 2015, Bertram et al 2015a). 

6.3.1 Synergies across mitigation and sustainable energy objectives 

Figure 6.1 uses cumulative indicators for (i) CO2 emissions (Zickfeld et al 2012), (ii) the 

co-emitted air pollutants black carbon (BC) and sulphur dioxide (SO2) and (iii) global oil 

extraction and trade as well as transport sector reliance on oil to present reduced SD 

risks, i.e. co-benefits of mitigation scenarios compared to baseline developments. Figure 

6.1 shows that co-benefits in terms of lower ocean acidification, health and oil security 

increase relative to optimal 2°C pathways by limiting the availability of key mitigation 

technologies, though considerable differences exist for different technologies and 

different sustainable energy objectives. This is for three main reasons:  

i. The unavailability of low-carbon technologies limits long-term mitigation 

potential, resulting in greater near-term emissions reduction requirements to 

meet a particular long-term climate goal. This leads to a decrease in fossil fuel 

use in the medium term (with lower cumulative global oil trade, oil extraction as 

well as transport sector reliance on oil) and the associated CO2 emissions and 

co-emitted air pollutants. Limiting technologies that play a smaller role in 

reaching the long-term goal results in less dramatic transition requirements and 

fewer additional co-benefits. 

ii. When relying less on bioenergy and/or CO2 capture and storage (CCS) 

technologies, the models are forced to switch more rapidly from fossil fuels to 

solar, wind and nuclear energy, which have higher co-benefits for air quality and 

oil security (Bruckner et al 2014, Hertwich et al 2015). 

 
24 For example, CCS technology demonstration lags behind early IEA technology roadmaps (IEA 2009); 

nuclear power plant investments face high public acceptance challenges and even renewable energy (RE) 
investments are often opposed (Bruckner et al 2014). Unforeseen events or accidents (e.g., Fukushima) 
change risk perceptions of technologies (Rogers 1997, Patt and Weber 2014) making the analysis of limited 
mitigation technology portfolios interesting and relevant. To avoid unavailability of specific technologies, 
complementary technology policies (Somanathan et al 2014) could reduce additional costs (Kalkuhl et al 
2013, Bertram et al 2015b) and ensure innovation activity, such as for CCS (von Stechow et al 2011) or PV 
(Peters et al 2012). 
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Figure 6.1 Percentage changes in indicators for co-benefits for reduced ocean acidification, air quality, 

oil security, and transport sector fuel diversity in alternative 2°C pathways for four integrated models 

(GCAM, MESSAGE, POLES, REMIND) relative to baseline scenarios, comparing immediate 

mitigation scenarios assuming full availability of mitigation technologies (grey) with delayed mitigation 

scenarios (pink) and immediate mitigation scenarios assuming no new nuclear capacity (red), limited 

potential for solar and wind energy (yellow) limited global bioenergy potential (green) or unavailability 

of CCS (purple). The thick black lines show the median of results, the coloured ranges show the 

interquartile ranges and whiskers show the minimum and maximum results. 

iii. Limiting the deployment of bioenergy or CCS technologies that are associated 

with co-emitted air pollutants themselves (see SI section 6.8.3.1.9) additionally 

reduces air pollutant emission levels —which is not the case for limiting the 

availability of non-combustible RE or new nuclear capacity. 

Admittedly, these results only cover a small subset of potential co-benefits from 

mitigation. However, the literature suggests that this finding may apply more broadly 

(see von Stechow et al 2015 for a review and synthesis): climate policy that leads to less 

fossil fuel use and energy demand growth in the near term drives a broad range of co-

benefits beyond air quality and oil security, such as reduced water use and pollution, 

reduced ecosystem impacts, reduced health impacts (also due to more physical activity 

under changed mobility patterns and less fuel poverty in insulated housing) as well as 

more local employment opportunities. 

Comparing optimal 2°C pathways with scenarios assuming weak short-term climate 

policies confirms the positive effect of stringent mitigation in the near term on the 

magnitude of co-benefits (see Figure S-6.5 for the year 2030): weak short-term climate 

policies imply a reduction in co-benefits relative to those that could materialize in 

optimal 2°C pathways. This effect is, however, not as obvious for cumulative 2050 values 

(see Figure 6.1) because some of the additional mitigation efforts in the period 2030–

2050 partially compensate for weak climate policies until 2030. Since the transport 

sector is characterized by faster capital turnover rates (at least with regard to the vehicle 
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fleet) (Bertram et al 2015a), it can react more quickly to carbon price changes, 

compensating for higher emissions from sectors that are less flexible. This may lead, for 

example, to a higher fuel diversity in the transport sector in the year 2050 in delayed 

mitigation scenarios compared to optimal 2°C pathways albeit at high uncertainty.  

6.3.2 Trade-offs between mitigation and sustainable energy objectives 

While constraining a particular mitigation technology may minimize the mitigation risks 

specific to that technology, it usually implies an increase in the deployment of other low-

carbon technologies, which may incur other mitigation risks. Figure 6.2 shows that 

limiting the availability of specific technologies in 2°C pathways with immediate global 

climate policies substantially increases the risk of not meeting other sustainable energy 

objectives. While the unavailability of CCS and limitation of bioenergy potential lead to 

the largest co-benefits (see Figure 6.1), they also entail significantly higher SD risks. This 

can be explained by the promise of greater flexibility in near-term emission pathways 

that are still able to meet the long-term climate goal through the presence of carbon 

dioxide removal technologies, such as bioenergy with CCS (BECCS). Constraining BECCS 

deployment by limiting the global bioenergy potential or ruling out CCS deployment 

results in substantially higher deployment of other mitigation technologies in the 

medium term. The increase is much less pronounced for limiting the potential for solar 

and wind energy or assuming no new nuclear capacity (see Figure S-6.6). 

 
Figure 6.2 Percentage changes in mitigation risk dimensions in alternative 2°C pathways for three 

integrated models (GCAM, MESSAGE, REMIND) relative to baseline scenarios and a CCS reference 

value, comparing immediate mitigation scenarios assuming full availability of mitigation technologies 

(grey), with scenarios assuming limited global bioenergy potential (green) and unavailability of CCS 

(purple). Thick coloured lines show median results; coloured ranges show interquartile ranges. Neither 

the distance to the 0%-line nor the total area covered by the shaded areas are good guidance for the 

overall mitigation risk of particular scenarios. Instead, the evaluation differs for locally specific 

contexts with varying priority settings and risk perceptions (see discussion in section 6.2.2). 
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Due to the different nature of the mitigation risks, it is unclear how decreasing risks in 

one dimension (e.g. bioenergy expansion or environmental risks associated with CCS 

deployment), can be traded off with risk increases in others (e.g. transitional growth 

reduction, energy price growth, nuclear proliferation or the technological challenges of 

integrating high amounts of fluctuating RE into existing power grids in a very short time 

frame). For example, a 20%–30% increase in energy prices may have a much more 

immediate, adverse effect on the poor in many countries than a 4-7-fold increase in 

maximum decadal upscaling of variable renewable energy sources, which is primarily a 

technological and institutional challenge for infrastructure provision. Rather than 

aggregating effects across different risk dimensions, the purpose of this analysis is to 

make the trade-offs across alternative clusters of mitigation pathways transparent. 

Hence, the way the climate SDG is met can substantially alter the risks of not meeting 

other SDGs and sustainable energy objectives. 

This is confirmed by Figure 6.3: delaying stringent mitigation in the near term leads to a 

significant increase in mitigation risk levels in the medium term compared to optimal 2°C 

pathways. With more GHG emissions before 2030, subsequent reductions are more 

expensive (Luderer et al 2013) and need to be faster to stay below 2°C (Eom et al 

2015)—with implications for the grid integration of fluctuating RE (see SI section 

6.8.3.1.6) and for stranded investments in coal capacity (Johnson et al 2015) and the 

associated job losses (Rozenberg et al 2014). The carbon lock-in effect hence manifests 

itself particularly in technological and economic risk dimensions. To a lesser degree, 

these effects can also be seen for delayed mitigation scenarios with more optimistic 

assumptions about short-term climate policies (see Figure S-6.7). Hence, delaying 

stringent mitigation implies forgoing potential paths with lower risks along multiple SD 

dimensions. 

In contrast, assuming lower energy demand growth entails mitigation risk reductions 

relative to optimal 2°C pathways (see Figure 6.3). As each unit of energy not produced is 

free of pervasive supply-side risks, reducing energy demand by promoting energy 

efficiency in end-use sectors (e.g. consumer appliances), lifestyle changes (e.g. people 

living in higher-density areas and eating less dairy and meat) and structural changes in 

the economy (e.g. shifting to more service-oriented economies) is an important strategy 

both for mitigation and other sustainable energy objectives (von Stechow et al 2015). 

Note that these reductions in energy demand growth are assumed to happen in the 

baseline scenarios, i.e. independent of the mitigation efforts and hence without a cost 

mark-up; it is unclear how future energy demand levels would develop under real-world 

conditions where clean energy and energy efficiency projects may compete for limited 

funds (McCollum et al 2013b). Furthermore, the models do not simply prescribe lower 

energy supply at the expense of energy service supply, but alter assumptions on the 

average energy intensity improvement rates and, e.g. on the viability of more compact, 

public transit-friendly urban areas (Riahi et al 2015). This does not imply, however, that 

all integrated models project final energy supplies in mitigation scenarios that are 

consistent with minimum thresholds of energy consumption to satiate basic needs 

related to cooking, heating, health and other infrastructure (Steckel et al 2013, Lamb 
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and Rao 2015). Hence, projections of energy demand from individual models need to be 

interpreted with care (see discussion in SI section 6.8.2). 

6.3.3 Trade-offs between mitigation and sustainable energy objectives for 

combined model constraints 

As current GHG emission trends keep tracking along business-as-usual (Edenhofer et al 

2014a) and societal concerns grow with regard to upscaling of many low-carbon 

technologies (see footnote 24), 2°C pathways with multiple constraints seem to mirror 

most closely developments observed in the real world. In fact, delaying stringent 

mitigation in combination with technological constraints risks no longer meeting the 

climate goal (Riahi et al 2015), substantially increases mitigation risks (see Figure 6.4) 

and increasingly jeopardizes our ability to manage risk trade-offs. For CCS and bioenergy 

whose unavailability/limitations already show substantial risk trade-offs in immediate 

mitigation scenarios, most models can no longer find a solution (for CCS unavailability 

only DNE21+ and GCAM; for limited global bioenergy potential only GCAM, POLES, and 

REMIND) implying a high risk of not meeting the 2°C target. 

 

Figure 6.3 Percentage changes in mitigation risk dimensions in alternative 2°C pathways for six 

integrated models (DNE21+, GCAM, MESSAGE, POLES, REMIND, WITCH) relative to baseline 

scenarios and a CCS reference value, comparing immediate (grey) with delayed mitigation scenarios 

(pink) and immediate mitigation scenarios with lower energy demand growth (blue). Neither the 

distance to the 0%-line nor the total area covered by the shaded areas are good guidance for the overall 

mitigation risk of particular scenarios. Instead, the evaluation differs for locally specific contexts with 

varying priority settings and risk perceptions (see discussion in section 6.2.2).  
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Figure 6.4 Percentage changes in mitigation risk dimensions in alternative 2°C pathways for four 

integrated models (GCAM, MESSAGE, POLES, REMIND) relative to baseline scenarios and a CCS 

reference value, comparing delayed mitigation scenarios assuming full availability of mitigation 

technologies and weak short-term climate policies (purple) with delayed mitigation scenarios assuming 

limited global availability of bioenergy (green). Neither the distance to the 0%-line nor the total area 

covered by the shaded areas are good guidance for the overall mitigation risk of particular scenarios. 

Instead, the evaluation differs for locally specific contexts with varying priority settings and risk 

perceptions (see discussion in section 6.2.2).  

Figure 6.4 draws on AMPERE scenarios with multiple constraints but shows results for 

more optimistic —albeit not optimal — short-term climate policies25, with and without 

limited global bioenergy potential. As models work close to their feasibility frontier, the 

additional constraint results in large mitigation risk increases. Even for non-biomass RE 

and nuclear energy, whose limitation/phase-out has rather small effects in immediate 

2°C pathways, risk trade-offs increase strongly for delayed mitigation scenarios in some 

dimensions (see Figures S-6.7 and S-6.8). 

6.4 Discussion 

This letter presents a first attempt to shed light on the question of how alternative 2°C 

pathways perform in non-climate SD dimensions and to draw conclusions about 

important interactions between stringent mitigation and other sustainable energy 

objectives. Figure 6.5 shows an overview of the different clusters of constrained 2°C 

pathways relative to (each model’s) optimal pathways (i.e. those with immediate 

mitigation, full technology portfolios, and conventional energy demand growth). We use 

 
25 Figure 6.4 shows ‘LST’ scenarios (i.e. with more optimistic assumptions about near-term climate policies 

relative to ‘HST’ scenarios but still less stringent than optimal, see Table 6.1) because only three models 
(GCAM, POLES, and REMIND) were able to find a solution for the ‘HST-LimBio’ scenarios. 
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‘optimal’ scenarios as benchmarks because they show comparatively balanced risk 

profiles relative to baseline developments (see Figures 6.2–6.4) and because they are 

commonly used as reference point for policy analysis, e.g. in the WGIII AR5 (Edenhofer 

et al 2014a). This enables the comparison of the various SD implications of one cluster of 

2°C pathways to those of all others and therefore facilitates an informed public debate 

on socially acceptable SD risks and thus the interaction between the international 

climate policy and the broader SDG agendas. 

Note that ‘optimal’ pathways are not necessarily the most socially desirable because 

they may already involve unacceptable risks. Scientific analysis alone cannot judge 

whether a particular 2°C pathway poses acceptable or unacceptable risks to society 

(Edenhofer and Minx 2014). Science can, however, explore alternative mitigation 

pathways and inform an enlightened public debate across SD risk dimensions in an 

iterative learning process (Edenhofer and Kowarsch 2015). For example, annual 

bioenergy supply is projected to reach up to 168 EJ (median: 158 EJ) in 2050 in optimal 

scenarios. These levels of biomass extraction may already be associated with 

fundamental challenges with respect to food security, place-specific livelihoods, water 

availability and biodiversity (Creutzig et al 2012, Smith et al 2014). These numbers 

further increase substantially over the second half of the century, reaching up to 862 EJ 

(median: 268 EJ) with growing requirements for removing CO2 from the atmosphere via 

bioenergy with CCS (BECCS) technologies in many available scenarios (Clarke et al 2014). 

Many ‘optimal’ 2°C pathways have therefore been challenged on these grounds (Fuss et 

al 2014, Smith et al 2016). 

In a world which is increasingly unlikely to develop along ‘optimal’ scenario trajectories, 

an informed public debate about synergies and risk trade-offs implied by alternative 

clusters of constrained 2°C pathways is key for identifying those which are socially 

acceptable. For example, current INDCs at best add up to emission trajectories similar to 

those 2°C pathways with low short-term ambition (‘LST’ scenarios, see Table 6.3)26. 

According to Figure 6.5, these pathways (presented as circles) not only lead to fewer co-

benefits compared to optimal 2°C pathways (except for cumulative BC emissions and 

transport sector oil reliance) but also to significantly higher mitigation risk levels, 

particularly in socioeconomic dimensions—with higher risks of not meeting those SDGs 

related to economic growth, energy access, job preservation, food security and resilient 

grid infrastructure (see also Figure S-6.7). 

When a technology constraint is added, only the risks specific to that technology can be 

lowered (e.g. reduced nuclear proliferation risks for scenarios with no new nuclear 

capacity or fewer grid integration challenges for scenarios with limited potential for 

solar and wind energy, see also Figures S-6.8 and S-6.9). The other risk levels are 

exacerbated, particularly for those SDGs that relate to economic growth, job 

preservation, resilient infrastructure, and ocean acidification. This is particularly obvious 

for scenarios with limited global potential of bioenergy in which the risks related to 

bioenergy expansion are lower (including environmental effects related to BECCS 

 
26 See http://infographics.pbl.nl/indc and http://climateactiontracker.org/global. 

http://infographics.pbl.nl/indc
http://climateactiontracker.org/global
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deployment) but the risks of not meeting socioeconomic SDGs are significantly higher 

(see green circles in Figure 6.5). Limiting the global use of bioenergy to 100 EJ per year 

by 2050—widely believed to be more sustainable (Creutzig et al 2014)—hence 

introduces a trade-off with socioeconomic objectives for weak short-term climate 

policies. 

While there are uncertainties around acceptable levels of bioenergy deployment, the 

development and deployment of CCS technology is lagging behind expectations (IEA 

2009), despite its important role in keeping mitigation costs at relatively low levels 

(Edenhofer et al 2014a). Our results highlight two things: first, those models that are 

flexible enough to compensate for the unavailability of CCS can only do so with 

increased upscaling requirements for other low-carbon technologies and related SD risks 

(see pink circles in Figure 6.5). This also implies high near-term mitigation requirements 

with associated co-benefits. Second, the absence of CCS seriously questions the 

achievability of the 2°C target in a world with delayed climate action and therefore 

threatens the climate SDG itself—only two models can report results for the 

combination with weak short-term climate policies. 

In contrast, 2°C pathways with lower energy demand growth generally entail a 

substantial reduction in SD risk levels (blue shapes in Figure 6.5). This confirms results 

from a bottom-up assessment of the wider SD implications of technology-specific 

studies from a cross-sectoral perspective (von Stechow et al 2015). While these 

scenarios typically do not feature many additional co-benefits due to lower supply-side 

transition requirements, achieving lower energy demand growth has considerable 

synergies with the SDG agenda related to economic growth, food security, resilient grid 

infrastructure as well as with the peaceful use of nuclear energy. Delaying mitigation in 

scenarios with low energy demand growth only entails moderate risk increases—

although some co-benefits are reduced and more coal capacity is likely to be retired 

early. Pursuing aggressive energy efficiency improvements across all sectors and 

rethinking high-energy lifestyles therefore seems essential to increase synergies and 

keep the trade-offs across SDGs manageable in a world that is characterized by multiple 

constraints. Unfortunately, model inter-comparison projects have not yet analyzed the 

combination of technology constraints and low energy demand growth pathways, which 

is a promising research area to better understand synergies between SDGs. Future 

research should also ensure that mitigation scenarios are consistent with minimum 

thresholds of energy demand necessary to satiate basic human needs (see discussion in 

SI section 6.8.2). 

This letter has analyzed the changes in SD risks across alternative 2°C pathways. These 

effects depend to a great extent on the development context, i.e. assumptions about 

baseline developments (Moss et al 2010, O’Neill et al 2014). To circumvent this potential 

caveat, the analysis used AMPERE data that stands out in its comprehensive effort to 

harmonize future socio-economic drivers of SD across models in the baseline scenarios: 

e.g. regional-level gross domestic product (GDP), population, and energy demand 

growth. This makes the results more comparable across models but begs the question of 

how the results would have changed for alternative assumptions beyond changes in 
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energy demand growth. Research can and should build on alternative baseline 

developments as expressed by the ‘shared socioeconomic pathways’ (O’Neill et al 2014) 

that will soon be published even though important, non-trivial discussions remain on 

how SDGs can be adequately built into these baselines (O’Neill et al 2017). 

Indicators that were used to track the changes in SD risks are only rough and sometimes 

very rough approximations of individual SDGs. There is no doubt that individual 

models—particularly those coupled to a detailed agro-economic and land-use model—

could already provide better indicators, such as for water availability and ecosystem 

impacts which are important concerns in stringent mitigation pathways (see SI section 

6.8.3.1.1). However, these have not yet been analyzed in a multi-model study (von 

Stechow et al 2015). We believe that such inter-model comparison results are crucial for 

a meaningful public debate about SD risks. 

 

Figure 6.5 Percentage changes in SD risk dimensions that can be linked to a set of SDGs and other 

sustainable energy objectives in constrained 2°C pathways relative to optimal pathways (assuming 

immediate mitigation with full availability of mitigation technologies and conventional energy demand 

growth). The different shapes denote different short-term climate policy stringencies while the different 

colours denote different technology cases (see Table 6.3). As the figure aims at showing trends in 

synergies and risk trade-offs of alternative clusters of 2°C pathways rather than an exact quantitative 

analysis, results are plotted in logarithmic scale (see Table S-6.4 for the underlying data). 
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Another important caveat of the analysis is that we focus on 2050 and the preceding 

decades when looking at the implications of alternative 2°C pathways for SD risk 

dimensions. The risks of some 2°C pathways, however, only unfold later in that century 

when some particularly risky negative emissions technologies, such as BECCS, are being 

deployed at large scale to compensate for lower mitigation efforts in the first decades 

and residual GHG emissions in other sectors (Fuss et al 2014, Smith et al 2016). For 

illustrative purposes, Figures S-6.10 and S-6.11 show how mitigation risks change from 

2050 to 2080 for scenarios with substantially different amounts of negative emission 

requirements. Since the AMPERE scenario specifications do not allow for a meaningful 

comparison across scenarios with low or high amounts of negative emissions, we use 

the amount of radiative forcing overshoot to cluster scenarios with respect to their 

dependence on negative emissions (also used in the WGIII AR5 scenario database, see 

Krey et al 2014). It shows that the magnitude of the mitigation risk levels can change 

substantially over time for those dimensions that are related to negative emission 

technologies such as CCS and bioenergy deployment. 

Our analysis points to important future challenges: first, the chosen indicators do not 

represent all SDGs as some touch on socio-cultural and institutional aspects which are 

challenging—if not impossible—to represent in an economic model framework (see SI 

section 6.8.2). Second, the changes in the indicators across scenarios are merely 

indicative for the change in risks to meet the related SDGs and sustainable energy 

objectives because there are many more relevant drivers that cannot be analyzed based 

on the available scenario data. Third, many relevant issues play out at lower geographic 

and time scales which are difficult to represent adequately in global-scale integrated 

models. For example, food security is driven by many socioeconomic drivers both on 

global and local scales and bioenergy expansion represents but one of those (Tscharntke 

et al 2012). And according to Creutzig et al (2012), the models are not (yet) suitable for 

operationalizing important global SD dimensions of bioenergy supply such as the 

socioeconomic convergence across different countries. Nevertheless, we argue that the 

indicators used in this letter are relevant for evaluating additional pressure on the 

energy-economy-climate system from additional constraints as represented in the 

models. As such, they supply important information from internally consistent model 

frameworks taking into account inter-sectoral and inter-regional interactions (von 

Stechow et al 2015 and SI section 6.8.1). 

We provide this early contribution to a public debate on the relationship between the 

international climate policy and the SDG agendas based on existing multi-model 

scenario data that was not specifically developed for this particular purpose. This 

stimulus seems important because results from model intercomparisons that are 

tailored towards the SDG-climate nexus will not be published for some years. Only by 

working with the available data can we start discussing relevant (risk) trade-offs and 

synergies. Based on our analysis, we argue that SD considerations are central for 

determining socially acceptable climate policies and that the prospects of meeting other 

SDGs need not dwindle and can even be enhanced for some goals if appropriate climate 

policy choices are made. Moreover, experiences and caveats of this analysis can help 

guide future research efforts at a relevant moment in time when new model comparison 
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exercises are being designed. For example, to remain policy-relevant, SDG-focused 

multi-model comparisons will need to address inequality, poverty, and basic human 

needs as major drivers of the policy process much more adequately. This requires a 

serious discussion, e.g. on how to deal with the coarse regional disaggregation in the 

integrated modeling frameworks. Equally, successful efforts to address SDG-relevant 

issues in one model, e.g. for the analysis of water availability or ecosystem impacts (see 

SI section 6.8.2), will need to be lifted into a multi-model context. 

6.5 Conclusion 

Until now, no multi-model study has been used to systematically analyze the changes in 

SD risks implied by stringent mitigation scenarios and evaluate them across a set of 

SDGs. This letter addresses this research gap by analyzing a comprehensive set of 

alternative clusters of 2°C pathways consistently formulated across many integrated 

models from the AMPERE model inter-comparison study, drawing on publicly available 

scenario results to calculate indicators for global SD risks. We shed light on the 

implications of alternative clusters of 2°C pathways for meeting a set of energy-related 

SDGs and other sustainable energy objectives and to inform the public debate about the 

synergies and trade-offs across the international climate policy and the SDG agendas. 

Our analysis shows that the near-term choice of 2°C pathways has implications for the 

extent of synergies and trade-offs across energy-related SDGs in the medium term. 

Given current trends in emissions and technology deployment, we argue that mitigation 

pathways are likely to be characterized by multiple constraints. But adding limits on the 

availability of specific mitigation technologies on top of weak short-term climate policies 

decreases synergies and locks in substantial trade-offs across environmental and 

socioeconomic objectives. From an SDG perspective, the challenges of meeting other 

sustainable energy objectives substantially change with the way the climate SDG will be 

met. In some cases, meeting the 2°C target is even threatened itself. Achieving low-

energy demand growth, e.g. through aggressive energy efficiency improvements, helps 

to manage these trade-offs and attain multiple energy-related SDGs together. We find 

the greater the constraints on flexibility in meeting the 2°C target, the higher the risks of 

not meeting other SDGs and the flexibility to manage these risks. Governments at all 

levels need to be informed about such implications of their collective decision for the 

attainability of global SDGs. This could avoid additional pressures on the sustainability of 

each region’s development pathway. 

After COP21, decision makers need to rethink their commitment to the SDG agenda, 

given that the short-term ambition for mitigation action falls short of the mitigation 

efforts consistent with staying below 2°C in a cost-effective way. According to our 

results, this is likely to decrease co-benefits and increase the risks for attaining energy-

related SDGs and other sustainable energy objectives. Since many of these SD risks are 

best dealt with at the global level, however, they might be good entry points into 

additional incentives for international cooperation. We suggest that the review of INDCs 

should provide for an assessment of policies at all scales to monitor global risks for non-

climate sustainability objectives that arise from specific global mitigation pathways. 
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Monitoring these risks could avoid unintended consequences (which might even 

delegitimize the 2°C target), finding new entry points for global cooperation and 

providing rationales for ramping up mitigation ambition in the short to medium term. 

Future research should extend the current system boundaries and, based on a 

comprehensive review of model literature on the climate-SDG nexus, establish 

indicators that help evaluate integrated policies addressing multiple SDGs in a unified 

framework. This would be a prerequisite for model inter-comparison projects with a 

focus on the interactions across multiple SDGs that could result in meaningful and 

robust results for better decision making. Climate policy will not be successful unless it 

seriously considers other policy objectives and therefore wider SD implications. Dividing 

the huge effort of achieving more sustainable development pathways into isolated 

policy problems will fall short of reaping synergies and successfully managing trade-offs 

across the many SDGs.  
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6.8 Supplementary Information 

The supplementary information (SI) is structured as follows: SI section 6.8.1 provides a 

brief introduction into energy-economy-climate models, their differences and the 

rationale for model inter-comparison projects. SI section 6.8.2 gives an overview of 

important limitations of integrated models to address implications for some non-climate 

sustainability objectives. SI section 6.8.3 explains the link between a set of energy-

related SDGs and other sustainable energy objectives, SD risks and associated indicators 

used in the analysis. SI section 6.8.4 lays out the main advantages of the model inter-

comparison project AMPERE for such analysis. Supplementary figures and data are 

shown in SI section 6.8.5.  

6.8.1 Integrated energy-economy-climate models 

Integrated energy-economy-climate models, also often referred to as Integrated 

Assessment Models (IAMs), are computer-based tools to better understand the 

interactions between the economy, energy (in physical and economic terms) and often 

land-use systems as well as their effects on climate change. To explore the implications 

of alternative pathways in a range of plausible environments, they integrate insights 

from different disciplines and draw on models of both biogeophysical and human 

processes over long-time horizons (Hourcade et al 2006, van Vuuren et al 2009, 

Edenhofer et al 2014). For example, they use information about energy resources, 

technologies, and investments as well as (land-use) emissions. The scenario results on 

which this letter’s analysis is based are derived from seven different integrated energy-

economy-climate models that took part in the AMPERE project (see SI section 6.8.4). 

They span a diversity of modeling approaches with respect to functional structures and 

parametric assumptions (Riahi et al 2015). Table S-6.1 summarizes some of the main 

differences across the different models to the extent that they are relevant for our 

analysis. Please refer to Riahi et al (2015), the AMPERE website (http://ampere-

project.eu) and the AMPERE scenario database for further information on the individual 

models and the scenario results they supplied. 

The IAM community regularly organizes model inter-comparison projects in which 

efforts are made to harmonize key input parameters and to make model outputs 

comparable (Kriegler et al 2015b, Weyant et al 2006). As differences persist, a range of 

outcomes is plausible (Kriegler et al 2015a). To understand which results are robust 

across different models, we follow the approach of comparing results from multiple 

models in this letter. To circumvent climate system uncertainties with respect to the 

temperature response due to a given GHG emission scenario, the integrated models 

considered here usually calculate mitigation scenarios whose emission pathways meet 

different atmospheric CO2eq concentrations or carbon budgets by 2100. The uncertainty 

reflected in their results (represented by the ranges in Figures 6.1-6.4 and S-6.3-S-6.11) 

is hence distinct from the uncertainty of the change in the global temperature due to 

different emission scenarios (see Section 6.3.2.6 in Clarke et al 2014). The models 

analyzed here belong to a type of IAM that is based on cost-effectiveness analysis (CEA) 

and has to be differentiated from cost-benefit analysis (CBA)-based IAMs which are 
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more controversial, e.g. in their attempt to determine optimal climate goals (Edenhofer 

et al 2014).  

Also due to this coordinated research effort, the scenario results have been an 

important contribution to the IPCC WGIII (e.g. Fisher et al 2007, Fischedick et al 2011, 

Clarke et al 2014) and other global environmental science assessments (GEA 2012, UNEP 

2014). Many of the widely held views about the requirements to meet the 2°C target 

stem from their insights, e.g. the GHG emissions reductions goals of 80-95% in 

developed countries below 1990 levels by 2050 (Knopf and Geden 2014). 
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Table S-6.1 Key characteristics and representation of multiple sustainability objectives for the global integrated model frameworks used in the analysis (partly derived from Krey et 

al 2014, and von Stechow et al 2015).  

Model name Model type Metric for climate change 
mitigation costs  

System boundaries Non-climate sustainability 
objectives covered 

References for model 
documentation 

DNE21+ Energy system partial 
equilibrium model – 
intertemporal optimization 

Energy system cost mark-
up 

Energy, climate Air pollution, energy 
security 

(Akimoto et al 2012, Sano et al 
2015, 2012, Wada et al 2012) 

GCAM 

Energy system partial 
equilibrium model – 
recursive dynamic 
simulation 

Area under marginal 
abatement cost curve, 
energy system cost mark-
up 

Energy, land-use change, 
agriculture, forestry, climate, 
hydrology, some adaptation 
(not comprehensive) 

Energy access, food, water, 
air pollution, energy 
security 

(Calvin et al 2016, 2013, 2009, 
Clarke et al 2007) 

IMAGE Area under marginal 
abatement cost curve, 
energy system cost mark-
up 

Energy, land-use change, 
agriculture, climate, hydrology, 
some adaptation (not 
comprehensive)  

Energy access, food, water, 
air pollution, biodiversity 
loss, energy security 

(Bouwman et al 2006, Lucas et 
al 2013, van Ruijven et al 2012, 
van Vliet et al 2013) 

POLES Area under marginal 
abatement cost curve, 
energy system cost mark-
up 

Energy, land use change Air pollution, energy 
security 

(Dowling and Russ 2012, Griffin 
et al 2013, IPTS 2010) 

MESSAGE- 
MACRO 

Systems engineering energy 
system model coupled with 
macroeconomic generable 
equilibrium model – perfect 
foresight, optimization  

GDP & consumption loss, 
energy system cost mark-
up, area under marginal 
abatement cost curve 

Energy, aggregated 
representation of land-use 
GHG emissions, climate, water 
for energy 

Energy access, water, air 
pollution/health, energy 
security 

(McCollum et al 2013, Messner 
and Schrattenholzer 2000, 
Pachauri et al 2013, Rao and 
Riahi 2006, Riahi et al 2007) 

REMIND Optimal growth general 
equilibrium model – perfect 
foresight, optimization 

Welfare change, GDP & 
consumption loss, energy 
system cost mark-up 

Energy, aggregated 
representation of land-use 
GHG emissions, climate,  

Air pollution, energy 
security 

(Bauer et al 2011, Leimbach et 
al 2010, 2009, Luderer et al 
2013a, 2011) 

WITCH Welfare change, GDP & 
consumption loss, energy 
system cost mark-up 

Energy, aggregated 
representation of land-use 
GHG emissions, climate, 
climate damages and 
adaptation 

Air pollution, energy 
security, adaptation  

(Bosetti et al 2009b, 2006, 
DeCian et al 2011, Tavoni et al 
2013) 
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6.8.2 Limitations of integrated models to address implications for non-

climate sustainability objectives 

In the WGIII AR5, alternative mitigation scenarios based on integrated models were 

mainly used to analyze (i) the technological and energy-system requirements of staying 

below a pre-determined GHG concentration threshold (such as decarbonization rates in 

a given period) and their regional interactions, (ii) the probability of exceeding that 

threshold, and (iii) the associated aggregate macroeconomic costs on global or regional 

levels (Bruckner et al 2014, Clarke et al 2014). Only a fraction of the studies that were 

assessed have also analyzed (i) the potential co-benefits for non-climate sustainability 

objectives (such as energy access, energy security and air quality) and (ii) the risks for 

non-climate sustainability objectives (such as land and water availability and 

biodiversity). But these studies either focused on specific co-benefits and SD risks or 

build on individual models (von Stechow et al 2015). 

Similar to the challenges of aggregating local co-benefits on a global scale (von Stechow 

et al 2015), mitigation risks are challenging to quantify, let alone monetize, on a global 

level. Recently published literature hence focuses on technology-specific indicators for 

global mitigation risks, such as those associated with bioenergy (see, e.g. Bonsch et al 

2016, Humpenöder et al 2014, Creutzig et al 2012b, 2012a), comparing scenario results 

with empirical evidence of energy technology transition processes in the past (e.g. 

Guivarch and Hallegatte 2013, Wilson et al 2013); or outlining the socioeconomic 

challenges of meeting international agreements given the discrepancy between current 

trends and long-term requirements (Luderer et al 2013b, Rogelj et al 2013a, 2013b, 

2010, UNEP 2014, Luderer et al 2016, Kriegler et al 2015b, Rogelj et al 2015, Kriegler et 

al 2013). 

Fully understanding the implications of alternative 2°C pathways for non-climate 

sustainability objectives would require modeling frameworks that can simultaneously 

optimize multiple objectives across sectors, regions and generations taking into account 

institutional settings. There are thus far, however, no modeling frameworks available 

that can optimize development pathways across that many objectives – also because 

the determination of damage functions is also highly value-laden (Ackerman and 

Heinzerling 2002, Lackey 2001, Pindyck 2013). This is why we draw on results from 

integrated models whose strength it is to analyze long-term mitigation pathways across 

sectors and regions in a consistent way although integrated models do neither optimize 

over other objectives nor measure the levels of sustainability objectives directly (for 

exceptions, see section 4 in von Stechow et al 2015). Hence, the interpretation of 

integrated model results as risk indicators for non-climate sustainability objectives 

provides, at best, a reasonable approximation of the interrelation between mitigation 

and multiple other objectives at the global level. Given the current little previous 

research on the impacts of climate change mitigation on non-climate sustainability 

objectives, this exercise already yields interesting new results. 

Due to their global scope and coverage of the economy, energy, climate as well as land-

use systems, integrated models inevitably are limited in the level of detail they can 

represent in other dimensions. For example, there is some critical literature on the 
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implications of the structural set-up of and assumptions in integrated models for SD 

more broadly, such as for human development and inequality (e.g. Lamb and Rao 2015, 

Steckel et al 2013, Sathaye et al 2011, Stanton 2010). In the following paragraphs, we 

address some of these limitations to the extent they pertain to the models’ ability to 

analyze the implications for non-climate sustainability objectives. Some of these 

limitations are briefly mentioned in the discussion of the main text while others are 

discussed in SI section 6.8.3. But rather than pointing to new insights, this section aims 

at providing an overview by structuring existing model critique into issues around (i) 

economic aggregation, (i) spatial aggregation, as well as (iii) institutional settings. 

Like other economic models, integrated assessment models often assume homogeneity 

across economic agents by relying on a representative household rather than 

differentiating income groups or along other socio-economic criteria. This makes any 

analysis of distributional consequences within countries very challenging. Many climate 

policies have been identified as increasing equality challenges through, e.g. higher 

energy prices (see SI section 6.8.3.1.3), higher food prices (Wise et al 2014, Tadesse et al 

2014, von Braun et al 2008) or indirectly through higher consumer prices (Fullerton and 

Metcalf 2001, Bovenberg and van der Ploeg 1994). However, integrated models can only 

take this into account if coupled to other models that consider, e.g. different income 

groups and/or rural and urban populations (van Ruijven et al 2012, Cameron et al 2016, 

Pachauri et al 2013, Daioglou et al 2012, Krey et al 2012) and skill levels (Guivarch et al 

2011). Unless a model study is specifically designed to consider such distribution effects, 

multi-model results, such as those of AMPERE, are not suitable to analyze effects on SDG 

1, 5 or 10. 

Analyzing distributional effect among countries (SDG 10) is challenging due to the coarse 

spatial disaggregation of integrated models. The models only represent broad major 

economies, such as USA, China, Brazil and Japan as individual countries, while 

aggregating others to up to continental-scale macro-regions (Krey et al 2014). Analysis 

of distributional effects hence focuses on an inter-regional perspective and is only 

meaningful for alternative assumptions on international effort sharing regimes (Ekholm 

et al 2010, den Elzen et al 2008, den Elzen and Höhne 2008, Tavoni et al 2013, 2015, 

Aboumahboub et al 2014, Luderer et al 2012). In addition, models vary in their sectoral 

resolution, and only represent a limited number of sectors explicitly. This makes any 

analysis of technological issues related to spatial heterogeneity, such as infrastructure 

build-up and urban transformation (SDGs 9 and 11), highly challenging or even 

impossible. 

With their focus on the technological and macroeconomic aspects of energy transitions, 

integrated models have very limited abilities to capture social phenomena and structural 

changes (Sathaye et al 2011). At the same time, there are many sustainability objectives 

for which institutional and social developments are much more decisive than the 

structure of the energy system, such as for the provision of basic services health, 

education and justice (SDGs 3, 4 and 16). This makes integrated models poorly equipped 

to address these SD dimensions.  
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Considering the models’ limited ability to consider different income groups for different 

geographical characteristics and institutional settings, “an explicit representation of the 

energy consequences for the poorest, women, specific ethnic groups within countries, 

or those in specific geographical areas, tends to be outside the range of current global 

model output” (Sathaye et al 2011, p 752). From the literature, we know, however, that 

there is a minimum energy requirement to satiate basic human needs (Pachauri and 

Spreng 2004, Steinberger and Roberts 2010, Lamb and Rao 2015) unless economic 

growth is assumed to break with historical trends (Steckel et al 2013). According to 

Lamb and Rao (2015), this threshold is approximately 30 GJ/year per capita. While the 

models typically do not explicitly take into account energy demands for basic needs 

related to cooking, heating, health and other infrastructure and services, their final 

energy pathways in mitigation scenarios still largely respect the 30 GJ/yr threshold. For 

instance, only two out of the seven models project final energy supply levels in 

mitigation pathways for India in 2050 that are below this level for reference 

assumptions on final energy (see Figure S-6.1). At the same time, as highlighted in the 

main text, the assumptions for lower energy demand growth need not additionally 

affect development outcomes but assume lower energy intensity (lowEI) through higher 

energy efficiency and, e.g. the viability of more compact, public transit-friendly urban 

areas (Riahi et al 2015). 

 

Figure S-6.1 Final Energy Supply (in GJ) per capita for baseline scenarios and 2°C pathways with 

conventional and low energy demand growth assumptions. 
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6.8.3 Linking energy-related SDGs and other sustainable energy objectives to 

SD risks and associated indicators based on integrated model results 

This section gives some background on the choice of indicators calculated from model 

variables (column 1 in Table 6.2) that approximate SD risks (column 2) for energy-related 

SDGs and other sustainable energy objectives (column 3), used for the analysis of 

alternative 2°C pathways in the main text. The choice of SD risk dimensions discussed in 

this letter was guided by three criteria: 

1. Discussion of risk dimensions and related quantitative indicators in the literature 

(see Table 6.1); 

2. Possibility to link to energy-related SDGs (or other sustainable energy 

objectives) covering all three SD dimensions: economic, environmental and 

social (see SI section 6.8.3.1).  

3. Public availability of model variables (from which suitable indicators can be 

calculated, see SI section 6.8.3.2) in the AMPERE database to serve transparency 

purposes (see SI section 6.8.4); 

SI section 6.8.3.1 lays out in some detail the avenues by which mitigation can lead to 

increased or decreased risks for non-climate sustainability objectives and how the 

different SD risks can be linked to a set of energy-related SDGs and other sustainable 

energy objectives. It should be noted that many risk dimensions in fact have an impact 

on several SDGs – both in negative and in positive ways (see Figure S-6.2 for an 

overview) and choosing a single SDG to represent one risk dimension means simplifying 

these complex interlinkages. SI section 6.8.3.2 then explains how the chosen indicators 

for these risk dimensions can be calculated from integrated model variables reported in 

the AMPERE scenario database.  

 

6.8.3.1 Linking SD risks to energy-related SDGs and other sustainable energy 

objectives  

This section discusses the second criterion and reviews literature on the basis of which 

the link between SD risk dimensions and SDGs and other sustainable energy objectives 

can be established. This section is partly based on the Supplemental Material from von 

Stechow et al (2015) which reviews recent literature on the co-effects of mitigation 

measures in the energy supply as well as different energy demand sectors. As in von 

Stechow et al (2015), the discussion of co-effects in the agriculture, forestry and other 

land-use (AFOLU) sector is limited to the co-effects of increasing bioenergy supply – 

mainly because this was not a focus of the AMPERE project. 

As discussed in SI section 6.8.2, integrated models have some limitations in their ability 

to address some non-climate sustainability objectives, such as distributional effects. This 

is why this section does not discuss links to some important SDGs, such as SDG1 (“end 

poverty in all its forms everywhere”) and SDG 10 (“reduce inequality within and among 

countries”). To some extent, however, the chosen set of indicators implicitly speaks to 

the aims of poverty and inequality reduction, because: 
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i) food security concerns are most problematic for the urban poor (Ahmed et 

al 2009); 

ii) air pollution disproportionally impacts the poor in dense urban areas 

(Frumkin 2002); 

iii) not achieving energy access goals threatens the associated benefits in terms 

of local economic development, educational benefits, and income 

generation (SI section 6.8.3.1.6); 

iv) economic growth reduction makes poverty reduction more challenging (SI 

section 6.8.3.1.4); 

v) jobs at risk in the fossil fuel industry affect the unskilled most (Fankhauser et 

al 2008). 

Bioenergy expansion and food security (SDG 2) 

Achieving food security is an important aspect of SDG 2 but may be challenging to 

achieve in the light of climate change. On the one hand, stringent mitigation is likely to 

avoid the worst impacts of climate change which endangers sustainable food production 

systems (Porter et al 2014). On the other hand, an increased amount of biomass 

demand for energy purposes required in many mitigation scenarios may induce 

competition on arable land (except for bioenergy derived from residues, wastes or by-

products) (Haberl et al 2014) with resulting impacts on food production and security 

(Ewing and Msangi 2009, Finco and Doppler 2010, Tilman et al 2009).27 In a study that 

compares the effect of 100 EJ of lignocellulosic bioenergy to the potential climate 

impacts of a high-emission scenario on crop yields, the benefits of bioenergy for 

mitigation outweigh the adverse impacts in terms of food prices increases (Lotze-

Campen et al 2014). But with higher amounts of bioenergy demand, the risks are likely 

to increase: Bioenergy production and the resulting land competition have implications 

for many non-climate sustainability objectives, such as reducing water availability (SDG 

6.4), displacing communities and economic activities (SDG 8), driving deforestation (SDG 

15.2), reducing soil quality (SDG 15.3), and impacting biodiversity (SDG 15.5) (Amigun et 

al 2011, Borzoni 2011, Chum et al 2011, Creutzig et al 2013, German and Schoneveld 

2012, Hall et al 2009). Most integrated models are not yet well equipped to study these 

effects, but preliminary research exists, e.g. on water and biodiversity impacts (Bonsch 

et al 2016, De Fraiture et al 2008, PBL 2012, van Vuuren et al 2015). The main potential 

co-benefits seem to be related to improved access to energy services (SDG 7), job 

creation (SDG 8.3), and energy security (Amigun et al 2011, Arndt et al 2012, Duvenage 

et al 2012, Finco and Doppler 2010, Huang et al 2012, Leiby and Rubin 2013, Tilman et al 

2009). More generally, due to the different bioenergy sources as well as to the 

specificities of the areas where bioenergy is produced, SD impacts from bioenergy are 

context-, pace- and size-specific (Bustamante et al 2014, Creutzig et al 2013, Popp et al 

2011, Smith et al 2014b).  

 
27 Some agroforestry plantations can contribute to food security while producing biomass resources (Smith 

et al 2014b). 
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Air pollutant concentration and health via air quality (SDG 3.9) 

One important aspect to ensure healthy lives is to substantially “reduce the number of 

deaths and illnesses from hazardous chemicals and air, water, and soil pollution and 

contamination” (SDG 3.9). SO2 and NOx, for instance, contribute to the acidification of 

water bodies (SDG 6.3) and soil (SDG 15.3) and NOx to eutrophication – a threat to 

biodiversity (SDG 15.5) (Hertwich et al 2010, Rockström et al 2009). Exposure to 

particulate matter (PM), emitted directly as BC and OC or formed from SO2 and NOx, 

leads to premature deaths of more than 3.5 million people per year (Lim et al 2012, 

Smith et al 2014a). More than 80% of the global population is still exposed to PM 

concentrations that exceed the WHO recommendations of 10 μg/m3 PM2.5 (Rao et al 

2013). But the local health effects can differ substantially depending, for example, on 

the efficiency of the combustion process, the place of the emission source, the scrubber 

technology, the downwind population concentration as well as the background pollution 

from other sources (Bell et al 2008, Smith and Haigler 2008, Sathaye et al 2011).  

In addition to the reduced health effects of less air pollution and resulting water and soil 

pollution, reducing air pollutant emissions arising from energy supply also helps 

protecting and restoring the sustainable use of marine and terrestrial ecosystems (SDGs 

14 and 15). Even though some individual low-carbon energy technologies such as 

concentrated solar power tower technologies, some hydropower plants and CCS 

technologies show considerable pollution-related health and ecological effects – taking 

into account life-cycle emissions and thus accounting for emissions from material and 

fuel production, manufacturing, operation and decommissioning – Hertwich et al (2015) 

generally found significantly lower pollution-related indicators for renewable energy 

(RE) technologies (see discussion in SI section 6.8.3.1.6 on wind energy and PV). This co-

benefit is mainly due to the reduction of co-emitted pollutants associated with the 

decarbonization of energy supply, which is nearly complete in 2050 for stringent 2°C 

pathways (Bruckner et al 2014, Clarke et al 2014, Riahi et al 2015). Integrated model 

studies indicate that there are significant co-benefits for a number of pollutants – up to 

50/35/30/22% reductions by 2030 globally of SO2, NOx, PM2.5, and Hg emissions or 

concentrations relative to baseline scenarios (see von Stechow et al 2015 for a review). 

Finally, methane emissions that contribute to the formation of tropospheric ozone with 

negative impact on crop yields (van Dingenen et al 2009) can be reduced in coal mining 

and gas and oil production (Bruckner et al 2014). Reducing fossil fuel use, particularly 

coal, and methane leakage reduction can mitigate near-term climate change and 

improve health and food security (Anenberg et al 2012, Shindell et al 2012).  

Energy price growth and energy access (SDG 7) 

SDG 7 aims at ensuring “universal access to affordable, reliable, and modern energy for 

all”. This is a huge challenge since more than 1.3 billion people worldwide, especially in 

sub-Saharan Africa and developing Asia, lack access to electricity and over 2.5 to 3 

million people are estimated to lack modern fuels for heating and cooking (IEA 2012, 

Pachauri et al 2013). Whilst improvements in energy access do not need to entail 

significant changes in GHG emissions (Pachauri et al 2013), climate policies are likely to 

increase energy prices, at least in the short term, due to carbon pricing, fuel switching 
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and higher energy production costs from low-carbon energy technologies (Bertram et al 

2015b, Bruckner et al 2014, Fischedick et al 2011, Jakob and Steckel 2014) which can 

result in higher challenges for achieving energy access objectives (van Ruijven et al 2012, 

Cameron et al 2016, Pachauri et al 2013, Daioglou et al 2012, Krey et al 2012, van 

Vuuren et al 2015).  

Even though the global energy price index that was used for this letter (see SI section 

6.8.3.2.2) is generally set to increase in mitigation scenarios with conventional energy 

demand growth assumptions, the effect on those without energy access today depends 

importantly on locally specific circumstances, such as the type of fuel used by different 

income groups, the distribution of the revenues from climate policy and the 

effectiveness of pro-poor policies that are in place today or could be implemented to 

complement climate policies (Casillas and Kammen 2010). In fact, a recent study shows 

that the costs of achieving energy access change with the stringency of climate policy 

but are even more sensitive to the way energy access policies are implemented 

(Cameron et al 2016). 

The effects of energy prices on economic growth are not explicitly analyzed here 

because the macroeconomic effects of mitigation, including general equilibrium effects 

of changing energy prices, are captured to some extent by the integrated models (see 

below in SI section 6.8.3.1.4). To what extent higher energy prices are a concern from an 

inequality perspective depends on the distributional consequences, which cannot be 

derived from the AMPERE scenario database (see SI section 6.8.2). Since poorer 

households spend a higher proportion of their disposable income on energy needs, 

higher energy prices are a problem not just for those without sufficient energy access 

today (Moore 2012). While there is a regressive impact of higher energy prices in 

developed countries (Grainger and Kolstad 2010, Romero-Jordán et al 2016, Frondel et 

al 2015, Nelson et al 2011), the empirical evidence is mixed for developing countries 

(Jakob and Steckel 2014). Fuel taxes, for example, seem to be generally progressive in 

poor countries (Somanathan et al 2014).  

In addition, higher energy prices are not only a concern for energy access goals but also 

for health (SDG 3): Higher energy prices could adversely affect the ability of households 

to guarantee a certain level of consumption of domestic energy services (especially 

heating) or may place disproportionate expenditure burdens to meet these needs. Fuel 

poverty has a range of negative effects on the health and welfare of fuel poor 

households, such as an increase in excess winter mortality rates, excess morbidity 

effects, depression and anxiety (Clinch and Healy 2001). But these effects can be greatly 

reduced by mitigation measures in the buildings sector (Ürge-Vorsatz and Tirado 

Herrero 2012). 

Consumption growth reduction and economic growth (SDG 8.1) 

Sustaining economic growth is one of the core requirements to achieve a number of 

non-climate sustainability objectives, such as poverty reduction (Ravallion and Chen 

1997, Rodrik 2008) and higher employment levels (Blanchard and Wolfers 2000, Crivelli 

et al 2012, McMillan et al 2014), and are reflected in SDGs 1 and 8. While the negative 
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impact of stringent climate policy on aggregate measures of consumption growth is 

limited (see SI section 6.8.3.2.1), integrated models project higher transitional economic 

growth reductions in the decade after implementation of the climate policy (Bertram et 

al 2015b, Kriegler et al 2013, Luderer et al 2013b, 2016). Because the effects in the short 

to medium term are of particular interest for achieving SDG 8.1, this letter’s focus is on 

transitional rather than aggregate long-term metrics of economic growth reductions as 

mitigation risk indicator. 

Stranded fossil investment and full employment (SDG 8.3) 

Achieving full and productive employment features as another sub-goal of SDG 8. While 

many mitigation measures potentially have a positive effect on gross job creation (such 

as energy efficiency measures in the housing and industry sectors as well as upscaling of 

RE, see below in SI section 6.8.3.1.6), the net effect of mitigation pathways on 

employment in the medium to long term remains disputed, considering all aspects of 

mitigation technologies (e.g. labour intensity and implications for job quality and skills) 

as well as trade, investment, innovation and general equilibrium effects (Babiker and 

Eckaus 2007, Böhringer et al 2013, Clarke et al 2014, Fankhauser et al 2008, Guivarch et 

al 2011). Yet, it is clear that many jobs in the fossil fuel industry (and the associated 

value chains) will be lost in the short term due to the energy system transition from 

carbon-intensive industries towards more low-carbon sectors (Fankhauser et al 2008).  

Since it is difficult for policy makers to credibly commit to a climate policy trajectory, 

investors will find it challenging to make investment decisions consistent with long-term 

climate goals in a changing policy environment dominated by uncertainties about the 

possibility and extent of global cooperation on climate change mitigation (Brunner et al 

2012). Accordingly, from 2005 through 2013, approximately 722 GW of new capacity 

was added to the global coal fleet and over 1,000 GW of coal power plant capacity is still 

proposed globally – despite a drop of 23% from 2012 numbers (Shearer et al 2015). 

Some experts speak about a ‘renaissance of coal’ (Steckel et al 2015). To avoid excess 

job losses (and the associated negative effects on overall economic output) when 

choosing climate policies, decision makers should be interested in minimizing the 

additional build-up of long-lived carbon-intensive infrastructure (such as coal power, see 

SI section 6.8.3.2) (Rozenberg et al 2014). This is because a large share of any new coal 

capacity built over the next decades would likely need to retire early to comply with the 

carbon budget consistent with the 2°C target – with the associated employment 

implications.28 This is particularly important in emerging economies where most new 

capacity would be built (Bertram et al 2015a, Johnson et al 2015). Early retirement of 

thermal power plants also impacts power grid stability (Holttinen 2012) that is discussed 

in the next sub-section. 

 

 
28 As witnessed in Germany, even the prospect of climate regulation that would necessitate the retirement 

of rather old coal power plants led to a public debate and subsequent withdrawal of the initial proposal, 
based on (mainly unsubstantiated) arguments around potentially substantial job losses in particular regions 
and supplying industry (Oei et al 2015). 



   187 

 

Wind & PV grid integration and resilient infrastructure (SDG 9) 

Building resilient infrastructure features as SDG 9 to support economic development and 

human well-being. As described in SI section 6.8.3.2.7, adding large amounts of partially 

dispatchable and predictable RE capacity (e.g. wind energy and PV) in a short time is a 

challenge for power grids. The resulting technical and economic risks may even put 

public acceptance of RE at risk as can be observed in the public debate on the German 

‘Energiewende’ (Frondel et al 2015, 2012). This is a concern from the perspective of 

many other SDGs on which higher RE deployment would have positive impacts: 

• Replacing coal with wind and PV would be associated with a wide range of co-

benefits as their pollution-related indicators are generally significantly lower 

(Hertwich et al 2015).29 This would reduce the number of deaths and illnesses from 

air pollution (SDG 3.9), improve the water quality by reducing pollution (SDG 6.3) 

and contribute to “conservation, restoration and sustainable use of terrestrial and 

inland freshwater ecosystems and their services” (SDG 15.1). This is also helped by 

the fact that the consumptive water use of wind energy and PV is small (Meldrum et 

al 2013). 

• Higher deployment of wind energy and PV links directly to a sub-goal of SDG 7 (7.2: 

“increase substantially the share of RE in the global energy mix by 2030”) because 

they can help promote off-grid access to energy services in countries with little 

central grid access. This is because research indicates that improved energy access 

by means of RE also stimulated local economic development in a number of 

developing countries (Goldemberg et al 2008, Walter et al 2011) and led to 

educational benefits and enhanced support for income generation in large parts of 

the developing world (Bazilian et al 2012, Kanagawa and Nakata 2007, Sokona et al 

2012).  

• Studies from China, Germany, Spain and the US found net job gains due to an 

increased share of RE with higher labour intensity (Cai et al 2011, Lehr et al 2012, 

Ruiz Romero et al 2012, Wei et al 2010). Similar results have been found for RE in 

the buildings sector (Lucon et al 2014). On the one hand, this may help achieving 

SDG 8, namely “higher levels of productivity of economies…through a focus on high 

value added and labour-intensive sectors” (SDG 8.3). On the other hand, RE, 

particularly PV, still relies on substantial public support, implying that some of the 

above adverse effects apply with respect to opportunity costs of using public funds 

and skilled workers as well as trade and general equilibrium effects (see SI section 

6.8.3.1.5) (Böhringer et al 2013, Frondel et al 2010, Lambert and Silva 2012). 

• Finally, higher RE deployment in mitigation scenarios generally leads to lower energy 

imports (Criqui and Mima 2012, Jewell et al 2014, Kruyt et al 2009), a co-benefit for 

energy security. 

 

 
29 It should be noted, however, that collisions of birds and bats with wind power plants are an important 

concern (Giavi et al 2014, Lehnert et al 2014, Marques et al 2014). 
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Energy security 

Energy security vulnerabilities can be characterized by three different perspectives: 

sovereignty (risks primarily arise from foreign actors), robustness (risks can be calculated 

and avoided) and resilience (risks are uncertain and systems must be designed to be 

able to recover from disruptions) (Cherp and Jewell 2014, 2011). For the purposes of this 

letter, we focus on oil security since it is the most vulnerable fuel globally with most 

countries dependent on imported oil from a limited number of exporting countries, the 

most acute scarcity concerns (both real and perceived) and it faces virtually no 

substitutes in the transport sector (Cherp et al 2012). In fact, the inflexibility of the oil 

system is one of the reasons it has been one of the main foci of energy security 

strategies, in particular with the creation of the International Energy Agency (IEA) after 

the 1970s oil crises.  

For our analysis, we consider one indicator for each perspective on oil security: 

cumulative oil trade to represent sovereignty risks (see SI section 6.8.3.2.10); cumulative 

oil extraction to represent robustness concerns (see SI section 6.8.3.2.11); and non-oil 

use in the transport sector to represent the resilience perspective (see SI section 

6.8.3.2.12). This admittedly neglects energy security risks arising from critical 

infrastructure vulnerabilities (Farrell et al 2004) – except short-term reliability concerns 

from variable renewables (see SI section 6.8.3.2.7) (Johansson 2013) – but infrastructure 

is not very well depicted in integrated models so is not the best tool to explore these 

types of risks (see SI section 6.8.2).  

Peaceful use of nuclear power 

Many mitigation scenarios depict tremendous growth in nuclear energy – up to four 

times current levels by mid-century (Kim et al 2014). The risks associated with nuclear 

energy include accidents, physical security – nuclear materials falling into the wrong 

hands – and proliferation – the spread of nuclear weapons and fissile material to new 

countries (von Hippel et al 2012).30 Similar to the relationship with energy intensity (EI), 

the less energy produced from nuclear, the lower each of these risks is. The accident risk 

is calculated in terms of incidents per reactor years; thus all else being equal, increasing 

the nuclear power fleet increases the risk of accidents. Yet, many integrated models do 

not distinguish between types of nuclear power plants, let alone which safety 

mechanisms are implemented where so the only way to analyze this would be assume 

the same accident risk for the full nuclear fleet. Thus for the purposes of our analysis we 

focus on physical security and proliferation risks related to nuclear power (see SI section 

6.8.3.2.5).  

Environmental risks of CCS chain and sustainable production (SDG 12.4) 

Achieving environmentally sound management of chemicals and reducing their release 

to air and water to minimize their adverse impacts on human health and the 

environment features prominently in SDG 12. While CCS is an important mitigation 

 
30 Some epidemiological studies on the health effect of radioactive material handling find a higher childhood 

leukemia of populations living within 5 km of nuclear power plants (Heinävaara et al 2010, Kaatsch et al 
2008, Sermage-Faure et al 2012). Nuclear energy also reduces pollution-related indicators compared to coal 
with positive health effects (Hertwich et al 2015) making the net effect on health very challenging to assess. 
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technology, particularly because it can be coupled with bioenergy to produce negative 

emissions and thus increases the flexibility to reach stringent climate goals (Clarke et al 

2014, Fuss et al 2014), high deployment of CCS increase the environmental concerns of 

fossil-fuel based power supply. On the one hand, the CCS process requires 16-44% of 

additional energy (Corsten et al 2013), thereby increasing the fuel requirements and 

associated environmental impacts, such as ecological damage (SDG 15), higher 

mudslides risks, and water contamination (SDG 6.3) (Adibee et al 2013, Palmer et al 

2010, Smith et al 2013). On the other hand, CO2 capture requires a pure gas stream, 

reducing some air pollution from the power plant, such as SO2 (Koornneef et al 2008). 

Investigating different CCS technologies for relevant life-cycle indicators, Hertwich et al 

(2015) find that, on balance, CCS leads to increases in PM, toxicity and eutrophication by 

5-60% compared to modern coal and gas power plants. Many of these additional air 

pollutant emissions would also negatively impact health (SDG 3.9, see SI section 

6.8.3.1.2) and marine ecosystems (SDG 14). If coal is substituted by biomass (to enable 

net negative GHG emissions via BECCS), Schakel et al (2014) find that the biomass supply 

chain and the combustion-related pollution are comparable to that of coal with respect 

to environmental and health impacts. 

Most CCS technologies also significantly increase water withdrawal and consumption 

(up to 100%) due to efficiency penalties and additional process demands (Zhai et al 

2011, Meldrum et al 2013) – with the latter causing ecological impacts (Verones et al 

2010). There are also concerns about groundwater contamination due to CO2 leakage 

(Apps et al 2010, Atchley et al 2013, Siirila et al 2012). As much as additional wind 

energy and PV helps alleviating concerns about water availability and quality, CCS may 

hence add to these (SDG 6.3). As discussed in SI section 6.8.3.2.4, there are substantial 

uncertainties attached to the hydrogeological characteristics and volumes of the 

geological reservoirs. For example, concerns about induced seismicity could potentially 

affect surface structures or simply alarm the population (Mazzoldi et al 2012). With 

open questions about the resilience of existing reservoirs (White et al 2014), higher CCS 

deployment may increase concerns about the resilience of the installed infrastructure 

(SDG 9).  

On the positive side, retrofitting CCS can potentially alleviate the extent of stranded 

investment of coal-power plants (Johnson et al 2015). Successful deployment of CCS 

technologies could potentially preserve many jobs in the fossil-fuel industry (Fankhauser 

et al 2008, Wei et al 2010) – a contribution to achieving SDG 8.3 in the short term.  

Peak atmospheric CO2 concentration and minimization of ocean acidification 

(SDG 14.3) 

Ocean acidification is an important global change problem and hence features as one 

sub-goal of SDG 14. While it is often analyzed together with impacts of climate change 

(IPCC 2014), future changes in ocean acidification are largely independent of the 

amounts of climate change but are mainly driven by CO2 emissions (Cao et al 2007). As 

such, reductions in ocean acidification and associated aragonite saturation states (Ω𝑎) 

can also be regarded as a co-benefit of CO2 emissions reductions primarily targeted at 

climate change mitigation (Joos et al 2011). High changes in pH and Ω𝑎 adversely affect 
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vulnerable marine organisms that build shells and other structures from aragonite (Orr 

et al 2005). For example, if atmospheric CO2 is stabilized at 450 ppm, only 8% of existing 

coral reefs will be surrounded by water with pre-industrial saturation levels down from 

98% (Cao and Caldeira 2008). These concentrations are surpassed by 2050 in some 

delayed 2°C pathways due to high concentration overshoot whereas pathways without 

negative emissions stay below that threshold. Whereas global mean temperature 

change mainly depends on cumulative CO2 emissions (IPCC 2014), the response of pH 

and Ω𝑎 is delayed in the ocean interior – highlighting the importance of 2°C pathways 

with low concentration overshoot to avoid irreversible damage (Mathesius et al 2015). 

 

Figure S-6.2 The SD risks were chosen (i) based on existing literature and such that (ii) associated 

indicators can be calculated from integrated model variables that are readily available from scenario 

results in the AMPERE scenario database to serve transparency purposes; and (iii) link directly to a 

set of energy-related SDGs and other multilaterally agreed sustainable energy objectives covering all 

three SD dimensions: economic, environmental and social.  

6.8.3.2 Linking indicators calculated from integrated model variables to SD 

risks  

All indicators for SD risks that are described in detail below – following the order of the 

indicators as they appear in Figure 6.5 – show the difference between the value for each 

mitigation scenario and that for the baseline as a percentage of the baseline value 

(except for Figure 6.5 which compares alternative 2°C pathways to each other, see Table 

S-6.4 for the underlying data). The baseline is derived from the values of the "AMPERE2-

Base-FullTech-OPT" scenario in the same model, unless otherwise stated. For the 

indicator for which baseline scenarios show values of or near zero (and hence does not 

lend itself to an analysis of relative changes), the following paragraphs introduce a 

reference value against which the values from mitigation scenarios are compared (see SI 

section 6.8.3.2.4). 
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Maximum decadal consumption growth reduction 

While cost-benefit analyses (CBA) of climate change mitigation has been prominently 

discussed in climate economics (Stern, 2008), the approach has many drawbacks (as 

discussed, e.g. in Edenhofer et al 2014, Kunreuther et al 2014, Pindyck 2013). Most 

studies with integrated models rather analyze the macroeconomic costs of not 

exceeding a specific mitigation goal in the most cost-effective way (CEA, see SI section 

6.8.1).  

Since in this mode of operation mitigation scenarios do not account for avoided 

damages or co-benefits, the climate constraint to the respective optimization models 

leads to lower economic activity and hence a reduction of available consumption 

compared to baseline developments (Paltsev and Capros 2013). Depending on the 

modeling framework, these effects are measured in different metrics, such as the area 

under the marginal abatement curve, the aggregated and discounted increase in energy 

system costs, or aggregated and discounted GDP or consumption losses relative to GDP 

(see Table S-6.1). While many studies have analyzed aggregate economic indicators for 

the mitigation costs, the analysis of delayed scenarios highlights that such cumulative 

metrics are not reflecting the full economic costs borne by societies: due to the 

discounting usually applied when calculating aggregated costs, sharp increases of costs 

in later decades (due to delayed climate policy scenarios) are not fully reflected in 

cumulative metrics. Metrics that measure transitional costs, such as the maximum 

transitional costs to be born within a decade, expressed as reduction of consumption 

growth, have been used to illustrate the economic challenges beyond the cumulative, 

discounted approach (Bertram et al 2015b, Kriegler et al 2013, Luderer et al 2013b) and 

can be calculated based on reported data from MESSAGE, GCAM and WITCH. 

For the purpose of this letter, the indicator is defined as the maximum difference (in 

percentage change) in the consumption (C) growth rate (g) over a decade between 

mitigation and baseline scenarios in the same model – compared to a 1% change in the 

growth rate in the same period. 

max
2010<𝑡<2050

(𝑔Baseline(𝑡) − 𝑔Mitigation(𝑡)) /1% 

 

where for each scenario  

𝑔(𝑡) =
𝐶(𝑡) − 𝐶(𝑡 − 10)

𝐶(𝑡 − 10)
⋅ 100% 

is the decadal rate of growth (in percentage change) for each scenario. 

Maximum decadal energy price growth 

Measuring the macroeconomic costs of mitigation for societies implicitly or explicitly 

takes into account inter-generational distributions by means of choosing a specific 

discount factor. But adjustment costs and intra-generational distribution issues are 

often neglected (Fleurbaey et al 2014, Fleurbaey and Zuber 2012). While direct analysis 
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of the distributional impacts of climate policy is not possible with such global models 

with only coarse geographical scales and assumptions on homogeneity of economic 

agents (see SI section 6.8.2), some recent studies identified economic indicators that 

could be indirectly related to distributional issues. One example for such an indicator is 

the maximum growth of an energy price index to be born within a decade, calculated 

similarly to a consumer price index, due to climate policies (Bertram et al 2015b, Luderer 

et al 2013b). Although such an indicator is only an approximation for the actual increase 

of household expenditure for energy services (see SI section 6.8.3.1.3), it is an 

interesting alternative, given that energy services are not explicitly modeled in the 

majority of integrated models. Since the models that report secondary energy prices 

(MESSAGE and REMIND) include carbon price mark-ups, the indicator is set to increase 

for climate policy. 

For the purpose of this letter, the indicator is defined as the maximum decadal increase 

in the Energy Price Index (EPX) in the given time period, where EPX is the weighted 

average of the price (p) of the secondary energy demand basket (SE) relative to the price 

of the same basket 10 years previously. 

𝐸𝑃𝑋(𝑡) = ∑ 𝑝𝑖(𝑡)𝑆𝐸𝑖(𝑡)

𝑖

/ ∑ 𝑝𝑖(𝑡 − 10)𝑆𝐸𝑖(𝑡),

𝑖

 

such that maximum decadal energy price growth (in percentage change) is 

max
2010<𝑡<2050

𝐸𝑃𝑋Mitigation(𝑡) − 𝐸𝑃𝑋Baseline(𝑡)

𝐸𝑃𝑋Baseline(𝑡)
⋅ 100% 

 

Idle coal capacity per year 

Due to the high GHG emissions of the current, mainly fossil-based, energy system, 

stringent mitigation goals necessarily lead to a significant energy system transition 

(Bruckner et al 2014). Should the global community or individual countries ramp up 

climate policies, some existing and even newly built fossil capacities may turn out to be 

unprofitable since they are not able to recover their short-term costs, ending up as 

stranded investments (Bosetti et al 2009a) (see SI section 6.8.3.1.5).  

Since integrated models project more carbon-intensive coal power plant build-up for the 

next decades in delayed mitigation pathways (assuming myopic investment behavior), 

these are the plants that would – under normal market conditions – still operate in 2050 

but may have to be prematurely retired for suddenly high carbon prices after the period 

of delay (Bertram et al 2015a, Johnson et al 2015). This is approximated by the amount 

of ‘idle coal capacity’ in the models which depends on the carbon intensity reduction 

rates necessary to stay within the carbon budget which is more challenging the later 

emissions peak and the higher this peak level will be (Johnson et al 2015). Here, we build 

on the metric used by Bertram et al (2015a), who calculate the average load factor of 

the global coal capacity, albeit looking at the share lying idle in mitigation scenarios.  
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For the purpose of this letter, the indicator measures the percentage change in the 

share of coal power plant capacity – "Capacity|Electricity|Coal|w/o CCS" (Capacity_Coal 

in GW) – in 2050 that is not being used to generate electricity – "Secondary 

Energy|Electricity|Coal|w/o CCS" (SE_Coal in EJ/a) – i.e. is lying idle: 

(1 −
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦_𝐶𝑜𝑎𝑙Mitigation(2050)
𝑆𝐸_𝐶𝑜𝑎𝑙Mitigation(2050) ⋅ s/a

) − (1 −
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦_𝐶𝑜𝑎𝑙Baseline(2050)
𝑆𝐸_𝐶𝑜𝑎𝑙Baseline(2050) ⋅ s/a

)

(1 −
𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦_𝐶𝑜𝑎𝑙Baseline(2050)

𝑆𝐸_𝐶𝑜𝑎𝑙Baseline(2050) ⋅ 0.031536
)

⋅ 100% 

CO2 captured and stored per year 

In addition to other concerns (see SI section 6.8.3.1.9), one major uncertainty in the 

process chain of CCS are the hydrogeological characteristics and volumes of the 

geological reservoirs in which the CO2 is supposed to be stored (Humpenöder et al 

2014). Since the global storage potential of deep saline aquifers is large compared to 

alternative storage types (1000 up to 10000 Gt, see Benson et al 2005), the uncertainty 

about hydrogeological data leads to high ranges of estimates. The IEA qualifies the 

storage in depleted oil and gas fields for which reliable data already available as well as 

the usage of CO2 for ‘Enhance Oil Recovery (EOR)’ as ‘early opportunities’ (IEA 2009). 

Since point sources of CO2 do not necessarily arise in places with the largest storage 

sites, source-sink matching leads to lower storage potential estimates. If global CO2 

storage demand exceeds these estimates, more risky reservoir types have to be tapped.  

Drawing on the regionally differentiated estimates of Hendriks et al (2004), the global 

CO2 storage potential for depleted oil and gas fields stands at 250 Gt CO2 (best 

estimate). Assuming an injection duration of 50 years (to avoid pressure build-up, see 

Szulczewski et al 2012), the storage potential per year amounts to 5 Gt. Although more 

storage volume is available from other reservoir types (deep saline aquifers, coalbed 

methane recovery), all values above 5 Gt are judged as more risky.  

For the purpose of this letter, the indicator measures the percentage increase of CO2 

emissions stored – "Emissions|CO2|Carbon Capture and Storage" (Emi_CCS) – in 

geological storage facilities in 2050 relative to a reference value of 5000 Mt that can 

presumably be stored at low technical risks. 

𝐸𝑚𝑖CCSMitigation(2050) − 5000 Mt CO2

5000 Mt CO2
⋅ 100% 

Nuclear capacity expansion in Newcomer countries 

Today, only thirty countries have nuclear energy but much of the development of 

nuclear power in low-carbon scenarios happens in regions where nuclear power has 

played a very small role. The question then becomes, does a spread of nuclear power 

increase the risk of proliferation and physical security concerns? The relationship 

between proliferation and civilian nuclear power programs is contentious to say the 

least. However, there is generally consensus that civilian nuclear power programs 

shorten the time it would take a country to develop the bomb (Sagan 2011). There’s also 

empirical evidence that ‘client’ countries that have nuclear cooperation agreements 
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with ‘supplier’ countries are more likely to develop nuclear weapons (Fuhrmann 2009). 

Since few ‘Nuclear Newcomers’ would be able to introduce nuclear power without 

significant international support (Jewell 2011), the growth of nuclear proliferation would 

increase with the spread of the technology to new countries. 

To measure this risk, we developed an indicator for the (percentage) change in the 

capacity of nuclear power in countries which today do not currently have nuclear power. 

In the absence of country-by-country values, this is approximated as the sum of nuclear 

capacity – "Capacity|Electricity|Nuclear" (Capacity_Nuc) – in 2050 in regions (r) that 

largely do not have nuclear power (Asia, the Middle East and Africa and Latin America) 

less the sum of the projected nuclear capacity (i) in those countries which do (China, 

India and Brazil) and for which the AMPERE database supplies data.31 

𝑁𝑒𝑤𝑁𝑢𝑐𝑙𝑒𝑎𝑟Migitation−𝑁𝑒𝑤𝑁𝑢𝑐𝑙𝑒𝑎𝑟Baseline

𝑁𝑒𝑤𝑁𝑢𝑐𝑙𝑒𝑎𝑟Baseline ⋅ 100%, 

where 

𝑁𝑒𝑤𝑁𝑢𝑐𝑙𝑒𝑎𝑟 = ∑ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦_𝑁𝑢𝑐(2050)

𝑟

− ∑ 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦_𝑁𝑢𝑐(2050)

𝑖

 

Biomass supply for energy per year 

Biomass is a basic resource for food, fodder and fibre and is hence crucial to many 

peoples’ well-being, particularly for those that have to rely on subsistence agriculture 

and on traditional biomass for cooking and heating. Since it is also a versatile form of RE, 

potentially being able to be converted to liquid and gaseous fuels, electricity and heat, it 

also plays an important role in integrated model projections of energy systems moving 

away from fossil-based fuels (Chum et al 2011, Smith et al 2014b). For many 

technological routes, this implies that bioenergy may compete with other biomass 

demand for arable land (Haberl et al 2014). Since land is a finite resource, this could lead 

to a range of effects for SD (see SI section 6.8.3.1.1). 

Since there are many uncertainties involved in calculating the land use impact of 

bioenergy, including the (induced) yield changes through agricultural technology 

innovation and diffusion processes and the interactions with dietary patterns and non-

climate policies (Creutzig et al 2012a, PBL 2012, Popp et al 2014, Rose et al 2012, 

Sathaye et al 2011, Smith et al 2014b, Wise et al 2009), we simply use the total amount 

of bioenergy as an imperfect but available indicator for this range of potential risks. For 

the purpose of this letter, the indicator refers to the percentage change in the primary 

energy supply of biomass – "Primary Energy|Biomass" (Bioenergy) – in 2050 relative to 

the baseline scenario. 

𝐵𝑖𝑜𝑒𝑛𝑒𝑟𝑔𝑦Mitigation(2050) − 𝐵𝑖𝑜𝑒𝑛𝑒𝑟𝑔𝑦Baseline(2050)

𝐵𝑖𝑜𝑒𝑛𝑒𝑟𝑔𝑦Baseline(2050)
⋅ 100% 

 
31 Although South Korea (21.6GW) and South Africa (1.8GW) already have nuclear capacity (whose lifetime 

ends, however, before 2050), the AMPERE database does not report country-specific data in these cases. 
This likely implies a slight overestimation of the nuclear newcomers capacity – in baseline and mitigation 
scenarios. 
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Maximum decadal PV and wind capacity upscaling 

Modern electrical power systems widely differ in terms of their development and 

reliability across countries. But the balancing of electricity supply and demand requires 

complex operational planning from the management of instantaneous changes in 

demand to the longer-term investment decisions in generation capacity and 

transmission grids. Because the generators, interconnectors and loads are designed to 

operate within certain frequency limits, large amounts of only partially dispatchable and 

predictable power capacity are potentially a threat to the security and reliability of the 

system. This entails the need to build new grid infrastructure (e.g. grid reinforcements 

and new lines) both inside the region as well as interconnection to neighbouring regions. 

But because the construction of networks involves long lead times, “… major 

investments will be needed and will need to be undertaken in such a way, and far 

enough in advance, so as to not jeopardize the reliability and security of electricity 

supply (Sims et al 2011, p 627).” 

With timing conflicts (PV and wind plants can be constructed in less than 2 years, while 

planning, permitting and constructing a transmission line takes 5 to 10 years) and cost 

recovery uncertainties, very fast upscaling of PV and wind power plants is a risk – both 

technically and economically (Sims et al 2011). Possible other solutions (such as 

curtailment, provision of ancillary services, demand-side measures and additional 

reserve capacity and storage facilities) may have to be relied on for higher penetration 

rates but also requires additional time and/or investments (Hirth 2013, Hirth and 

Ueckerdt 2013, Holttinen et al 2011, Söder et al 2007, Ueckerdt et al 2013). Because the 

majority of integrated models only report the various variables in 10-year time steps, we 

have to rely on decadal values for upscaling that we use as a mitigation risk indicator 

reflecting both technical and economic risks. 

For the purpose of this letter the indicator refers to the maximum decadal increase (in 

percentage change) in the combined capacity of PV and wind power – 

"Capacity|Electricity|Solar|PV" (Capacity_PV) and "Capacity|Electricity|Wind" 

(Capacity_Wind) – between 2010 and 2050 relative to the maximum decadal increase in 

capacity in baseline scenarios. 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑈𝑝𝑠𝑐𝑎𝑙𝑖𝑛𝑔Migitation(𝑡)−𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑈𝑝𝑠𝑐𝑎𝑙𝑖𝑛𝑔Baseline(𝑡)

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑈𝑝𝑠𝑐𝑎𝑙𝑖𝑛𝑔Baseline(t)
⋅ 100%, 

where 

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦𝑈𝑝𝑠𝑐𝑎𝑙𝑖𝑛𝑔 = max
2010<𝑡<2050

𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦_𝑃𝑉(𝑡) + 𝐶𝑎𝑝𝑎𝑐𝑖𝑡𝑦_𝑊𝑖𝑛𝑑(𝑡) 

Cumulative CO2 emissions 

As described in SI section 6.8.1, the emission pathways in integrated model mitigation 

scenarios are designed to meet different atmospheric CO2eq concentrations or carbon 

budgets by 2100. They are, however, given the flexibility to overshoot the constraint 

over the course of the century. Otherwise, many models would not find a solution for 

mitigation scenarios with very low concentration targets. This implies that CO2 emission 

trajectories and concentrations can differ substantially across alternative 2°C pathways – 
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mainly depending on the deployment levels of negative emission technologies in the 

second half of the century (Clarke et al 2014, Fuss et al 2014). As described in SI section 

6.8.3.1.10, this can have very different implications for the marine environment, 

because past CO2 emissions can leave a substantial legacy in the marine environment 

due to delayed responses in the ocean interior and irreversibility of some of the impacts 

of ocean acidification, such as calcification (Boucher et al 2012, Zickfeld et al 2012). We 

hence look at differences in cumulative CO2 emissions by 2050 in alternative 2°C 

pathways to approximate the changes is risks due to ocean acidification and its 

implication for marine ecosystems. 

For the purpose of this letter, the indicator refers to the percentage change in 

cumulative CO2 emissions – “Emissions|CO2” (Emi_CO2) – from 2020-2050. 

𝐸𝑚𝑖_𝐶𝑂2Mitigation − 𝐸𝑚𝑖_𝐶𝑂2Baseline

𝐸𝑚𝑖_𝐶𝑂2Baseline
⋅ 100% 

Cumulative values are calculated by multiplying the value in each timestep (t) by half the 

difference between that timestep's year (Y) and the previous timestep's year plus half 

the difference between its year and the next timestep's year, for all timesteps included 

in the period under consideration. 

Cumulative SO2 and BC emissions 

The emissions arising from the combustion of fossil fuels, such as soot (black carbon, 

BC), sulfur dioxide (SO2), nitrogen oxides (NOx) and mercury (Hg), cause significant and 

widespread human health impacts as well as ecological impacts as described in SI 

section 6.8.3.1.2. Although the negative environmental and health impacts primarily 

arise from the (regionally very different) concentration of these pollutants, the scenario 

databases merely report the amount of global emissions that serve here as indicator. 

There are, however, individual studies that establish a clear link between emissions, 

concentrations and the negative impacts of the pollutants in question (Rao et al 2013, 

Shindell et al 2012, Smith and Mizrahi 2013).  

For the purpose of this letter, the indicator for cumulative BC Emissions (2020-2050) 

refers to the percentage change in the cumulative value of BC emissions – 

"Emissions|BC" (Emi_BC) – from 2020 to 2050 relative to the baseline scenario. 

𝐸𝑚𝑖_𝐵𝐶Mitigation − 𝐸𝑚𝑖_𝐵𝐶Baseline

𝐸𝑚𝑖_𝐵𝐶Baseline
⋅ 100% 

For the purpose of this letter, the indicator for cumulative SO2 Emissions (2020-2050) 

refers to the percentage change in the cumulative value of sulfur emissions – 

"Emissions|Sulfur" (Emi_SO2) – from 2020 to 2050 relative to the baseline scenario. 

𝐸𝑚𝑖_𝑆𝑂2Mitigation − Emi_𝑆𝑂2Baseline

𝐸𝑚𝑖_𝑆𝑂2Baseline
⋅ 100% 
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Cumulative global oil trade 

For oil trade, we measure interregional oil trade as an indicator for the concerns around 

the sovereignty perspective that sees the origin of risks in deliberate actions of foreign 

actors (Jewell et al 2014). While this indicator does capture lower risks from decreasing 

oil imports, it also measures lost oil export revenues for oil exporters, which is most 

likely a loss rather than a benefit for major oil exporting countries which would lose oil 

export revenues from a fall of oil trade (Clarke et al 2014). 

With increasing ambition of mitigation, however, global oil trade is projected to 

significantly decrease. One important aspect is that development pathways 

characterized by lower energy intensity (EI) are often likely to rely more heavily on oil 

than mitigation scenarios with conventional EI assumptions (see Figure S-6.5) because 

the mitigation options in the transport sectors are among those with the highest costs 

(Kriegler et al 2014b). Theoretically, the mitigation costs saved from lower EI could be 

used to lower the energy security risks around the reliance of the transport sector on oil. 

For the purpose of this letter, the indicator refers to the percentage change in global oil 

imports, i.e. the sum of positive "Trade|Primary Energy|Oil|Volume" in each region r 

between 2020 and 2050 (Trade_Oil) relative to the baseline scenario. 

∑ 𝑇𝑟𝑎𝑑𝑒_𝑂𝑖𝑙𝑟
Mitigation

𝑟 − ∑ 𝑇𝑟𝑎𝑑𝑒_𝑂𝑖𝑙𝑟
Baseline

𝑟

∑ 𝑇𝑟𝑎𝑑𝑒_𝑂𝑖𝑙𝑟
Baseline

𝑟

⋅ 100% 

Cumulative oil extraction 

For the robustness perspective related to oil security, we measure the cumulative 

extraction of oil resources as a relevant indicator for judging scarcity concerns (Jewell et 

al 2014). While the ‘peak-oil’ theory is still debated, even the perception of resource 

scarcity can lead to price volatility (McCollum et al 2013). Although global conventional 

oil reserves are limited, oil demand projections often exceed these already by 2050 in 

baseline scenarios (Rogner et al 2012). An alternative to conventional oil reserves would 

be to draw on so-called unconventional oil reserves. This alternative is, however, 

problematic, as there is considerable evidence that unconventional oil production 

involves bigger environmental and health risks as well as an increased carbon intensity 

of production, relative to conventional oil production (Bruckner et al 2014, Rogner et al 

2012). For instance, Canada’s oil sands production appears to generate three times as 

many GHG emissions as its conventional oil production. Moreover, it is plausible that 

part of the water used in oil sands production pollutes the ground water. There is also 

evidence of it altering ecosystems (Engemann and Owyang 2010, Woynillowicz et al 

2005). 

Analogously, the production of oil shale has also been found to emit more GHGs than 

conventional oil production, decrease water quality, and permanently change 

ecosystems (Bartis et al 2005, Engemann and Owyang 2010). As a final example, Rogner 

et al (2012, p. 437) note that “severe soil and water contamination by chlorinated 

hydrocarbons and heavy metals” is likely to result from the processing of raw 

unconventional oil into sellable oil. 
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For the purpose of this letter, the indicator refers to the percentage change in the 

cumulative extraction of crude oil – "Resource|Cumulative Extraction|Oil" (Oil) – 

between 2020 and 2050 relative to the baseline scenario. 

𝑂𝑖𝑙Mitigation − 𝑂𝑖𝑙Baseline

𝑂𝑖𝑙Baseline
⋅ 100% 

Fuel diversity of transport sector 

For the resilience perspective, we measure the fuel diversity of the transport sector 

which currently is very low in most countries of the world due to high reliance on oil 

(Cherp et al 2012). For countries that are net importers of oil, the exposure to volatile 

and unpredictable oil prices affects the terms of trade and their economic stability 

(Sathaye et al 2011). Electrification of the transport sector and switching to biofuels 

would decrease the oil dependency by diversifying the energy supply, thus increasing 

resilience (Jewell et al 2014). Although mitigation scenarios often project less oil 

demand by 2050 relative to baseline developments, cost-effective technological options 

in the transport sector to substitute oil are still limited (Sims et al 2014). Global roll-out 

of alternative propulsion technology, particularly in the individual mobility sector, is 

likely to require clear price signals in many countries (either through global cooperation 

on carbon pricing or transport sector innovation) to spread the enormous investment 

costs in R&D, early deployment and diffusion (Bosetti et al 2011). 

For the purpose of this letter, the indicator refers to the percentage change in the 

Shannon Wiener Diversity Index (SWDI) – multiplied by -1 to measure transport sector 

oil reliance, a SD risk, rather than fuel diversity of the transport sector, a policy objective 

– of the five most widely used final energy carriers in the transport sector – oil (‘Final 

Energy|Transportation|Liquids|Oil’), biofuels (‘Final 

Energy|Transportation|Liquids|Biomass’), gases (‘Final Energy|Transportation|Gases’), 

electricity (‘Final Energy|Transportation|Electricity’), and hydrogen (‘Final 

Energy|Transportation|Hydrogen’). The SWDI is the sum of the share of each final 

energy carrier (f) in total final transport energy (‘Final Energy|Transportation’) (t) 

multiplied by its natural logarithm. 

∑ (
𝑓
𝑡 ⋅ ln (

𝑓
𝑡 )) Mitigation

𝑓 − ∑ (
𝑓
𝑡 ⋅ ln (

𝑓
𝑡 )) Baseline

𝑓

∑ (
𝑓
𝑡

⋅ ln (
𝑓
𝑡

)) Baseline
𝑓

⋅ 100% 

6.8.4 AMPERE model inter-comparison project 

AMPERE is an EU-funded international effort that stands for ‘Assessment of Climate 

Change Mitigation Pathways and Evaluation of the Robustness of Mitigation Cost 

Estimates’. This inter-comparison project of integrated models focused on the mitigation 

challenge of delayed and fragmented climate policy. AMPERE compares results from a 

wide range of internationally recognized energy-economy-climate models with different 

functional structures, parametric assumptions, and sectoral coverage (see Table S-6.1). 

The model diversity allowed identifying model uncertainty (i.e. where model results 

differed widely) and robust insights (i.e. where model results were similar). 
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AMPERE covered several key aspects not assessed in previous inter-comparison 

projects: 

• Impact of short-term climate policies on the achievability of long-term 

mitigation goals; 

• Role of individual technologies within the mitigation technology portfolio; 

• Harmonization of key socioeconomic drivers (GDP, population and energy 

demand growth); 

• Economic effects and climate benefits of early unilateral followed by delayed 

global action; 

• Costs and benefits of alternative European Union climate policy choices; 

• Diagnosing model behavior and assessing model validity to better understand 

differences. 

The first two aspects are particularly important for this letter’s analysis which is why the 

respective scenario specifications are described in more detail in Table S-6.3. The third 

point is also of importance for this analysis (see discussion) since harmonized key 

socioeconomic drivers allow a better mapping of the changes in the model variables to 

climate policy signals across models. The main finding of AMPERE is that any emissions 

resulting from low-ambitious short-term climate policies (until 2030) would need to be 

compensated over a relatively short timeframe (2030-2050) to stay within the limited 

carbon budget associated with restricting warming to 2°C (see Figure S-6.3).  

Mitigation scenarios with low-ambitious short-term climate policies (“HST”) would 

require quadrupling the low-carbon energy share and global CO2 emission cuts of 6-8% 

per year in the two decades between 2030 and 2050. This means that almost half the 

global energy supply infrastructure would require replacement over a narrow two 

decade period. In optimal immediate climate policy scenarios (“OPT”), the energy 

system transition between 2030 and 2050 required to limit warming to 2°C would still 

be highly challenging, requiring a doubling of the low-carbon energy share and carbon 

intensity reductions of 3-4% per year (see Figure S-6.4). 

The AMPERE models project a global mean warming of 3.5 – 5.9°C above pre-industrial 

levels by 2100 for the baseline scenarios, depending on the uncertainty in emissions and 

climate parameters (Table S-6.2). By contrast, all mitigation scenarios that are analyzed 

in this letter are scenarios designed to stay within the cumulative emission budget of 

1500 GtCO2 (2000–2100) – which largely corresponds to the mitigation scenarios with 

450 ppm CO2-equivalent concentrations at the end of the century (Clarke et al 2014, 

Riahi et al 2015, Schaeffer et al 2015). For median assumptions, this implies a 42-47% 

probability of not exceeding the 2°C target for all 450-FullTech scenarios which 

corresponds to maximum temperature changes of 2.5°C (see Table S-6.3). 
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Figure S-6.3 GHG emission pathways of AMPERE models necessary to stay within the carbon budget 

consistent with the 2°C target. The optimal pathway with immediate mitigation is shown in green while 

the red emission pathway represents delayed 2°C pathways. The grey emission pathway denotes 

baseline development without climate policy. Source: Kriegler et al (2014a). 

 
Figure S-6.4 Comparison of delayed and immediate mitigation pathways consistent with 2°C. Panel (a) 

illustrates the required carbon intensity reduction rates and panel (b) the required upscaling of low-

carbon energy supply. Historical annual carbon intensity change rates from 1900 to 2010 (sustained 

over 20-year periods) are shown in grey in panel (a). Boxplots indicate median, interquartile and full 

ranges of model results. Source: Kriegler et al (2014a).   
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Table S-6.2 GHG emissions, atmospheric concentrations, and temperature consequences in the 

“FullTech” scenarios. Numbers correspond to the median and the full range across the scenarios. Note 

that for the climate simulations, emissions were harmonized to the same base year using inventories 

from Granier et al (2011) and Lamarque et al (2010) (adapted from Riahi et al 2015). 

 CO2 
Emission  

CO2eq 
Emissions  

Cumulative 
CO2 emissions 

CO2eq con-
centrations 

Temperature 
change 

Probability of 
exceeding 2°C 

 (2030) (2030) (2000-2100) (2100) (max) (max) 

 GtCO2 GtCO2e GtCO2 ppm °C % 

Baseline 53  
(50-67) 

71  
(68-83) 

6,268  
(5,670-8,755) 

1,143  
(1,023-
1,338) 

4.6  
(3.5-5.9) 

100  
(100-100) 

450 
optimal 

31  
(24-45) 

46  
(35-60) 

1,330  
(1,242-1,350) 

485  
(453-522) 

1.9  
(1.5-2.4) 

42  
(26-84) 

450 LST 39  
(37-42) 

53  
(53-53) 

1,335  
(1,263-1,379) 

488  
(455-524) 

2.0  
(1.5-2.5) 

45  
(28-84) 

450 HST 46  
(44-49) 

61  
(60-61) 

1,344  
(1,274-1,382) 

484  
(452-520) 

2.0  
(1.6-2.5) 

47  
(28-84) 

 

Table S-6.3 Mitigation technology choices and short-term climate policy stringencies assumed in the 

AMPERE scenarios (adapted from Riahi et al 2015). 

Short-term targets 
(2030) 

Description Scenario name 

Low short-term 
target 

Global emissions follow a high ambition pledge pathway 
reaching 53 GtCO2eq by 2030. Thereafter ambitions are 
adjusted to meet the long-term target (450 CO2eq) 

“LST” 

High short-term 
target 

Global emissions follow a low ambition pledge pathway 
reaching 61 GtCO2eq by 2030. Thereafter ambitions are 
adjusted to meet the long-term target (450 CO2eq) 

“HST” 

Optimal policy Global emissions follow an optimal pathway assuming 
immediate introduction of climate policies to meet the long-
term target (450 ppm CO2eq). No explicit short-term target 
for 2030 is assumed.  

“OPT” 

Technology cases Description Scenario name  

Full technology The full portfolio of technologies is available and may scale up 
successfully to meet the respective climate targets 

“FullTech” 

Low Demand and 
Energy Intensity 

A combination of stringent efficiency measures and behavioural 
changes radically limits energy demand, leading to a 
doubling of the rate energy intensity improvements 
compared to the past. The full portfolio of technologies is 
available on the supply side. 

“LowEI” 

No new nuclear No new investments into nuclear power after 2020; existing 
plants are fully phased out over their lifetime. 

“NucOff” 

No CCS The technology to capture and geologically store carbon dioxide 
(CCS) never becomes available. This impacts both the 
potential to implement lower emission options with fossil 
fuels and the possibility to generate “negative emissions” 
when combined with bioenergy. 

“NoCCS” 

Limited Solar and 
Wind 

Limited contribution of solar and wind to 20% of total power 
generation, reflecting potential implementation barriers of 
variable renewable energy at high penetration rates 

“LimSW” 

Limited Biomass Limited potential for biomass (maximum of 100 EJ/yr), exploring 
strategies that would avoid large-scale expansion of 
bioenergy and thus avoid potential competition over land 
for food and fibre 

“LimBio” 
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6.8.5 Supplementary figures 

 

Figure S-6.5 Percentage changes in indicators for co-benefits for air quality, oil security and fuel 

diversity in the transport sector in alternative 2°C pathways for four integrated models (GCAM, 

MESSAGE, POLES, REMIND) relative to baseline scenarios in 2030, comparing immediate mitigation 

scenarios (grey) with delayed mitigation scenarios (pink) and immediate mitigation scenarios with 

lower energy demand growth (blue). The thick coloured lines show median results, coloured ranges 

show interquartile ranges and whiskers show the minimum and maximum results.  
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Figure S-6.6 Percentage changes in mitigation risk dimensions in alternative 2°C pathways for five 

integrated models (GCAM, IMAGE, MESSAGE, POLES, REMIND) relative to baseline scenarios, 

comparing immediate mitigation scenarios assuming full availability of mitigation technologies (grey) 

with mitigation scenarios assuming no new nuclear capacity (red) or limited potential for solar and 

wind energy (yellow). The thick coloured lines show median results; coloured ranges show interquartile 

ranges. Neither the distance of individual data points to the 0%-line nor the total area covered by the 

shaded area are good guidance for the overall mitigation risk of particular scenarios. Instead, the 

evaluation differs for locally specific contexts with varying priority settings and risk perceptions.  
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Figure S-6.7 Percentage changes in mitigation risk dimensions in alternative 2°C pathways for six 

integrated models (DNE21+, GCAM, MESSAGE, POLES, REMIND, WITCH) relative to baseline 

scenarios, comparing immediate mitigation scenarios (grey) with delayed mitigation scenarios with 

high short-term targets (pink) or low short-term targets (purple). The thick coloured lines show 

median results; coloured ranges show interquartile ranges. Neither the distance of individual data 

points to the 0%-line nor the total area covered by the shaded area are good guidance for the overall 

mitigation risk of particular scenarios. Instead, the evaluation differs for locally specific contexts with 

varying priority settings and risk perceptions.  
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Figure S-6.8 Percentage changes in mitigation risk dimensions in alternative 2°C pathways for six 

integrated models (DNE21+, GCAM, MESSAGE, POLES, REMIND, WITCH) relative to reference 

values or values from baseline scenarios, comparing immediate mitigation scenarios assuming full 

availability of mitigation technologies (grey) with delayed mitigation scenarios assuming full 

availability of mitigation technologies (pink) or no new nuclear capacity (red). The thick coloured lines 

show median results; coloured ranges show interquartile ranges. Neither the distance of individual 

data points to the 0%-line nor the total area covered by the shaded area are good guidance for the 

overall mitigation risk of particular scenarios. Instead, the evaluation differs for locally specific 

contexts with varying priority settings and risk perceptions.  
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Figure S-6.9 Percentage changes in mitigation risk dimensions in alternative 2°C pathways for four 

integrated models (GCAM, MESSAGE, POLES, REMIND) relative to reference values or values from 

baseline scenarios, comparing immediate mitigation scenarios assuming full availability of mitigation 

technologies (grey) with delayed mitigation scenarios assuming full availability of mitigation 

technologies (pink) or limited potential for solar and wind energy (warm yellow). The thick coloured 

lines show median results; coloured ranges show interquartile ranges. Neither the distance of 

individual data points to the 0%-line nor the total area covered by the shaded area are good guidance 

for the overall mitigation risk of particular scenarios. Instead, the evaluation differs for locally specific 

contexts with varying priority settings and risk perceptions.  
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Figure S-6.10 Percentage changes in mitigation risk dimensions in alternative 2°C pathways for the 

year 2050 and the preceding decades for seven integrated models (DNE21+, GCAM, IMAGE, 

MESSAGE, POLES, REMIND, WITCH) relative baseline scenarios, comparing mitigation scenarios 

assuming full availability of mitigation technologies with low overshoot ‘O1’ (< 0.4 W/m2) and high (> 

0.4 W/m2) overshoot ‘O2’ (see Clarke et al 2014 for details). The thick coloured lines show median 

results; coloured ranges show interquartile ranges. Neither the distance of individual data points to the 

0%-line nor the total area covered by the shaded area are good guidance for the overall mitigation risk 

of particular scenarios. Instead, the evaluation differs for locally specific contexts with varying priority 

settings and risk perceptions.  
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Figure S-6.11 Percentage changes in mitigation risk dimensions in alternative 2°C pathways for the 

year 2080 and the preceding decades for seven integrated models (DNE21+, GCAM, IMAGE, 

MESSAGE, POLES, REMIND, WITCH) relative to baseline scenarios, comparing mitigation 

scenarios assuming full availability of mitigation technologies with low overshoot ‘O1’ (< 0.4 W/m2) 

and high (> 0.4 W/m2) overshoot ‘O2’ (see Clarke et al 2014 for details). The thick coloured lines show 

median results; coloured ranges show interquartile ranges. Neither the distance of individual data 

points to the 0%-line nor the total area covered by the shaded area are good guidance for the overall 

mitigation risk of particular scenarios. Instead, the evaluation differs for locally specific contexts with 

varying priority settings and risk perceptions.  
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Table S-6.4 Data underlying Figure 6.5. Percentage changes in median values of indicators for SD risk 

dimensions in different constrained 2°C pathways relative to optimal pathways (assuming immediate 

mitigation with full availability of mitigation technologies and conventional energy demand growth). 

 

Median value 

of indicator…

Median value 

of 'optimal' 

2°C scenario…

Percentage 

change [%] Year(s)

AMPERE2-450-FullTech-OPT Cumulative CO2 Emissions [Gt] 812896,90 812896,90 0,0 2020-50 x x x x x x

AMPERE2-450-NucOff-OPT Cumulative CO2 Emissions [Gt] 813594,96 812896,90 0,1 2020-50 x x x x x x

AMPERE2-450-LimSW-OPT Cumulative CO2 Emissions [Gt] 805455,62 873256,50 -1,6 2020-50 x x x x

AMPERE2-450-LimBio-OPT Cumulative CO2 Emissions [Gt] 676945,25 873256,50 -24,2 2020-50 x x x x

AMPERE2-450-NoCCS-OPT Cumulative CO2 Emissions [Gt] 721414,77 873256,50 -27,9 2020-50 x x x x

AMPERE2-450-LowEI-OPT Cumulative CO2 Emissions [Gt] 821073,44 812896,90 0,2 2020-50 x x x x x x

AMPERE2-450-FullTech-LST Cumulative CO2 Emissions [Gt] 843678,04 812896,90 7,6 2020-50 x x x x x x

AMPERE2-450-NucOff-LST Cumulative CO2 Emissions [Gt] 842362,81 812896,90 7,5 2020-50 x x x x x x

AMPERE2-450-LimSW-LST Cumulative CO2 Emissions [Gt] 901729,82 873256,50 3,4 2020-50 x x x x

AMPERE2-450-LimBio-LST Cumulative CO2 Emissions [Gt] 781099,87 873256,50 -6,7 2020-50 x x x x

AMPERE2-450-NoCCS-LST Cumulative CO2 Emissions [Gt] 812376,62 1026093,61 -17,2 2020-50 x x

AMPERE2-450-LowEI-LST Cumulative CO2 Emissions [Gt] 864305,32 812896,90 11,7 2020-50 x x x x x x

AMPERE2-450-FullTech-OPT Cumulative SO2 Emissions [Gt] 1748,35 1748,35 0,0 2020-50 x x x x x x

AMPERE2-450-NucOff-OPT Cumulative SO2 Emissions [Gt] 1738,58 1748,35 0,0 2020-50 x x x x x x

AMPERE2-450-LimSW-OPT Cumulative SO2 Emissions [Gt] 1509,10 1560,63 -3,3 2020-50 x x x x

AMPERE2-450-LimBio-OPT Cumulative SO2 Emissions [Gt] 1324,99 1560,63 -16,1 2020-50 x x x x

AMPERE2-450-NoCCS-OPT Cumulative SO2 Emissions [Gt] 1248,98 1748,35 -22,2 2020-50 x x x x

AMPERE2-450-LowEI-OPT Cumulative SO2 Emissions [Gt] 1698,26 1748,35 1,4 2020-50 x x x x x x

AMPERE2-450-FullTech-LST Cumulative SO2 Emissions [Gt] 1724,12 1748,35 2,4 2020-50 x x x x x x

AMPERE2-450-NucOff-LST Cumulative SO2 Emissions [Gt] 1727,50 1748,35 2,3 2020-50 x x x x x x

AMPERE2-450-LimSW-LST Cumulative SO2 Emissions [Gt] 1594,31 1560,63 2,2 2020-50 x x x x

AMPERE2-450-LimBio-LST Cumulative SO2 Emissions [Gt] 1495,05 1560,63 -2,7 2020-50 x x x x

AMPERE2-450-NoCCS-LST Cumulative SO2 Emissions [Gt] 1782,04 2021,98 -12,5 2020-50 x x

AMPERE2-450-LowEI-LST Cumulative SO2 Emissions [Gt] 1753,20 1748,35 7,3 2020-50 x x x x x x

AMPERE2-450-FullTech-OPT Cumulative BC Emissions [Gt] 186,11 186,11 0,0 2020-50 x x x x

AMPERE2-450-NucOff-OPT Cumulative BC Emissions [Gt] 186,95 186,11 0,0 2020-50 x x x x

AMPERE2-450-LimSW-OPT Cumulative BC Emissions [Gt] 172,44 176,57 -2,3 2020-50 x x x

AMPERE2-450-LimBio-OPT Cumulative BC Emissions [Gt] 167,65 176,57 -8,9 2020-50 x x x

AMPERE2-450-NoCCS-OPT Cumulative BC Emissions [Gt] 172,89 186,11 -7,1 2020-50 x x x x

AMPERE2-450-LowEI-OPT Cumulative BC Emissions [Gt] 166,20 168,89 -1,6 2020-50 x x x x

AMPERE2-450-FullTech-LST Cumulative BC Emissions [Gt] 178,17 186,11 -1,6 2020-50 x x x x

AMPERE2-450-NucOff-LST Cumulative BC Emissions [Gt] 178,99 186,11 -1,1 2020-50 x x x x

AMPERE2-450-LimSW-LST Cumulative BC Emissions [Gt] 161,61 176,57 -1,7 2020-50 x x x

AMPERE2-450-LimBio-LST Cumulative BC Emissions [Gt] 159,42 176,57 -9,7 2020-50 x x x

AMPERE2-450-NoCCS-LST Cumulative BC Emissions [Gt] 203,10 212,57 -4,7 2020-50 x x

AMPERE2-450-LowEI-LST Cumulative BC Emissions [Gt] 166,19 186,11 -5,4 2020-50 x x x x

AMPERE2-450-FullTech-OPT Cumlative global oil trade [EJ] 3338,07 3338,07 0,0 2020-50 x x x x x

AMPERE2-450-NucOff-OPT Cumlative global oil trade [EJ] 3369,41 3338,07 -0,2 2020-50 x x x x x

AMPERE2-450-LimSW-OPT Cumlative global oil trade [EJ] 3294,56 3307,93 -0,4 2020-50 x x x x

AMPERE2-450-LimBio-OPT Cumlative global oil trade [EJ] 3094,82 3307,93 -8,1 2020-50 x x x x

AMPERE2-450-NoCCS-OPT Cumlative global oil trade [EJ] 2881,66 3338,07 -13,7 2020-50 x x x

AMPERE2-450-LowEI-OPT Cumlative global oil trade [EJ] 3014,26 3338,07 -8,0 2020-50 x x x x x

AMPERE2-450-FullTech-LST Cumlative global oil trade [EJ] 3378,56 3338,07 -0,5 2020-50 x x x x x

AMPERE2-450-NucOff-LST Cumlative global oil trade [EJ] 3375,27 3338,07 1,1 2020-50 x x x x x

AMPERE2-450-LimSW-LST Cumlative global oil trade [EJ] 3307,45 3307,93 -0,6 2020-50 x x x x

AMPERE2-450-LimBio-LST Cumlative global oil trade [EJ] 3082,99 3307,93 -6,8 2020-50 x x x x

AMPERE2-450-NoCCS-LST Cumlative global oil trade [EJ] 2875,70 3338,07 -13,9 2020-50 x

AMPERE2-450-LowEI-LST Cumlative global oil trade [EJ] 3087,27 3338,07 -5,8 2020-50 x x x x x

AMPERE2-450-FullTech-OPT Cumulative oil extraction [EJ] 6149,59 6149,59 0,0 2020-50 x x x x x x

AMPERE2-450-NucOff-OPT Cumulative oil extraction [EJ] 6144,59 6149,59 -0,4 2020-50 x x x x x x

AMPERE2-450-LimSW-OPT Cumulative oil extraction [EJ] 6039,16 6149,59 -1,7 2020-50 x x x x

AMPERE2-450-LimBio-OPT Cumulative oil extraction [EJ] 5142,31 6149,59 -10,5 2020-50 x x x x

AMPERE2-450-NoCCS-OPT Cumulative oil extraction [EJ] 5362,68 6451,85 -17,1 2020-50 x x x x

AMPERE2-450-LowEI-OPT Cumulative oil extraction [EJ] 5729,45 6149,59 -7,0 2020-50 x x x x x x

AMPERE2-450-FullTech-LST Cumulative oil extraction [EJ] 6016,11 6149,59 0,6 2020-50 x x x x x x

AMPERE2-450-NucOff-LST Cumulative oil extraction [EJ] 6020,79 6149,59 0,9 2020-50 x x x x x x

AMPERE2-450-LimSW-LST Cumulative oil extraction [EJ] 6082,86 6149,59 -1,1 2020-50 x x x x

AMPERE2-450-LimBio-LST Cumulative oil extraction [EJ] 5134,03 6149,59 -9,9 2020-50 x x x x

AMPERE2-450-NoCCS-LST Cumulative oil extraction [EJ] 5560,36 6451,85 -13,9 2020-50 x x

AMPERE2-450-LowEI-LST Cumulative oil extraction [EJ] 5683,63 6149,59 -6,7 2020-50 x x x x x x

AMPERE2-450-FullTech-OPT Fuel diversity of transport [SWDI] -0,82 -0,82 0,0 2050 x x x x x

AMPERE2-450-NucOff-OPT Fuel diversity of transport [SWDI] -0,78 -0,82 -0,1 2050 x x x x x

AMPERE2-450-LimSW-OPT Fuel diversity of transport [SWDI] -0,91 -0,90 -1,3 2050 x x x x

AMPERE2-450-LimBio-OPT Fuel diversity of transport [SWDI] -1,03 -0,90 -11,1 2050 x x x x

AMPERE2-450-NoCCS-OPT Fuel diversity of transport [SWDI] -1,16 -0,88 -31,2 2050 x x x x

AMPERE2-450-LowEI-OPT Fuel diversity of transport [SWDI] -0,63 -0,82 22,9 2050 x x x x x

AMPERE2-450-FullTech-LST Fuel diversity of transport [SWDI] -0,98 -0,82 -2,8 2050 x x x x x

AMPERE2-450-NucOff-LST Fuel diversity of transport [SWDI] -0,99 -0,82 -1,8 2050 x x x x x

AMPERE2-450-LimSW-LST Fuel diversity of transport [SWDI] -0,94 -0,90 -4,8 2050 x x x x

AMPERE2-450-LimBio-LST Fuel diversity of transport [SWDI] -1,09 -0,90 -14,5 2050 x x x x

AMPERE2-450-NoCCS-LST Fuel diversity of transport [SWDI] -1,38 -0,88 -60,6 2050 x x

AMPERE2-450-LowEI-LST Fuel diversity of transport [SWDI] -0,93 -0,82 16,3 2050 x x x x x

POLES 
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AMPERE...of the respective modelsMitigation scenario Indicator
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AMPERE2-450-FullTech-OPT Maximum transitional growth reduction 41,09 41,09 0,0 2020-50 x x x

AMPERE2-450-NucOff-OPT Maximum transitional growth reduction 45,11 45,15 33,8 2020-50 x x x

AMPERE2-450-LimSW-OPT Maximum transitional growth reduction 35,01 35,33 32,3 2020-50 x x

AMPERE2-450-LimBio-OPT Maximum transitional growth reduction 42,59 43,66 107,5 2020-50 x x

AMPERE2-450-NoCCS-OPT Maximum transitional growth reduction 42,23 43,75 152,0 2020-50 x x

AMPERE2-450-LowEI-OPT Maximum transitional growth reduction 41,28 41,02 -25,7 2020-50 x x x

AMPERE2-450-FullTech-LST Maximum transitional growth reduction 28,65 30,02 119,4 2020-50 x x x

AMPERE2-450-NucOff-LST Maximum transitional growth reduction 28,62 30,07 144,4 2020-50 x x x

AMPERE2-450-LimSW-LST Maximum transitional growth reduction 28,35 29,47 112,5 2020-50 x x

AMPERE2-450-LimBio-LST Maximum transitional growth reduction 29,83 32,88 304,3 2020-50 x x

AMPERE2-450-NoCCS-LST Maximum transitional growth reduction n/a n/a n/a 2020-50 x x

AMPERE2-450-LowEI-LST Maximum transitional growth reduction 29,40 28,25 -3,0 2020-50 x x x

AMPERE2-450-FullTech-OPT Maxium decadal energy price growth 1,33 1,33 0,0 2020-50 x x

AMPERE2-450-NucOff-OPT Maxium decadal energy price growth 1,21 1,19 1,8 2020-50 x x

AMPERE2-450-LimSW-OPT Maxium decadal energy price growth 1,40 1,30 6,8 2020-50 x x

AMPERE2-450-LimBio-OPT Maxium decadal energy price growth 1,46 1,30 11,6 2020-50 x x

AMPERE2-450-NoCCS-OPT Maxium decadal energy price growth 1,62 1,30 23,4 2020-50 x x

AMPERE2-450-LowEI-OPT Maxium decadal energy price growth 1,21 1,21 0,6 2020-50 x x

AMPERE2-450-FullTech-LST Maxium decadal energy price growth 1,38 1,23 12,3 2020-50 x x

AMPERE2-450-NucOff-LST Maxium decadal energy price growth 1,40 1,23 13,9 2020-50 x x

AMPERE2-450-LimSW-LST Maxium decadal energy price growth 1,52 1,23 23,2 2020-50 x x

AMPERE2-450-LimBio-LST Maxium decadal energy price growth 2,24 1,28 76,6 2020-50 x x

AMPERE2-450-NoCCS-LST Maxium decadal energy price growth n/a n/a n/a 2020-50

AMPERE2-450-LowEI-LST Maxium decadal energy price growth 1,40 1,28 9,8 2020-50 x x

AMPERE2-450-FullTech-OPT Share of idle coal capacity 0,41 0,41 0,0 2050 x x x x x x

AMPERE2-450-NucOff-OPT Share of idle coal capacity 0,56 0,41 -1,5 2050 x x x x x x

AMPERE2-450-LimSW-OPT Share of idle coal capacity 0,35 0,41 1,1 2050 x x x x

AMPERE2-450-LimBio-OPT Share of idle coal capacity 0,77 0,41 7,0 2050 x x x x

AMPERE2-450-NoCCS-OPT Share of idle coal capacity 0,45 0,21 7,0 2050 x x x x

AMPERE2-450-LowEI-OPT Share of idle coal capacity 0,43 0,41 0,3 2050 x x x x x x

AMPERE2-450-FullTech-LST Share of idle coal capacity 0,85 0,41 24,9 2050 x x x x x x

AMPERE2-450-NucOff-LST Share of idle coal capacity 0,81 0,41 17,8 2050 x x x x x x

AMPERE2-450-LimSW-LST Share of idle coal capacity 0,81 0,41 9,0 2050 x x x x

AMPERE2-450-LimBio-LST Share of idle coal capacity 0,89 0,41 19,1 2050 x x x x

AMPERE2-450-NoCCS-LST Share of idle coal capacity 0,59 0,17 276,1 2050 x x

AMPERE2-450-LowEI-LST Share of idle coal capacity 0,83 0,41 27,1 2050 x x x x x x

AMPERE2-450-FullTech-OPT CO2 captured & stored [Gt] 10844,76 10844,76 0,0 2050 x x x x x x

AMPERE2-450-NucOff-OPT CO2 captured & stored [Gt] 13638,38 10844,76 22,4 2050 x x x x x x

AMPERE2-450-LimSW-OPT CO2 captured & stored [Gt] 17328,08 13521,52 22,4 2050 x x x x

AMPERE2-450-LimBio-OPT CO2 captured & stored [Gt] 15836,94 13521,52 -6,9 2050 x x x x

AMPERE2-450-NoCCS-OPT CO2 captured & stored [Gt] 0,00 10844,76 -100,0 2050 x x x x

AMPERE2-450-LowEI-OPT CO2 captured & stored [Gt] 6807,59 10844,76 -36,8 2050 x x x x x x

AMPERE2-450-FullTech-LST CO2 captured & stored [Gt] 10925,85 10844,76 -0,2 2050 x x x x x x

AMPERE2-450-NucOff-LST CO2 captured & stored [Gt] 13307,78 10844,76 14,5 2050 x x x x x x

AMPERE2-450-LimSW-LST CO2 captured & stored [Gt] 16728,00 13521,52 20,0 2050 x x x x

AMPERE2-450-LimBio-LST CO2 captured & stored [Gt] 13920,23 13521,52 -17,1 2050 x x x x

AMPERE2-450-NoCCS-LST CO2 captured & stored [Gt] 0,00 10844,76 -100,0 2050 x x

AMPERE2-450-LowEI-LST CO2 captured & stored [Gt] 6764,11 10844,76 -34,0 2050 x x x x x x

AMPERE2-450-FullTech-OPT Nuclear capacity expansion in Newcomers [in GW] 166,94 166,94 0,0 2050 x x x x x

AMPERE2-450-NucOff-OPT Nuclear capacity expansion in Newcomers [in GW] 6,70 166,94 -93,7 2050 x x x x x

AMPERE2-450-LimSW-OPT Nuclear capacity expansion in Newcomers [in GW] 141,73 210,52 1,9 2050 x x x x

AMPERE2-450-LimBio-OPT Nuclear capacity expansion in Newcomers [in GW] 206,69 210,52 45,1 2050 x x x x

AMPERE2-450-NoCCS-OPT Nuclear capacity expansion in Newcomers [in GW] 600,81 254,10 153,3 2050 x x x

AMPERE2-450-LowEI-OPT Nuclear capacity expansion in Newcomers [in GW] 86,64 166,94 -32,4 2050 x x x x x

AMPERE2-450-FullTech-LST Nuclear capacity expansion in Newcomers [in GW] 172,77 166,94 3,5 2050 x x x x x

AMPERE2-450-NucOff-LST Nuclear capacity expansion in Newcomers [in GW] 6,70 166,94 -93,7 2050 x x x x x

AMPERE2-450-LimSW-LST Nuclear capacity expansion in Newcomers [in GW] 180,83 210,52 18,3 2050 x x x x

AMPERE2-450-LimBio-LST Nuclear capacity expansion in Newcomers [in GW] 255,71 210,52 56,8 2050 x x x x

AMPERE2-450-NoCCS-LST Nuclear capacity expansion in Newcomers [in GW] 715,12 254,10 181,4 2050 x

AMPERE2-450-LowEI-LST Nuclear capacity expansion in Newcomers [in GW] 82,56 166,94 -32,0 2050 x x x x x

AMPERE2-450-FullTech-OPT Bioenergy supply [EJ] 146,83 146,83 0,0 2050 x x x x x x

AMPERE2-450-NucOff-OPT Bioenergy supply [EJ] 150,44 146,83 3,3 2050 x x x x x x

AMPERE2-450-LimSW-OPT Bioenergy supply [EJ] 168,30 162,96 3,6 2050 x x x x

AMPERE2-450-LimBio-OPT Bioenergy supply [EJ] 108,54 162,96 -35,3 2050 x x x x

AMPERE2-450-NoCCS-OPT Bioenergy supply [EJ] 170,05 146,83 11,6 2050 x x x x

AMPERE2-450-LowEI-OPT Bioenergy supply [EJ] 96,88 146,83 -30,6 2050 x x x x x x

AMPERE2-450-FullTech-LST Bioenergy supply [EJ] 148,49 146,83 0,3 2050 x x x x x x

AMPERE2-450-NucOff-LST Bioenergy supply [EJ] 157,42 146,83 6,8 2050 x x x x x x

AMPERE2-450-LimSW-LST Bioenergy supply [EJ] 168,62 162,96 3,4 2050 x x x x

AMPERE2-450-LimBio-LST Bioenergy supply [EJ] 110,83 162,96 -33,9 2050 x x x x

AMPERE2-450-NoCCS-LST Bioenergy supply [EJ] 216,14 132,83 56,5 2050 x x

AMPERE2-450-LowEI-LST Bioenergy supply [EJ] 113,84 146,83 -30,0 2050 x x x x x x

AMPERE2-450-FullTech-OPT Maximum PV and wind upscaling 2637,39 2637,39 0,0 2020-50 x x x x x x

AMPERE2-450-NucOff-OPT Maximum PV and wind upscaling 2631,82 2637,39 23,5 2020-50 x x x x x x

AMPERE2-450-LimSW-OPT Maximum PV and wind upscaling 933,03 2637,39 -66,3 2020-50 x x x x

AMPERE2-450-LimBio-OPT Maximum PV and wind upscaling 2737,18 2637,39 8,8 2020-50 x x x x

AMPERE2-450-NoCCS-OPT Maximum PV and wind upscaling 6079,59 3185,02 57,3 2020-50 x x x x

AMPERE2-450-LowEI-OPT Maximum PV and wind upscaling 1033,60 2637,39 -55,3 2020-50 x x x x x x

AMPERE2-450-FullTech-LST Maximum PV and wind upscaling 2828,07 2637,39 11,5 2020-50 x x x x x x

AMPERE2-450-NucOff-LST Maximum PV and wind upscaling 2971,95 2637,39 35,3 2020-50 x x x x x x

AMPERE2-450-LimSW-LST Maximum PV and wind upscaling 1134,66 2637,39 -57,0 2020-50 x x x x

AMPERE2-450-LimBio-LST Maximum PV and wind upscaling 3574,35 2637,39 49,3 2020-50 x x x x

AMPERE2-450-NoCCS-LST Maximum PV and wind upscaling 11495,02 2281,02 268,8 2020-50 x x

AMPERE2-450-LowEI-LST Maximum PV and wind upscaling 1591,21 2637,39 -38,6 2020-50 x x x x x x
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7 Synthesis – new insights, challenges and opportunities for 

mitigation research and global assessment making in a 

multi-objective context 

Carbon dioxide emissions permeate many aspects of modern life, such as housing, 

mobility as well as production and consumption patterns. Ambitious climate change 

mitigation pathways with transformational changes thus have considerable implications 

for broader societal goals and their underlying normative viewpoints. Comprehension of 

the direct and indirect effects of alternative mitigation pathways as well as their key 

interdependencies hence cannot be achieved in separate research communities – 

making mitigation research a particularly interdisciplinary science (see IPCC, 2014).  

Yet, at the outset of this PhD project in 2012, academic debates about the interaction 

between mitigation and SD dimensions were largely confined to specific epistemic 

communities. In the meantime, it is more widely acknowledged both in science and 

politics that climate policy cannot be separated any longer from broader SD 

considerations. In fact, with the establishment of the Sustainable Development Goals 

(SDGs), mitigation and SD have been firmly integrated. The new challenge for science is 

to better understand how to realize synergies and minimize trade-offs (see Chapter 6). 

Accordingly, Hallegatte et al. (2016) argue that “future research – and future IPCC 

assessments – should help decision-makers harmonize these two agendas and make the 

long-term climate goal an integral part of the development agenda” (p. 667).  

As highlighted in this thesis, global environmental assessments (GEAs) can make 

important contributions to this integration. Kowarsch et al. (2017, p.3) elaborate on the 

implications for assessment processes: “the profound multi-dimensionality of the SDGs 

and the Paris Agreement goals create unprecedented complications for GEAs assessing 

options for achieving them”.32 In addition, new insights are produced at an 

unprecedented pace potentially adding to the complexity of the task (Minx et al., 

2017b). This highlights questions of how to best synthesize the many new insights and 

to facilitate an informed public debate so as to enable decision makers to deliver on the 

implementation of appropriate efforts to meet both climate and SD policy goals.  

The different chapters of this thesis not only contribute to new insights how to better 

integrate the two agendas (see section 7.1 for a summary). They also discuss challenges 

and opportunities ahead if this surge in knowledge on the interaction of mitigation and 

SD is to be made useful for decision-making by means of scientific assessments (see 

section 7.2). Section 7.3 points to opportunities from innovative synthesis tools for 

global assessments, provides an outlook to future mitigation and SD research and 

discusses to what extent the IPCC mandate may need to be adapted against the 

background of developments in the scientific landscape and international climate policy. 

 
32 The diversity of actors, plausible assumptions and normative viewpoints makes a consensus on 

appropriate action to address climate change virtually impossible (Kowarsch et al., 2017). But contrary to 
conventional thinking, consensus is not a precondition for sound scientific policy advice (Oreskes, 2004a,b) 
and GEAs are an important tool to reconcile disparate views (see Chapter 2). 
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7.1 Insights for global assessment making  

As set out in the introduction, this thesis is concerned with two core research questions: 

i) How to assess and synthesize diverse strands of mitigation literature for 

policymakers in a comprehensive, objective and balanced way?  

ii) How to embed the mitigation research in a broader SD context and what are 

the main challenges and opportunities encountered when doing so? 

The previous chapters jointly highlight that the two questions are inextricably 

interlinked:  

Putting mitigation choices into a broader SD context enhances the objectivity of 

assessing alternative mitigation pathways as this avoids neglecting the effects on a 

diverse set of other SD objectives beyond climate goals. It also makes scientific policy 

advice more relevant as side-effects of climate policies in non-climate dimensions often 

shape public acceptance of particular pathways (see Chapters 5 and 6). At the same 

time, comprehensively assessing future climate policy choices in a multi-objective setting 

necessarily needs to draw on diverse strands of literature in a balanced way – raising 

questions around possible ways of knowledge aggregation and synthesis when 

complexity grows. This thesis offers some important insights and offers a glimpse into 

the future challenges of and opportunities from synthesizing mitigation research in the 

context of SD.  

Based on a reflection of the science-policy interface, Chapter 1 characterizes climate 

change as a “wicked” public policy problem: With the controversies about appropriate 

short-term climate action and their underlying value dissent (see also Kowarsch et al., 

2016; Pielke, 2007) as well as the complex long-term implications, mitigation research is 

both a prime example for the challenges of deep uncertainty (Funtowicz and Ravetz, 

1993) and for the promise of assessment making (see section 1.1).  

While the institutional and political constraints to comprehensively assess the available 

knowledge (Edenhofer and Minx, 2014) have led to controversies about the objectivity 

and balance of past assessments (Cash et al., 2003; Keller, 2009; Mitchell et al., 2006), 

this thesis argues that taking an even broader SD perspective on the climate policy 

problem is crucial for understanding the risks and co-benefits of alternative mitigation 

pathways across multiple policy fields, socioeconomic contexts as well as spatial and 

temporal scales. In the same vein, Kowarsch et al. (2017, p.3 and Annex 8.3) argue that 

appreciation of co-benefits and risks “is crucial for managing these wicked problems”.  

Chapter 2 stresses that the short-term ambition of climate policy is crucial as it largely 

determines the characteristics of mid- and long-term greenhouse gas (GHG) emissions 

pathways required to stay (well) below 2°C of global warming: Any further delay in 

ambitious mitigation efforts reduces the mid- to long-term flexibility to choose between 

low-carbon energy technologies and their associated co-effects in other SD dimensions. 

The viewpoints on related risk trade-offs differ across locally specific contexts with 

varying priority settings and risk perceptions and need to be taken into account in 
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climate policy decisions. Building on the PEM (see Edenhofer and Kowarsch, 2015), it is 

argued that the role of science is to facilitate an informed public debate about such risk 

trade-offs and a robust decision by policy makers on alternative mitigation pathways.  

This was attempted in IPCC AR5 for the case of the 2°C limit. While it serves as a useful 

reference point for tracking progress at the global level, its operationalization on the 

local and national level is challenging as short-term entry points into decision making 

need to be identified that offer benefits beyond the reduced long-term climate impacts 

globally. While Chapter 2 offers some hints to promising research areas, the following 

chapters in this thesis argue in some more detail for and contribute to developing a 

better understanding of the various SD implications of important mitigation options and 

innovative ways of presenting them in global assessments to help better characterize 

the decision problems that policy makers face. 

Chapter 3 analyzes the example of bioenergy as a key mitigation option where 

disagreements around the SD implications – rooted in deep uncertainties and value 

dissent – have been particularly heated. Given the diverging spatial and temporal scales 

on which bioenergy co-effects could materialize, bioenergy technologies are particularly 

apt to pinpoint the challenges and opportunities of comprehensively assessing results 

from different scientific communities and of understanding (if possible, reconciling) 

disparate views that are often buried in the different research communities’ methods, 

assumptions and normative viewpoints. While some progress has been made for 

integrating the different insights, the chapter concludes that much work still lies ahead 

to better understand the sources and causes of result variation. This would include 

identifying alternative future bioenergy deployment levels for which the underlying 

assumptions are made more transparent across many strands of literature.  

More consolidated knowledge would be very relevant given the high reliance of 

ambitious mitigation pathways (particularly for 1.5°C pathways) on BECCS and other 

land-based negative emission technologies (NETs) (Fuss et al., 2014; IPCC, 2018; Rogelj 

et al., 2015). Given the highly diverging SD risks of NETs (Smith et al. 2016) and the 

rapidly increasing knowledge base (Minx et al., 2017b) it remains to be seen if the 

prospect of NETs eventually increases or narrows the option space for climate action 

(Anderson and Peters, 2016). But the contested role of bioenergy highlights the urgency 

to develop a better conceptual understanding of evaluating multiple SD effects of 

mitigation choices on different spatial and temporal scales in a coherent way.  

Given the scarcity of conceptual work on the linkage between SD outcomes and social 

welfare effects (Mattauch et al., 2015), Chapter 4 does a first step in providing a more 

holistic welfare perspective on the interactions of climate and other SD policies that can 

provide a basis for linking (and, if possible, reconciling) different literature strands and 

underlying methods, assumptions and normative viewpoints. The chapter stresses the 

importance of jointly analysing the multiple interacting local, national and regional SD 

policy instruments partly addressing existing externalities. Particularly in the absence of 

a global carbon price anywhere near its optimal level (Jakob and Steckel, 2016), such 

second-best analysis is a precondition for understanding implications for social welfare.  
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With a view to locally specific policy contexts, risk perceptions and priority settings, 

social welfare accounting in such a multi-objective context is extremely challenging but 

offers the promise to maximize synergies and minimize potential (risk) trade-offs across 

mitigation and other SD dimensions. Given that the adoption of the SDGs will spark a lot 

more research in a multi-objective context (Jakob and Steckel, 2016; Janetschek et al., 

2018; McCollum et al., 2018; Nilsson et al., 2016), developing a common language and 

unifying frameworks on which assessment can rely is key to synthesize this surge in 

knowledge and to bring together deeply interdisciplinary research fields. 

As a first step, Chapter 5 develops a simple conceptual framework for mapping the 

different literature strands on the interaction of mitigation and SD policies and 

measures and reviews their respective contributions to a more holistic understanding of 

their social welfare effects. The chapter argues that there is a trade-off between the 

number of objectives analyzed and the ability to present quantitative results, 

particularly for overall welfare implications on a global scale. But the chapter also shows 

the potential for further synthesis when combining quantitative and qualitative 

information, drawing on the respective strengths of the different research communities.  

While further extending the system boundaries and integrating more modules in a single 

model framework can also offer key insights despite the methodological challenges 

associated with the growth in complexity, synthesizing increasingly diverse strands of 

literature is not possible without additional tools for assessment making (Minx et al., 

2017b). For example, the chapter argues for adopting a risk perspective where cost-

benefits analysis is no longer possible given the multiple fat-tailed risks (cf. Kunreuther 

et al., 2013) to inform public debates and help policy makers choose among alternative 

mitigation pathways and the related effects in other SD dimensions. 

As a proof of concept in analyzing alternative 2°C pathways in multiple other SD 

dimensions, Chapter 6 draws on a series of scenarios from leading global integrated 

energy-economy-climate models (Kriegler et al., 2014; Riahi et al., 2014) and identifies a 

set of indicators that can be linked to short- and mid-term effects on energy-related 

SDGs. Based on graphical representation tools, the chapter can show both intuitive and 

unintuitive effects from the choice of alternative mitigation pathways on a set of SD 

risks. With this innovative approach, the chapter makes some of these effects more 

transparent in one figure at one glance. In this way, Chapter 6 can also reveal over-

simplistic arguments about the non-feasibility of particular pathways (Anderson, 2015) 

and link near-term climate policy choices to longer-term SD implications.  

The chapter also highlights the increasing risks of delaying ambitious short-term climate 

policies for achieving many SDGs. Similarly, it makes the risk trade-offs across key SD 

dimensions transparent if some of the key mitigation technologies are only available to a 

limited extent (e.g. bioenergy). Confirming results from Chapter 5, it points to the 

decrease in SD risks across all dimensions if lower-than-projected energy demand 

growth can be realized. Again, this chapter highlights the added value of greater efforts 

to aggregate and synthesize existing knowledge for facilitating a balanced public debate 

and informing robust decision making. 
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Chapters 5 and 6 show the untapped potential that increasing data availability and the 

knowledge surge could contribute to a more objective, comprehensive and balanced 

assessment to facilitate deliberative learning on climate policy alternatives in the light of 

their interlinkages with SDGs. While some indicators are rough representations of the 

underlying SD dimensions, more robust scenario results are underway, e.g. for the food-

water-energy nexus (Obersteiner et al., 2016; Riahi et al., 2017) and model teams are 

collaborating (with contributions from the candidate) to better map indicators to SDGs.  

The thesis highlights the importance of looking at alternative mitigation pathways in a 

multiple-indicator space as a pre-condition for an informed public debate on climate 

policy choices. That, however, implies further increasing complexity in a research field 

that is expanding so rapidly that no individual can review all relevant publications (Minx 

et al., 2017b). Section 7.2 thus discusses the rising complexity due to the proliferation of 

objectives and the challenges related to the volume, velocity and variety of new 

knowledge creation on climate change (cf. Minx et al., 2017a) and SD.  

7.2 Challenges for global assessment making 

The exponential growth in the climate change literature further aggravates the 

challenges for GEAs beyond uncertainties, increasing complexity and value dissent. 

Today, every year more than 30,000 new publications are added to the body of evidence 

in the field of climate change listed only in the Web of Science (WoS) (Haunschild et al., 

2016; Minx et al., 2017b). This is larger than the entire climate change literature before 

2001 – comprising three IPCC assessments (see Figure 7.1, left panel).33 Unsurprisingly, 

the share of publications that can be directly considered in climate change assessments 

has steadily declined over time (see Figure 7.1, right panel). The implication is that there 

is a fast-growing risk of publication selection bias in GEAs. Assessment-making has thus 

become a challenge of dealing with ‘big literature’ (see Nunez-Mir et al., 2016).  

 
 

Figure 7.1 Left panel: Total number of scientific publications on climate change between 1986 and 2015 

as listed in the Web of Science (WoS): exponential growth without a clear indication of levelling out. 

The six IPCC assessment cycles are identified by different colours. Right panel: The ratio of unique 

reference counts in each IPCC report to the number of new publications on climate change during the 

respective assessment cycle as listed in the WoS. The direct coverage of the emerging literature in 

IPCC reports has been declining rapidly. Used with permission of Elsevier, from Minx et al. (2017a) 

Learning about climate change solutions in the IPCC and beyond, Environ. Sci. Policy 77, 252–259. 

 
33 These numbers are substantial but only include literature found in WoS and neglect a substantial number 

of sources eligible for IPCC and other assessments. Moreover, there is a large amount of literature that does 
not focus on climate change, but is assessment-relevant, such as literature on various relevant aspects of 
human behaviour, e.g. cooperation, behavioural responses to different types of policies or risk perception.  

https://www.sciencedirect.com/science/article/abs/pii/S1462901117305464?via%3Dihub
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While more knowledge can help to further clarify existing uncertainties and to prioritize 

possible ways forward for global assessment making, the big challenge and opportunity 

is to effectively harness the new insights continuously generated. At the current growth 

rate of knowledge creation, however, even large-scale assessment processes, such as 

the IPCC, are not (yet) designed to deal with this massive challenge.  

The IPCC is hence at a bifurcation, if the mandate to provide comprehensive, objective 

and balanced assessments is still to be taken seriously. On the one hand, this thesis 

argues that a comprehensive global assessment of alternative mitigation pathways in a 

multi-objective context needs to consider a wider set of research communities, 

methodological approaches, assumptions and normative viewpoints. On the other hand, 

further extending the system boundaries across different policies fields, socioeconomic 

contexts as well as spatial and temporal scales to make co-benefits, unintended 

consequences and value judgements more transparent – as demanded by the PEM – 

potentially makes assessments even more infeasible in the age of big literature.  

A recent study by Elsevier, for example, identified a current output in the field of 

sustainability sciences of almost 80,000 per year (Elsevier, 2015) dwarfing the number of 

publications on climate change. Accordingly, the total amount of studies published on 

keywords linked to both ‘sustainability’ and ‘climate change mitigation’ tripled from 

2012 to 2016 to reach a total number of 4452 references (see Figure 7.2). While 

literature on the interaction between mitigation and SD was still negligible for the first 

three IPCC assessments, about 2000 studies relevant for AR6 have already been 

published in the few years since AR534, rapidly expanding the boundaries of existing 

knowledge on the interaction between mitigation and SD. 

If the general keyword term ‘sustainab*’ is replaced by the union of keywords related to 

sub-areas of SD, such as those used in Chapter 5, Figure 5.3, the challenge seems to be 

even more substantial (see Table 7.1). Following the approach taken by Grieneisen and 

Zhang (2011), a collection of relevant keyword terms can be identified for some of the 

most researched SD sub-areas, drawing on a number of bibliometric studies in the field:  

i) Hassan et al. (2013) in the case of biodiversity and water,  

ii) Xie et al. (2008) and Zhang et al. (2009) for the case of air quality and health and  

iii) a conceptual paper on defining energy security (Cherp and Jewell, 2014).  

Considering those publications that contain relevant terms in their title, abstract and 

keywords related to both mitigation and SD sub-areas, the number of relevant 

publications increases from 4452 to 7390 despite the fact that many other sub-areas 

have not even been considered by the WoS query used here. Without additional 

innovations in the way new knowledge is synthesized, this seems to be a daunting task. 

 
34 For comparison, WGIII AR5 covered over 1000 references (with over 750 journal articles) in the sections 

relevant for SD while 2320 studies were published on the interaction between mitigation and SD by the 
literature cut-off date (3 October 2013) according to the WoS query used here (see Table 7.1 and the Annex 
section 8.1). Even though these sets of references may not entirely overlap, comparing this to an average 
ratio of about 20% (see Figure 7.1, right panel), this literature base still seems to have been comparatively 
well represented in the WGIII AR5. 
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Figure 7.2 Scientific literature record count as listed in the Web of Science published since 1991 which 

contain terms in their title, abstract or keywords associated with the concepts ‘sustainability’ and 

‘climate change mitigation’ (see details on the queries used in the Annex section 8.1). 

If the number of annual publications does not level out, traditional reviews, for instance, 

will be increasingly inadequate to aggregate and synthesize the new knowledge. For 

example, the allowable number of references in Annual Review of Environment and 

Resources was 150 in the case of Chapter 5, which was barely enough to cover the 50 

most important integrated model publications on the interaction between mitigation 

and six SD sub-areas (see section 5.4) – representing two thirds of the available 

literature with a global focus at that point in time (see Table 7.1). Table 7.1 shows, 

however, that the amount of publications on the interaction between mitigation and SD 

sub-areas without an explicit focus on IAMs is nearly two orders of magnitude higher. 

Even larger author teams would not be able to review that many new insights. Without 

further conceptual and methodological innovations in integrating knowledge and 

synthesizing insights, the limits to deliberative learning process about policy alternatives 

in the field of mitigation and sustainability research will soon become apparent.  

Table 7.1 Scientific literature as listed in the Web of Science which contain terms in their title, abstract 

or keywords associated with ‘climate change mitigation’ and one of the SD sub-areas ‘air pollution’, 

‘energy security’, ‘biodiversity’ and ‘water’ (1991-2016, see details on the queries in the Annex 8.1). 

Number of WoS references on… air quality 
and health  

energy 
security  

biodiversity  water  any of 
them  

191591 10886 177295 468356 821124 

climate change (274438) and… 8672 1898 20197 37817 64156 

mitigation (45976) and… 2438 816 1635 3132 7390 

IAMs (11609) and… 279 72 277 1415 1940 

mitigation and IAMs (812) 76 39 32 71 190 

of which published before Ch. 5 50 23 22 41 120 

of which relevant for Ch. 5 29 15 7 11 55 

of which with global focus 16 11 5 10 36 

of which reviewed for Ch. 5 11 11 0 4 24 

papers cited not included above 18 15 1 5 39 
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7.3 Opportunities for global assessment making – outlook to 

future mitigation and sustainability research 

Following Minx et al. (2017b) and Kowarsch (2016), several innovations could safeguard 

an assessment process apt for this challenge: In analogy to ‘big data’, solutions to deal 

with ‘big literature’ are suggested along three V’s – volume, velocity, and variety – that 

divide the challenge associated with the surge in new knowledge into three 

components: 

i) Volume refers to the immense size of the literature body that is growing beyond 

individual scientists’ comprehension – for both climate change and sustainability 

research. This calls for computer-assisted assessments that utilize big-data 

methods in order to convincingly ensure a comprehensive consideration of the 

range of research results (see Ford et al., 2016 for research on adaptation to 

climate change). Corpus linguistic tools (e.g. Blei et al., 2003; Lamb et al., 2018; 

Minx et al., 2017b) from computational linguistics and other big data 

applications can help here to enable an understanding of a literature landscape 

that can no longer be manually traced. Hence, big data applications need to be 

explored to ensure transparency and credibility of GEAs in the future. 

ii) Velocity refers to the large number of new publications every year with new 

scientific insights to be integrated into current understanding of climate change 

and sustainability research. It implies that research may be increasingly quickly 

outdated. This highlights the importance of research synthesis as part of 

everyday scientific practice (such as evidence maps that can help to collect and 

categorize studies, cf. McKinnon et al., 2015) and for assessments to aggregate 

and synthesize new insights in an objective way. Chapters 3, 4 and 5, for 

example, can be considered pre-assessments (Kowarsch et al., 2017). 

iii) Variety refers to the notion that academic fields and results are getting 

increasingly diverse. This emphasizes the importance of meta-analytical 

research as a formal research activity on research results to shed light on what 

explains variation and of the challenge of assessments to ensure a balanced 

consideration of disparate viewpoints. Chapters 3 and 5, for example, aim at 

better understanding result variation across different research communities and 

sets of assumptions. More formal ways of systematic reviews and meta-

analyses, drawing on established methods in other fields (Petticrew and 

McCartney, 2011), and visualization tools for multi-dimensional data, such as 

performed in Chapter 6, urgently need to be acknowledged as research in its 

own right. 

If these three V’s can be addressed, the big literature challenge might become an 

opportunity to progress more rapidly and reduce uncertainties over time. This could 

turn the size and growth of the literature less relevant and the broadening of climate 

change policies to include SD considerations into an opportunity. This becomes 

particularly relevant as important methods such as CBA and expected value theory, 

although workhorses for other public policy problems, reach the limits of their 

applicability, particularly in a multi-objective context (see Chapter 4), giving way to (as of 



   237 

 

now) less formalized approaches such as multi-criteria assessment (see Chapter 5) and 

risk management analysis (see Chapter 6; Drouet et al., 2015; Kunreuther et al., 2013). 

To facilitate deliberative learning process among all actors involved via a rationale public 

debate and inform evidence-based decision making on coherent future policy pathways, 

the insights of this thesis call for a new science of assessment making that is:  

i) truly interdisciplinary, aggregating and synthesizing insights on technical, 

economic, political, ethical and social aspects with innovative assessment tools,  

ii) globally connected, drawing on fragmented knowledge across research 

communities with a diverse set of underlying assumptions, methods and 

worldviews, and 

iii) mindful of locally specific socioeconomic contexts, taking into account diverging 

risk perceptions and priority settings.  

Along these lines, the previous chapters put forward several recommendations that can 

help to deliver on the promise of assessment making and provide key building blocks to 

a new science of assessment making: 

i) synthesizing SD implications of mitigation at the local/national scale to better 

map to decision-making jurisdictions and the respective risk perceptions and 

priority settings, possibly motivating early action (see Chapters 2 and 5 and 

McCollum et al., 2018); 

ii) integrating results from additional research communities into global 

assessments, such as human geography and other relevant social sciences to 

foster a rich problem understanding (see Chapter 3 and Victor, 2015); 

iii) characterizing alternative welfare functions that better allow for dealing with 

different priority settings across and within regions with respect to the diverse 

set of SD objectives, particularly in developing countries (see Chapters 4 and 5); 

iv) developing a multidimensional typology of co-effects on SD dimensions beyond 

the categorization into sectors and sustainability aspects to better communicate 

the linkages of SD goals across different locations and inform the choice of 

methods, models, and system boundaries as well as priority settings in the 

policy process to tackle multiple objectives (see Chapter 5); 

v) agreeing on common metrics and alternative ambition levels for a set of other 

SDGs (analogue to GHG concentration goals) to better facilitate synthesis across 

different strands of literature and monitor global risk-risk trade-offs (see 

Chapters 5 and 6) – if possible (given data availability issues) and useful (given 

context-specific circumstances, cf. McCollum et al. 2018). 

On top of these recommendations for improving the SPI on the interaction of mitigation 

and SD, some insights from this thesis are also relevant for discussions on the future of 

the IPCC (see, e.g. Carraro et al., 2015; Edenhofer and Minx, 2014).35 This is particularly 

relevant, since future IPCC assessment results will have a very direct way into the 

UNFCCC negotiation rooms via the Global Stocktake (GST): As set out in Art. 14 of the 

 
35 Cf. the thirty-ninth session of the IPCC on the Future of the IPCC in Berlin, Germany, April 2014. 
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Paris Agreement, the GST is supposed to assess the collective progress towards 

achieving its purpose and its long-term goals as well as to inform further individual 

actions by Parties in the light of equity and the best available science. 

The first GST will happen in 2023 and every five years thereafter.36 With the IPCC reports 

identified as a source of input to the GST37, different ideas are being considered around 

aligning IPCC assessment cycles which typically last for six to seven years – either by 

shortening or extending assessment cycles and adapting IPCC products with the goal to 

effectively feed into the UNFCCC process (see Carraro et al., 2015). Since such changes 

would require amendments to the IPCC procedures, this discussion should be used as an 

opportunity to rethink the mandate of the IPCC against the context of the surge in 

relevant literature and increased expectations for an integrated assessment of 

mitigation and SD research as implicit in the Paris Agreement.  

While the detailed modalities of the GST are still being discussed among UNFCCC Parties 

in the Ad-Hoc Working Group on the Paris Agreement (APA), three tentative takeaways 

from the negotiations are particularly relevant in this context: 

i) the GST should assess the progress across all long-term goals of the Paris 

Agreement requiring information on SD including SDGs; 

ii) the sources of input discussed include but are not limited to the IPCC 

assessment results; and 

iii) the information needs to be presented in a way appropriate to assess the 

collective implementation and/or progress.  

For each of these issues under discussion, this thesis provides relevant insights that 

should be considered when discussing the future of the IPCC: 

The IPCC mandate needs to better reflect the SDG agenda with respect to report space 

and number of authors devoted to the assessment of relevant research. In the AR5 

Working Group III (WGIII), the focus of the IPCC mandate on mitigation – rather than SD 

more broadly – led to a limited number of experts among the Lead Authors and to a 

limited writing space on mitigation-SD interactions (about 6%). This will not be enough 

in AR6 if the IPCC aims at assessing mitigation research in a wider SD context in a 

comprehensive, objective and balanced way. The IPCC should also aim at more flexibility 

for its assessment products. The preparation of the IPCC Special Report on Global 

Warming of 1.5°C as an input to the 2018 Talanoa Dialogue is a good example as both 

mitigation risks and co-benefits will be higher in 1,5°C pathways relative to less 

ambitious climate policy pathways (IPCC, 2018).  

To stay relevant, the IPCC needs to increase the solution-orientation of its assessments 

(see Figure S-8.1 in Annex 8.3). This could be achieved through rearranging the focus of 

the three IPCC WGs so as to provide scientific advice how to respond to mitigation and 

adaptation challenges in an integrated way. For sustainable infrastructure planning, for 

example, governments are expected to incentivize low-carbon development pathways 

 
36 http://unfccc.int/meetings/paris_nov_2015/items/9445.php 
37 Decision 1/CP.21, paragraphs 99(b). 
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while, at the same time, improving adaptive capacity and inclusive access (Bak et al., 

2017). National planning processes, such as the NDCs and national adaptation and 

disaster risk planning also need to be better integrated (Hammill and Price-Kelly, 2017). 

With its current structure of WGs, the IPCC is not likely to serve the needs of 

governments. 

The IPCC and the scientific community at large have to cope with the challenge that the 

three long-term goals of the Paris Agreements lend themselves to a varying degree to be 

tracked globally. While one ton of GHG emissions avoided has the same global 

mitigation outcome irrespective of the location, adaptation outcomes are context-

specific and their quantitative aggregation in a global metric is misguiding at best (see 

Adger et al., 2005; Ford and Berrang-Ford, 2016; Leiter and Pringle, 2018). This insight is 

very similar to those from this thesis on the limits of quantifying and aggregating the co-

benefits of mitigation for SD outcomes (see Chapter 5). This stresses the caution that 

needs to be in place to avoid undue politization by quantifying and aggregating 

information that should rather be assessed in its particular context or in qualitative 

terms (see also McCollum et al., 2018). 

By spelling out the most important challenges of mitigation research in the context of 

SD, and pointing to a number of opportunities for improving future assessment making 

in terms of the process and content, the candidate hopes to have contributed to a 

learning exercise necessary for a better integration of mitigation research and 

sustainability science and its synthesis for fostering deliberative learning processes and 

public debates as well as improving decision-making in the field of climate change and 

beyond. 
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8 Annex 

8.1 Keywords for the analysis of the surge in climate and SD 

research 

To study the literature growth in the field of climate and SD research, scientometric 

methods were employed for the Web of Science (WoS) database that provides a wide 

range of peer-reviewed articles, books and conference proceedings across disciplines. As 

a subscription-based indexing service WoS provides a relatively comprehensive search of 

peer-reviewed scientific citations (Minx et al. 2017). The query used to find the number 

of publications in the period between 1991 and 1016 in the WoS online database related 

to the topics ‘climate’, ‘climate change mitigation’, ‘IAMs’, ‘Air quality and health’, 

‘energy security’, ‘biodiversity’, and/or ‘water’ consisted of a set of keywords, taken 

from bibliometric studies. The respective lists of keywords are shown below some of 

which have been stemmed to take into account many words with the same root. Some 

keywords which have field-specific meanings in climate or sustainability science can 

have additional meanings in other fields, so these are ‘‘ANDed’’ with ‘climat*’ or 

‘sustainabl*’ to restrict their meaning. In addition, some keywords are ‘‘ANDed’’ with a 

set of source titles in order to limit the scope of publications in the sub-area. 

Climate (keywords taken from Grieneisen and Zhang 2011) 

SO = (Climate Alert OR Climate Dynamics OR Climate Policy OR Climatic Change OR 

Global and Planetary Change OR Global Change Biology OR International Journal of 

Greenhouse Gas Control OR Mitigation and Adaptation Strategies for Global Change) OR 

TS = (((CO2 OR "carbon dioxide" OR methane OR CH4 OR "carbon cycle" OR "carbon 

cycles" OR "carbon cycling" OR "carbon budget*" OR "carbon flux*" OR "carbon 

mitigation") AND (climat*)) OR (("carbon cycle" OR "carbon cycles" OR "carbon cycling" 

OR "carbon budget*" OR "carbon flux*" OR "carbon mitigation") AND (atmospher*))) OR 

TS = ("carbon emission*" OR "sequestration of carbon" OR "sequester* carbon" OR 

"sequestration of CO2" OR "sequester* CO2" OR "carbon tax*" OR "CO2 abatement" OR 

"CO2 capture" OR "CO2 storage" OR "CO2 sequester*" OR "CO2 sequestration" OR "CO2 

sink*" OR "anthropogenic carbon" OR "captur* of carbon dioxide" OR "captur* of CO2" 

OR "climat* variability" OR "climat* dynamic*" OR "chang* in climat*" OR "climat* 

proxies" OR "climat* proxy" OR "climat* sensitivity" OR "climat* shift*" OR "coupled 

ocean-climat*" OR "early climat*" OR "future climat*" OR "past climat*" OR "shift* 

climat*" OR "shift in climat*") OR TS = ("atmospheric carbon dioxide" OR "atmospheric 

CH4" OR "atmospheric CO2" OR "atmospheric methane" OR "atmospheric N2O" OR 

"atmospheric nitrous oxide" OR "carbon dioxide emission*" OR "carbon sink*" OR "CH4 

emission*" OR "climat* policies" OR "climat* policy" OR "CO2 emission*" OR 

dendroclimatolog* OR ("emission* of carbon dioxide" NOT nanotube*) OR "emission* of 

CH4" OR "emission* of CO2" OR "emission* of methane" OR "emission* of N2O" OR 

"emission* of nitrous oxide" OR "historical climat*" OR IPCC OR "methane emission*" 

OR "N2O emission*" OR "nitrous oxide emission*") OR TS = ("climat* change*" OR 

"global warming" OR "greenhouse effect" OR "greenhouse gas*" OR "Kyoto Protocol" 

OR "warming climat*" OR "cap and trade" OR "carbon capture" OR "carbon footprint*" 
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OR "carbon neutral" OR "carbon offset" OR "carbon sequestration" OR "carbon storage" 

OR "carbon trad*" OR "changing climat*" OR "climat* warming") 

Climate change mitigation (keyword terms taken from IPCC 2014) 

TS = (("mitigation" AND "climate") OR "climate protection" OR "climate target" OR 

"climate goal" OR "climate stabili*ation" OR "decarboni*ation" OR ("emission*" NEAR/3 

"reduction*") OR "climat* poli*" OR "climate action" OR "climate plan*" OR "climate 

agenda*" OR "climate legislation" OR "climate strateg*" OR "carbon tax*" OR "CO2 

tax*" OR "GHG tax*" OR "carbon pric*" OR "CO2 pric*" OR "GHG pric*" OR "emission* 

tax" OR "emission* price" OR ("emission* trading" AND "climate") OR "emission* 

regulation" OR "low-carbon" OR ("biochar*" AND (("carbon" NEAR/3 "sequest*") OR 

("carbon" NEAR/3 "storage") OR ("climate change" OR "global warm*"))) OR ("biochar*" 

AND (("carbon" NEAR/3 "sequest*") OR ("carbon" NEAR/3 "storage") OR ("climate 

change" OR "global warm*"))) OR ("ocean" NEAR/5 "iron" NEAR/5 "fertili*ation" NOT 

"natural" NOT "ice*") OR (("soil" NEAR/3 "carbon" NEAR/3 "sequest*") AND ("climate 

change" OR "global warm*")) OR (("afforestation" OR "reforestation") AND (("carbon" 

NEAR/3 "sequest*") OR ("carbon" NEAR/3 "storage"))) OR ("enhanced weathering" AND 

("CO2" OR "carbon" OR "C(O2)") NOT "ice*" NOT "paleo*") OR ((("atmosph*" NEAR/5 

"capture") OR ("air" NEAR/5 "capture")) AND ("CO2" OR "carbon" OR "C(O2)")) OR 

("BECCS" NOT "bioactive equivalent combinatorial components" NOT "bandwidth-

efficient-channel-coding-scheme" NOT "bronchial epithelial cell cultures") OR 

(("biomass" OR "bioenerg*") AND ("CCS" OR "Carbon capture and Storage" OR "Carbon 

dioxide capture and Storage" OR "CO2 capture and storage"))) 

IAMs  

TS = ("integrated assessment" OR "integrated model*" OR "IAM" OR ("energy-economy-

environment model*" AND "climate") OR "energy-economy-climate model*" OR 

("economy-energy-environment model*" AND "climate") OR "economy-energy-climate 

model*" OR "economy-climate model*" OR "climate-economy model*") 

Air pollution (top ten keyword terms from Xie et al., 2008 and Zhang et al., 2009, 

respectively) 

TS = ("aerosol*" OR ("asthma" AND "aerosol*") OR ("asthma" and "particulate matter") 

OR "particulate matter" OR "PM 2.5" OR "PM2.5" OR ("air pollution" AND "health") OR 

("air quality" AND "health") OR ("ozone" AND "aerosol*") OR "PM 10" OR "PM10" OR 

("inhala*" AND "aerosol*") OR ("deposition" AND "aerosol*") OR "volatile organic 

compound*" OR ("VOC" AND "air") OR ("VOCs" AND "air") OR ("benzene" AND "air") OR 

("toluene" AND "air") OR ("adsorption" AND "air") OR ("gas chromatography" AND "air") 

OR ("isoprene" AND "air")) 

Energy security (keyword terms taken from excerpts of Cherp and Jewell, 2014) 

TS = ("energy security" OR ("supply security" AND "energy") OR "security of energy 

suppl*" OR ("security of supply" AND "energy") OR ("availab*" AND "affordab*" AND 

"energy") OR ("access*" AND "energy sources") OR ("accepta*" AND "energy sources") 
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OR ("vulnerability" AND "energy system*") OR ("sovereignty" AND "energy") OR 

("robustness" AND "energy") OR ("resilien*" AND "energy system*") OR ("flexib*" AND 

"energy supply") OR ("divers*" AND "energy system*")) 

Biodiversity (keyword terms from Hassan et al., 2013) 

TS = ("biodiversity conservation" OR "species-area relationship" OR "threatened species" 

OR "forest management" OR "habitat loss" OR "conservation planning" OR "invasive 

species" OR "nature conservation" OR "indicator species" OR "species richness" OR 

"plant diversity" OR "biodiversity" OR "protected areas" OR "marine biodiversity" OR 

"species diversity" OR "exotic species" OR "habitat fragmentation" OR "endangered 

species" OR "marine protected areas") 

Water (keyword terms from Hassan et al. 2013) 

TS = ("underground dams" OR "water and sanitation" OR "storage aquifers" OR "shared 

water" OR "floods monitoring" OR "optimal water use" OR "water productivity" OR 

"water grabbing" OR "water stressed countries" OR "water reuse" OR "water inventory" 

OR "water resources depletion" OR "water pollution" OR "water management" OR 

"water resources management" OR "water supply" OR "water scarcity" OR "water 

quality" OR "water reuse" OR "integrated water resources management" OR "water use 

efficiency" OR "watershed management" OR "water shortage" OR "soil and water 

conservation" OR "sanitation and water conservation" OR "water productivity" 

("groundwater" AND ("sustainability" OR "sustainable development")) OR "water policy" 

OR "water pricing" OR "water balance" OR "water use" OR "water conservation" OR 

"water framework directive" OR "rural water supply" OR "water demand" OR "water 

resources development" OR "river basin management" OR "groundwater quality" OR 

"virtual water" OR "urban water" OR "water recycling" OR ("water resources" AND 

("sustainability" OR "sustainable development")) OR "water security" OR "groundwater 

management" OR "water resource management" OR "groundwater recharge" OR 

"submarine groundwater discharge" OR "seawater intrusion" OR "groundwater flow" OR 

"groundwater contamination" OR "water stress" OR "surface water" OR 

"eutrophication" OR "rainwater harvesting" OR "drought stress" OR "drought" OR 

"drought tolerance" OR "desertification" OR "drought resistance" OR "water deficit" OR 

"palmer drought severity index" OR "drought avoidance" OR "flood risk" OR "flooding 

tolerance" OR "flood control" OR "flood defence" OR "flood damage" OR "river 

restoration" OR "flood management" OR "water logging" OR "flood forecasting" OR 

"flood simulation modelling" OR "infiltration based storm water management" OR 

"floodplain geomorphology" OR "urban floods" OR "flood hazard management" OR 

"flood warning" OR "floodplain restoration" OR "integrated watershed modelling" OR 

"integrated watershed management" OR "water quality index" OR "water footprint" OR 

"grey water" OR "green water footprint" OR "blue water footprint" OR "grey water 

footprint" OR "potable water" OR "wastewater management" OR "waste water 

treatment" OR "wastewater treatment plants" OR "wastewater treatment plant" OR 

"water reuse" OR "water treatment" OR "wastewater reuse" OR "municipal wastewater" 

OR "domestic wastewater" OR "stormwater management" OR "textile wastewater" OR 
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"drinking water treatment" OR "sewage sludge" OR "water recycling" OR "wastewater 

treatment" OR (("estrogens" OR "estrogen" OR "estrogenic") AND ("water" or 

"wastewater" OR "river")) OR ("sulphonamides" AND ("water" OR "river") AND 

("pollution" OR "pollutant" OR "pollutants" OR "contaminant" OR "contaminants" OR 

"contamination")) OR (("tributylphosphate" OR "octylphenol" OR "nonylphenol 

triazines" OR "organophosphorus" OR "acetanilides") AND ("‘water" OR "river") AND 

("pollution" OR "pollutant" OR "pollutants" OR "contaminant" OR "contaminants" OR 

"contamination")) OR ("pesticide" AND ("river" OR "water")) OR ("polycyclic aromatic 

hydrocarbons" AND ("water" OR "river")) OR (("brominated flame retardants" OR 

"pentabromoethylbenzene" OR "hexabromobenzene" OR "decabromodiphenylethane") 

AND ("river" OR "water")) OR (("atenolol" OR "propranolol" OR "carbamazepine" OR 

"clofibric acid") AND "fungus") OR (("estrogens" OR "estrogen" OR "estrogenic") AND 

"biosphere’s reserve") OR (("pharmaceuticals" OR "pharmaceutical") AND ("river" OR 

"water")) OR ("wastewaters") OR (("water" OR "river") AND ("pollution" OR "pollutant" 

OR "pollutants" OR "contaminant" OR "contaminants" OR "contamination"))) 
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8.2 Assessment Making – Exploration of the Whole Solution 

Space  

This essay was written by Ottmar Edenhofer, Christoph von Stechow, Jan Minx, Martin 

Kowarsch as a contribution to the Wellington Accord, i.e. the agreements made at the 

2nd IPCC WGIII AR5 Lead Author Meeting in Wellington, New Zealand, 19-23 March, 

2012.  
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IPCC WGIII TSU Wellington Accord 

1. Assessment Making - Exploration of the Whole Solution Space 

Ottmar Edenhofer. Christoph von Stechow. Jan Minx. Martin Kowarsch 

A sound assessment of the ""scientific, technical, and socio-economic literature"' on mitigation is a 
crucial foundation for robust decision-making. 1 The importance of assessments for providing a 
better understanding of long-term climate change policy choices is rooted in three major challenges 
at the science-policy interface. First, there is no scientific resolution of value dissent underlying the 
climate change discourse. Second, facts and values cannot be separated neatly. Third, long-term 
policy choices are associated \vith fundamental uncertainties, which might not necessarily be 
reduced by science. 

The neglect of addressing these challenges might lead to politization of science (and scientization of 
politics);jeopardize the credibility of science in policy and politics; and marginalize its potentially 
important role at the science-policy interface to meet societal needs. In order to be perceived as a 
'"comprehensive. objective and balanced view of the subject matter" and as policy-relevant without 
being policy-prescriptive, 1 an assessment should hence fulfill all of the following requirements: 

1) Reviewing comprehensively the relevant scientific, technical and socio-economic literature 

The review of an assessment has a different character than a review article in a journal. While a 
review article usually summarizes the results of a particular scientific community on a specific 
topic, the review of an assessment should be comprehensive both with respect to topics covered and 
pa1ticipation of di±Ierent communities -including disparate views. methods, and diverging results 
for which there is significant scientific or technical support. 

2) Describing consistent transformation pathways 

Ry bringing together different communities, the ongoing communication between the experts 
during the process should help to identify (self-)consistent transformation pathways of response 
strategies to clinaate change. This is a crucial step towards the reduction of complexity around the 
subject matter. 

3) Evaluating costs. risks and benefits of different pathways in a consistent way within and 
across Chapters and WGs 

The exploration of altemative transformation pathways should allow for a critical reflection of 
means to achieve societal ends within the entire space of end-means-relationships: Each pathway 
should be characterized by its associated cost,. risks and benefits. Synergies and trade-offs between 
different societal ends are thus highlighted across alternative pathways. Feeding these results back 
into the public sphere may result in adapted societal ends and related response strategies. 

4) Specifying underlying value judgements and worldviews 

In order to understand the reasons for divergence of results and possibly reconcile disparate views 
found in the relevant literature, the underlying assumptions related to particular value judgment"!, 
interests, beliefs or worldviews should be made explicit and related to each other in order to enable 
an informed discussion among policymakers and the public on possible transformation pathways. 

5) Communicating quantitative and qualitative uncertainties 

It is important to evaluate and communicate the respective degree of uncertainty of assessment 
findings in their quantitative and qualitative dimensions (see Uncertainty Guidance Note)2 This 

1 IPCC 2011: '·Procedures for the Preparation for the Review, Acceptance, Adoption, Approval and Publication of IPCC 
Reports. Appendix A to the Principles Goveming IPCC Work". V\'vvw.ipcc.ch/pdtl'ipcc-principleslipcc-principles
appendix-a_pdf 
= JPC'C 2010: "'Guidance Note for Lead Authors of the IPC'C Fifth Report on C'omi::;tent Treatment of 
Uncertainties.,, http: .// wvvw _ i pcc_ ch/pd f/ supporting-material/ uncertainty-guidance-note_ pdf 

AR5 LAM2 Wellington Accord final.doc 17 ·Apr·12 
3 of 49 
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relates to problem framings, system boundaries, indicator choice, model structures, parameters, 
expert judgments and data etc. 

6) Using neutral language along good scientific practice 

Given the broad spectrum of users of assessment reports and of the assessed scientific, technical and 
socio-economic literature, scientific language should be used to prevent potential misconceptions 
that could undermine the impartiality and credibility of the author teams. Terms that are usually 
used in the policy arena should be used with care and in a policy-neutral way. 

7) 1\!aking text, figures and tables accessible 

Accessibility ofthc text. figures and tables arc prerequisites for an assessment to be effectively used 
for guiding decisions. This includes the corresponding summary documents. 

AR5 LAM2 Wellington Accord final.doc 17 -Apr-12 
4 of 49 
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8.3 Commentary: A road map for global environmental 

assessments  

This is the Accepted Manuscript version of an article accepted for publication in Nature 

Climate Change. Material from: Kowarsch, M., Jabbour, J., Flachsland, C., Kok, M. T. J., 

Watson, S. R., Haas, P. M., Minx, J. C., Alcamo, J., Garard, J., Riousset, P., Pintér, L., 

Langford, C., Yamineva, Y., von Stechow, C., O’Reilly, J., Edenhofer, O., A roadmap for 

global environmental assessments. Nat. Clim. Change 7, 379–382 (2017) Nature 

Publishing Group. The Version of Record is available online at DOI: 

https://doi.org/10.1038/nclimate3307. 
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László Pintér, Cameron Langford, Yulia Yamineva, Christoph von Stechow, Jessica 

O’Reilly, Ottmar Edenhofer. 

 

Abstract 

Increasing demand for solution-oriented environmental assessments brings significant 

opportunities and challenges at the science–policy–society interface. Solution-oriented 

assessments should enable inclusive deliberative learning processes about policy 

alternatives and their practical consequences. 
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More than 140 global environmental assessments (GEAs) have been initiated over the 

past four decades1. There is ongoing demand for these diverse, large-scale, multi-

stakeholder, typically intergovernmental processes that distil and synthesize knowledge 

to inform decision-making. GEAs are time consuming, demanding processes often facing 

institutional and political constraints. Nevertheless, compared with alternative science–

policy–society interfaces, well designed GEAs have higher potential for legitimacy, 

governmental buy-in and generating credible syntheses across disciplines and 

approaches2–4, particularly regarding ‘wicked problems’5. GEAs have provoked and 

sometimes even shaped international negotiations2. For example, the assessments of 

the IPCC informed and catalysed support for the Paris Agreement5, and the fifth Global 

Environment Outlook (GEO-5) assessment influenced the 2030 Development Agenda6. 

Desirable shift to solutions  

Notwithstanding these successes, it is widely recognized that GEAs must evolve to 

improve their utility in integrating scientific and other expertise with policy 

processes2,4,7. Crucially, while many GEAs have effectively exposed environmental 

problems and drivers, the existing assessment of possible solutions has not yet reached 

its full potential. More clearly and extensively than ever before, decision-makers and 

scholars are demanding a deeper and more explicit focus on assessing different possible 

solutions in GEAs, including policies in particular (for example, regulatory measures or 

market-based instruments)7–11. Recent IPCC reform discussions help illustrate this 

(Figure 8.1). 

 

Figure 8.1 Various actor groups demand more solution-oriented IPCC assessments. Building on 

Jabbour and Flachsland1, further analysis of 131 comments submitted to the IPCC by governments, 

organizations and independent experts in 2014 for the IPCC reform discussions reveals the extent of 

the demand (percentages are rounded) for more explicit assessment of solution options in future IPCC 

reports, and specifically of policies (demanded by 80% of the 20 solution-oriented government 

submissions). See Supplementary Section A. 
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Extensive policy assessment stands to reason given the recent developments in 

international environmental governance. The universal adoption of the Sustainable 

Development Goals (SDGs) and the Paris Agreement in 2015 were historic milestones in 

multilateralism and environmental governance. However, identifying and mobilizing the 

appropriate policies to pursue ambitious climate policy pathways or multiple SDGs 

remains a shortcoming and a priority. To this end, decision-makers are lacking sufficient 

knowledge about the direct effects, co-benefits and unintended adverse consequences 

of available policies across various dimensions, including multiple policy fields, 

governance levels, socioeconomic contexts, and time scales9,12,13. For example, policies 

restricting bioenergy deployment to protect food security, biodiversity and water 

availability increase the reliance on other contested technologies and the costs for 

climate change mitigation13. While uncertainty cannot be eliminated when assessing 

potential effects and interdependencies, their greater appreciation is crucial for 

managing these wicked problems. The GEA enterprise could become more relevant for 

advancing global sustainability by going beyond the (still necessary) assessment of 

environmental problems and priorities to explicitly engaging an integrated, 

contextualized evaluation of different environment-related policies and their complex 

effects. GEAs could, for instance, explore the implications of multilateral regimes or the 

global diffusion of domestic and regional policy lessons. Co-producing application-

oriented, trans-disciplinary knowledge with an extended community of actors is crucial 

here14–17. 

However, to be successful, such solution-oriented GEAs must first address three 

profound challenges (see Supplementary Section C.a): integrating multiple policy 

dimensions, treating divergent normative viewpoints, and influencing policy. These 

challenges are intertwined, and are amplified by the evolving international 

environmental governance landscape. This evolving landscape has become 

characterized by the proliferation of consensual environmental goals without 

appropriate policies for their achievement, and by new constellations of actors (and 

power) increasingly including non-state actors at multiple scales1. Drawing from a larger 

interdisciplinary research project (Supplementary Section C.a), we provide a systematic 

overview of challenges and opportunities for contemporary solution-oriented GEAs in 

this evolving governance landscape. In particular, going beyond the largely fragmented 

literature on individual GEAs, this includes a unique synthesis — and substantive 

refinement — of some emerging GEA design approaches that may help address the 

challenges. 

Three challenges of solution-orientation 

The first challenge is assessing the various multi-dimensional effects of policies in a 

rigorous and highly integrated manner (without necessarily reconciling them). This has 

proven an onerous and sometimes overtaxing methodological undertaking thus far4. It is 

difficult enough to frame and scope suitable policy options in a complex solution space, 

as experienced in the Millennium Ecosystem Assessment (MA) and in GEO-5. The 

profound multidimensionality of the SDGs and the Paris Agreement goals create 

unprecedented complications for GEAs assessing options for achieving them. 
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Closely related is a second challenge: treating controversial normative viewpoints 

inherent to solution-oriented GEA processes that could undermine their legitimacy. 

Normative assumptions are inevitable in scientific research12. While explicitly 

incorporating them through inclusion of divergent worldviews, policy priorities, and so 

on of diverse stakeholders (Supplementary Section C.b) is an essential opportunity for 

GEAs, polarization can be triggered by divergent viewpoints — not only between author 

teams and other stakeholders, but also among authors themselves. For example, in the 

impressively inclusive International Assessment of Agricultural Knowledge, Science and 

Technology for Development (IAASTD), disagreements over the impacts of genetically 

modified organisms resulted in some private sector authors and members of the Bureau 

resigning. More recently, some governments resisted an ex-post evaluation of national 

policies by the IPCC18. The evolving governance landscape, involving a growing diversity 

and number of disputed policy priorities and stakeholders, has resulted in amplified 

tension in GEA processes. 

The third challenge is facilitating meaningful GEA influence, mainly in terms of mutual 

learning2,11,19. Conventional thinking maintains that scientific consensus is a precondition 

to directly influencing policy decisions by governments. However, the complexity of 

current policy issues and the diversity of actors involved in the evolving governance 

landscape make a consensus on ‘best’ policy options virtually impossible. Fostering 

influence requires an improved understanding of the potential causal influence (that is, 

outcome and impacts in the policy arena) of solution-oriented GEAs in the evolving 

governance landscape, resulting from both their processes and outputs. 

Enabling multi-dimensional policy assessment  

The following interventions may be part of a strategic response to the first challenge of 

integrating multiple policy dimensions.  

Given the proliferation of objectives for many contemporary GEAs as a result of the 

increasing multi-dimensionality1, a deliberate focus on a limited number of 

collaboratively determined, specific policy questions of particular relevance to decision-

makers (for example, distributional effects of policies) is a first step towards improving 

the feasibility of many GEAs, as already practiced by the UN Environment Emissions Gap 

reports and the IPCC special reports. Yet, the selected policy issues should be assessed in 

a way that also informs governance processes about key interdependencies and indirect 

effects across policy fields. 

Following the example of the integrated scenario modeling community, the main 

organizational principle of solution-oriented GEAs could be to more resolutely assess 

coherent future policy pathways, including potential policies, their various effects and 

specific requirements. This would improve policy-relevance. Multiple (qualitative and 

quantitative) criteria and various (for example, agent-based) model types should be 

employed to assess different policy dimensions, disciplinary insights, and approaches in 

an integrated manner. This would also help better embed the social sciences and 

humanities in some GEAs, including the IPCC11. 
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The aggregation of research results could be improved outside of assessment processes 

(as observed in the health and education sectors), through meta-analyses and 

systematic reviews, particularly in the peer-reviewed social-science literature. This 

should be organized along the multiple policy dimensions explained above, and would 

help GEAs deal with the rapidly growing body of literature (Figure 8.2). Equally 

important is addressing key research gaps outlined in previous solution-oriented GEAs, 

particularly regarding empirical ex post policy analysis to enable learning from past 

experiences for future policy design. A systematic ex post meta-study on existing policies 

for sustainability could be organized, for instance, analogous to Elinor Ostrom’s 

comparative analysis20 of local common-pool resource management. This would help 

identify empirical factors conducive to successful environmental management in the 

context of multiple societal goals rather than continuing theoretical disputes in the 

social sciences. 

Accommodating divergent normative viewpoints. To address the second challenge, GEAs 

must avoid polarization (of issues and stakeholders) and technocratic policy 

prescriptions while still constructively addressing controversial policy issues. The 

Intergovernmental Platform for Biodiversity and Ecosystem Services, for example, is 

deliberately positioned to become a learning opportunity for the meaningful inclusion of 

multiple worldviews, knowledge and value systems through diverse stakeholders 

(Supplementary Sections C.b and C.c).  

 

Figure 8.2 Rapid growth of annual publications on ‘climate change’. We considered publications 

between 1990 and 2014 (212,000 in total) as listed in Web of Science, following Grieneisen and Zhang24. 

Numbers are rounded. In 2014 alone, more papers (29,000) were published than in the entire period 

between Assessment Report 1 (AR1) and Assessment Report 3 (AR3) by the IPCC (26,000). See 

Supplementary Section B. 
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More specifically, solution-oriented GEAs, through inclusive and transparent processes, 

may collaboratively select, scientifically explore and critically assess alternative policy 

pathways including their diverse practical implications12, taking into account a diversity 

of knowledge systems and perspectives17. No consensus on specific problem framings or 

solutions is needed, but consistency in approaches is required to facilitate comparison12. 

Only a few past GEAs have seriously explored alternative policy pathways, including the 

recent IPCC Working Group III assessment12 and, to a lesser degree, the MA. The 

pathways explored should represent alternative policy narratives and objectives. 

Through the exploration of alternative pathways, GEAs can also reveal tensions between 

developing and developed countries and address them more explicitly9,21. GEAs should 

identify and communicate the underlying reasons for disagreement when evaluating 

policy pathways. These approaches can significantly increase the legitimacy of GEAs and 

enable iterative, deliberative learning processes4,5,22 among different stakeholders about 

policy alternatives while making it harder for interest groups to steer GEAs in a 

particular direction. 

Acknowledging the multiplicity of approaches through which stakeholders can be 

engaged within GEA processes, a simple but effective measure for many solution-

oriented GEAs to improve these methods would be to better align them with their 

objectives (Supplementary Section C.c.) and available resources. This could be done, for 

example, by strengthening and formalizing the protocols and institutions guiding 

stakeholder selection and methods of engagement (for example, the Multi-Stakeholder 

Bureau supporting the IAASTD assessment) to ensure clear objectives, fair 

representation, cohesive engagement approaches, and use of outputs in GEAs14. 

Interacting with new target groups  

Addressing the third challenge requires better recognizing and fostering of the broad 

range of possible GEA influences on policy discourses. These include often-concealed 

forms of influence that solution-oriented GEAs exert through co-production of 

knowledge and interactive deliberations with various stakeholders19. Examples include: 

agenda-setting, shaping networks in international negotiations, the diffusion of 

programmatic policy ideas (for example, carbon pricing), and bidirectional learning 

between scientists and policy-makers. Thus, a potential, desirable and often 

underestimated outcome of solution-oriented GEAs in the evolving governance 

landscape is the enrichment of policy discourses among various state and non-state 

decision-makers through open multi-stakeholder learning processes around policy 

alternatives. Different measures may help realize this outcome. 

Solution-oriented GEAs should recognize new and diverse target groups21. International 

environmental governance processes typically include, for instance, coalitions of local 

governments (for example, C40 Cities Climate Leadership Group) and business 

associations concerned with sustainability (for example, World Business Council for 

Sustainable Development). Depending on available resources, GEAs could organize 

separate dialogue forums with each group before, during and after GEA processes. 
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By encouraging direct interactions between these groups, GEA processes can enhance 

mutual learning, enable researchers to identify windows of opportunity, re-animate 

environmental debates, and facilitate discussions about relevant socioeconomic and 

political conditions19. Inspiring approaches to structure such encounters include: co-

producing different summaries with different target audiences (for example, GEO-5)14; 

positioning special experienced translators between scientific expertise and policy (for 

example, UN Chief Scientists); and organizing regular face-to-face dialogues between 

scientists and policymakers, such as the successful Structured Expert Dialogue on 

international climate policy involving IPCC experts (2014–2015). 

Reforms embedded in a learning process  

To conclude, future assessments should, in contrast to current populist ideas, facilitate 

inclusive, interactive and deliberative learning processes about actual policy alternatives 

and their different implications and interdependencies. Then, GEAs can more 

meaningfully contribute to policy discourses, which are a major factor contributing to 

policy change19 — particularly when emphasizing solution options. In this sense, GEAs 

can take advantage of the current solution orientation in environmental governance and 

may help decision-makers make more robust policy decisions given multiple objectives, 

complexity and uncertainty.  

Given the vast diversity of GEAs and their important distinctions from traditional 

assessment approaches, our recommendations are not blueprints and require 

contextualization. These promising GEA reform options must be (further) tested in 

adaptive learning processes where feedback is openly obtained and the GEA strategies 

are appropriately adjusted, for instance in the upcoming sixth IPCC assessment cycle. To 

facilitate learning from experimental phases of GEA design, scientifically robust 

investigations into GEA impacts and their enabling conditions should become routine 

after every GEA, incorporating more nuanced and comparable impact metrics than 

standard user surveys. This would provide the responsible scientific and policy 

communities, including assessment practitioners, various stakeholders and governments 

who are mandating assessment processes, with a transparent basis for judging, 

comparing and adjusting GEA methodologies and processes. This will help GEAs to 

effectively contribute to better governance of pressing global threats23. 
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Supplementary Information 

This supplementary file provides the methods and material underlying Figure 8.1 
(including Figure S-8.1, Tables S-8.1-S-8.3) and Figure 8.2 (including Table S-8.4) as well 
as some more background on the three challenges and stakeholder engagement. 

A. Method underlying Figure 8.1 

According to the principles governing the work of the Intergovernmental Panel on 
Climate Change (IPCC), these as well as the procedures shall be revised periodically to 
constantly improve the IPCC’s operations, procedures and products. Upon conclusion of 
the fifth assessment cycle, during its 37th session in Butami, the IPCC plenary initiated a 
task group on the future of the IPCC, calling for input from governments, observer 
organizations and scientists involved in the IPCC process.38 This process resulted in the 
comments that underlie Figure 8.1 and provide information about the ‘demand side’ of 
global environmental assessments (GEAs). While the authors acknowledge that the IPCC 
context cannot be generalized to other GEAs, these results are presented as illustrative 
for current thinking about GEAs. 

In total, 137 official comments were submitted from Governments39, Authors, 
Contributing Authors and Review Editors40, International and other Organizations41, 32 
of which were submitted by governments, 90 by independent experts, and 9 by 
organizations. The nature of the comments illustrates the explicit demand across various 
actor groups for future IPCC reports to more explicitly assess solutions in general, and to 
focus on policy analysis in particular (see Figure S-8.1 for a comprehensive overview). 
This result was obtained by analyzing the comments with respect to their orientation 
towards ‘solutions’ (column “Solution-oriented comment” in Tables S-8.1, S-8.2 and S-
8.3) and with respect to their focus on policy analysis (column “Emphasis on policies” in 
Tables S-8.1, S-8.2 and S-8.3).  

In particular, comments were judged to be solution-oriented if they included key words 
such as: 

• Solution(s) 

• Technology/technologies, practice(s)  

• Measure(s) 

• Technical potential 

• Engineering 

• Mitigation/adaptation potential/option(s)/effort 

• Policy-relevant, demanded by policymakers, addressed to policymakers 

• Governments define topics 

• Economic analysis, sectors 

• Decision(s) 

• Development alternatives 

 
38 https://www.ipcc.ch/meetings/session37/p37_decision_future.pdf  
39 https://ipcc.ch/apps/eventmanager/documents/11/280220141142-
inf1_future_of_ipcc_govt_comments.pdf  
40 https://ipcc.ch/apps/eventmanager/documents/17/100920140349-INF.1-

%20Future%20Work%20of%20IPCC-Compilation%20submissions.pdf. This document also includes six 
comments submitted by the Technical Support Units (TSUs) and the IPCC Secretariat which were not taken 
into account in our analysis due to the mainly procedural nature of the comments. 
41 https://ipcc.ch/apps/eventmanager/documents/17/090920140449-INF.1,%20Add.1%20-

%20Future%20Work%20of%20IPCC%20-%20Compilation%20of%20submissions.pdf  

https://www.ipcc.ch/meetings/session37/p37_decision_future.pdf
https://ipcc.ch/apps/eventmanager/documents/11/280220141142-inf1_future_of_ipcc_govt_comments.pdf
https://ipcc.ch/apps/eventmanager/documents/11/280220141142-inf1_future_of_ipcc_govt_comments.pdf
https://ipcc.ch/apps/eventmanager/documents/17/100920140349-INF.1-%20Future%20Work%20of%20IPCC-Compilation%20submissions.pdf
https://ipcc.ch/apps/eventmanager/documents/17/100920140349-INF.1-%20Future%20Work%20of%20IPCC-Compilation%20submissions.pdf
https://ipcc.ch/apps/eventmanager/documents/17/090920140449-INF.1,%20Add.1%20-%20Future%20Work%20of%20IPCC%20-%20Compilation%20of%20submissions.pdf
https://ipcc.ch/apps/eventmanager/documents/17/090920140449-INF.1,%20Add.1%20-%20Future%20Work%20of%20IPCC%20-%20Compilation%20of%20submissions.pdf
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• Growth potential 

• Achieving/transition to SDGs, building resilience 

• Synergy/synergies, win/win 

• Co-benefits 

• SREX 

Similarly, comments were judged to focus on policies if they included key words such as: 

• Policy 

• Policy instrument(s), analysis, tool(s), design, alternative(s) 

• Incentives 

• Response, respond to climate change 

• Response measure, strategy 

• Strategy 

• Priorities 

• Governance 

• Action, actionable knowledge 

• Address(ing) (options, salient questions, climate change mitigation and 
adaptation etc.) 

• Recommending/recommendation(s) 

• Implementing/implementation 

• Experience(s) 

• Approach(es) 

• What works…? What do we do…? 

• Good/best practice 

• Climate finance/financing 

• Financial instrument(s) 

• Investment 

While these keywords played a central role in analyzing the comments, this analysis 
(building on, but refining and amending the analysis presented by Jabbour and 
Flachsland, 2017) also took into account the specific contexts in which the keywords 
occur which enabled a more appropriate and differentiated interpretation of the 
comments. 

Please note that based on personal conversations and the high-level involvement of 
some of the co-authors of this paper in the recent IPCC assessment process, we know 
that IPCC reform comments suggesting “more focused” IPCC reports (e.g. similar to the 
“SREX”), for instance, typically have in mind more solution-orientation and higher 
relevance of IPCC reports for decision-making processes.  
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Figure S-8.1. The share of comments of governments, independent experts and organizations that 

submitted solution-oriented comments (light blue) and with an emphasis on policies (blue). This figure 

summarizes all results while Figure 8.1 in the main text focuses particularly on the comments by 

governments. 
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Table S-8.1 Independent Experts 

Independent 
experts Comments (relevant excerpts) 

Solution-
oriented  
comment 

Emphasis 
on polices 

Independent 
expert 

“...A distinction between the problem and 
the solutions …and the need to address 

options, experiences, synergies, win-win and 
co-benefits and tradeoffs between 

adaptation and mitigation with the goal to 
enhance sustainable development for all 

and in order to properly assess questions of 
justice.” 

1 1 

Independent 
expert 

"…offer an assessment of scienctific 
literature on the reasons for lack of success 
in realizing the goals and implementing to 

previous decisions adopted…assess the 
scientific policy alternatives to multilateral 

treat-based climate diplomacy…address 
promising unilateral and multilateral 

pathways towards a transition to SDG" 

1 1 

Independent 
expert 

“A clear shift in focus to solutions. The IPCC 
has been very successful in defining the 

threat of climate change and raising 
awareness. Governments, business and the 
public are now looking for information on 

how they might respond” – what works and 
what doesn’t work. This can be done in a 

manner that is not policy prescriptive" 

1 1 

Independent 
expert 

“Direction and strategy for mitigation and 
adaptation measures …solutions for 

potential climate changes. Link the activities 
of IPCC to MDGs and improvement of energy 

access through investment for energy 
efficiency and renewables” 

1 1 

Independent 
expert 

“Greater focus on climate finance needs, 
flows, policy/financial instruments and their 

effectiveness” 
1 1 

Independent 
expert 

“A special report which central focus is 
assessing these links as well as the multiple 

strands of existing literature on climate 
resilient pathways linking adaptation and 
mitigation will be of great value for any 

UNFCCC decisions made in 2015.” 

1 0 

Independent 
expert 

"…publish an annual (or biennial) bulletin 
that incorporates: updated factors, new 

methods and examples of good 
practices….examples of application of good 

practices can be prepared according to 
difficulties experienced by countries in 

implementing…" 

1 1 

Independent 
expert 

“the IPCC should call for more research on 
[energy] development alternatives for 

[countries in transition] and then summarise 
the achieved results in AR6.” 

1 0 

Independent 
expert 

“…structure reports or emphasis on 
particular types of content to persuade the 

intransigent economic groups" 
1 0 

Independent 
expert 

“…taking a more proactive role in developing 
and implementing climate change 

policies/laws, in particular, policies/laws 
related to mitigation opportunities and 
emissions constrains. As a basis for such 
policies and to better understanding the 

GHG emissions and removals” 

1 1 
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Independent 
experts Comments (relevant excerpts) 

Solution-
oriented  
comment 

Emphasis 
on polices 

Independent 
expert 

“Midterm report …on policy and economic 
aspects before integrated into the AR should 

be considered” 
1 1 

Independent 
expert 

“[Future] IPCC Assessment Reports [should] 
represent in a condensed form the available 

knowledge and reflect the scientific 
consensus on the climate change in future 

and the availability of solutions.” 

1 0 

Independent 
expert 

“there is a need for a transition of sorts… 
surely the questions change to “what do we 
do about it?” There is now an imperative to 
recognize that climate change is with us and 

we must plan for it in every way possible. 
Part of this relates to what does develop 

under GFCS and climate services" 

1 1 

Independent 
expert 

“...regional reports to enable better 
localization of climate change problems and 

solutions in concrete locations.” 
1 0 

Independent 
expert 

“The IPCC …requires new policy oriented yet 
scientific leader….Awareness of what is and 
what is not societally relevant is a matter of 

framing issues in specific ways. 

1 1 

Independent 
expert 

“Shorter, more focused reports that answer 
specific emerging questions ….arising from 

the policy process” 
1 1 

Independent 
expert 

"a hiatus from the comprehensive reports 
should be taken for a number of years. The 
focus for a few years should be placed on 

…special reports that are carefully targeted 
to address specific, salient questions that are 

of high scientific, policy and social 
importance." 

1 1 

Independent 
expert 

"Special reports where governments define 
topics…" 1 0 

Independent 
expert 

“Shorter reports on select topics as 
demanded by policy makers” 1 0 

Independent 
expert 

“specific guidance for those countries to be 
able to go from Tier 1 guidance to Tiers 2 or 

3 including suggested approaches and 
potential sources and costs of acquiring the 

necessary data and synthesis.” 

1 1 

Independent 
expert 

“evolution towards assessments that focus 
more on what has changed in our 

understanding…need to strengthen 
participation from the private 

sector….evolution towards clearly-defined 
quantitative metrics [for] mitigation cost and 

investment..” 

1 1 

Independent 
expert 

“Policy briefings and information with 
practical information” 1 1 

Independent 
expert 

"as Ars have matured, there has naturally 
been an evolution towards clearly-defined 
quantitative metrics (….) and estimates of 

their uncertainty…their role in informing risk 
management could help the next 

assessment….[need for] greater flexibility in 
assessing economics literature on options 

and policies.." 

1 1 
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Independent 
experts Comments (relevant excerpts) 

Solution-
oriented  
comment 

Emphasis 
on polices 

Independent 
expert 

"…[need for a an improved] systematic co-
exploration where the science of regional 

responses are evaluated through the lens of 
WG2/3 concerns…" 

1 0 

Independent 
expert 

"…more focused …limited reports focused on 
progress achieved since previous report" 1 0 

Independent 
expert 

“Topical reports, answering concrete policy 
relevant questions” 1 0 

Independent 
expert 

"product should be aimed at actionable 
knowledge and directly address critical 

issues…more user-relevant scales…emphasis 
should be given to synthesizing the findings 

and mapping them to applicable knowledge" 

1 1 

Independent 
expert 

"Relatively frequent special reports 
indicating major changes in understanding or 
developing them (e.g., SREX) and occasional 

executive and technical summaries of the 
state of the science" 

1 0 

Independent 
expert 

“I suggest the development of new 
information products oriented to society, 
and focused on simple facts and actions.” 

1 1 

Independent 
expert 

“…disconnect between assessment of the 
costs of climate change, evaluated in WG II 
(though usually not in economic terms) and 

assessment of the costs of mitigation, 
evaluated in WG III. This undermines the 

cost-benefit analyses that are sorely needed 
for the world to make rational decisions, as 

much as possible, on how to respond to 
climate change.” 

1 1 

Independent 
expert 

“Examples of application good practices can 
be prepared according to difficulties 

experienced by countries in implementing 
them or where areas of further clarification 

are identified” 

1 1 

Independent 
expert 

“issue-specific reports … particularly targeted 
toward informing sector-specific 

adaptation/mitigation efforts authored by 
smaller task forces” 

1 0 

Independent 
expert 

"advocate a series of topic reports, similar to 
SREX…" 

1 0 

Independent 
expert 

"…the main conclusions from old assessment 
reports are mainly the same…focus on 

important new insight we need new ways to 
avoid [a situation' where every sentence has 

to be approved… 

1 0 

Independent 
expert 

"…unified quantification approach for 
emissions and sequestration… management 

approaches" 
1 0 

Independent 
expert 

"…identification of the regions that will be 
most directly affected and recommendations 

about remediation (engineering 
approaches).." 

1 0 

Independent 
expert 

"…IPCC spend too much time discussing 
model projections… economic analysis of 
AR5 was perhaps the most important new 

information that was provided.." 

1 0 
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Independent 
experts Comments (relevant excerpts) 

Solution-
oriented  
comment 

Emphasis 
on polices 

Independent 
expert 

“focused regional level reports on mitigation 
and adaptation options, strategies and 

responses at 5-10 year intervals" 
1 1 

Independent 
expert 

“focus on assessment and evaluation of 
adaptation plans and actions implemented. 
Specific plans and actions are more likely to 

have been reported in government 
documents and grey literature….” 

1 1 

Independent 
expert 

“these major reports have outlived their 
value. Future products ...should therefore be 
targeted on specific areas in climate science 
adaptation, mitigation and –perhaps most 

importantly - specific economic sectors and 
aspects of the human economy” 

1 0 

Independent 
expert 

"[future reports] should be focus how to go 
about building resilience at all scales" 1 0 

Independent 
expert 

“Sector-based products may well be more 
useful than more ‘business as usual’ reports” 1 0 

Independent 
expert 

“…address promising unilateral and 
multilateral pathways towards a transition to 

sustainable development goals addressing 
the need to drastically reduce GHG emissions 

by a progressive decarbonization of the 
energy, transportation, agriculture, 

production and housing sectors and the 
potential peace dividend of such a policy 

strategy that aims at resource efficiency and 
a replacement of fossil energy sources with 

renewables” 

1 1 

Independent 
expert 

"Focused sectoral reports on learnings from 
adaptation and mitigation actions for the 

advancement of the global community 
knowledge." 

1 1 

Independent 
expert 

"produce summary reports spot on the LDCs 
enclosed recommendations and advices to 
decision maker could be more valuable." 

1 1 

Independent 
expert 

"one WG focusing on the physical science 
aspects and impacts of climate change from 
global to regional, and a second WG focusing 
on the solution space, including adaptation 

and mitigation." 

1 0 

Independent 
expert 

“…highlighting specific challenges and 
opportunities related to climate system 

variability and changes on which place-based 
actions are possible.” 

1 1 

Independent 
expert 

“Increased attention is therefore suggested 
on strengthening the assessment of what 
emissions inventories mean in terms of 

impacts… A further consideration for the 
appropriate structure and modus operandi 

for the production of the IPCC products, 
focuses on the important role of involving 

experts from the energy sector. These 
experts are critical in a number of areas, 
including: in addressing technologies for 

mitigation; assessing practices for 
adaptation; methodologies for emissions 

estimation.” 

1 0 
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Independent 
experts Comments (relevant excerpts) 

Solution-
oriented  
comment 

Emphasis 
on polices 

Independent 
expert 

“deliver [assessments that] provide the 
scientific evidence for synergistically 

addressing: climate change adaptation and 
mitigation, food security, combating land 

degradation and desertification, while 
maintaining ecosystems services, including 

biodiversity.” 

1 1 

Independent 
expert 

“[Future IPCC] Report must be further 
developed and strengthened to help identify 

current priorities and adaptation needs in 
specific countries and societies, especially in 

highly vulnerable regions.” 

1 0 

Independent 
expert 

“Develop... a repository of successful (and 
not-successful) policy experiences and 

options, technologies, financing mechanisms, 
and educational/awareness raising actions…” 

1 1 

Independent 
expert 

“The IPCC needs to commit to the eligibility 
of assessing regional policies and emissions 
in the reports. Climate change and climate 

policies cannot be sensibly assessed without 
regional specificity” 

1 1 

Independent 
expert 

I feel we have become so concerned about 
the scientific validity of our reports that, 
while perhaps technically accurate, our 
reports have very little capacity to be 

digested and discussed among non-scientists 
(including policymakers), much less motivate 

social responses. 

1 0 

Independent 
expert 

"More focused reports on questions of 
immediate interest to policy makers. SREX 

provides an example…geoengineering as an 
abatement strategy, ….food security, and the 

role of shale gas in carbon 
mitigation….evaluating leakage issues. 

1 0 

Independent 
expert 

"…more guidance to capture their carbon 
footprint…National GHG inventories, 

increased use of multimedia  
1 0 

Independent 
expert 

“Ranking for cost effectiveness of mitigation 
options in each sector.” 1 0 

Independent 
expert 

“Reports focused on Adaptation and 
Mitigation should receive stronger focus. 

Consider the 2020 climate change 
agreement for planning the report 

publication.” 

1 0 

Independent 
expert 

“Updated analysis of renewable energy 
options highlighting both technology needs 

and economic investments needed to 
transform our current energy systems to a 

low carbon state” 

1 1 

Subtotals    58 30 
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Table S-8.2 Organizations 

Organization Comments (relevant excerpts) 

Solution-
oriented  
comment 

Emphasis 
on polices 

International 
Organization 

(Climate 
Action 

Network) 

"...increase understanding of alternative 
models of economic growth that are 

decoupled from greenhouse gas emissions, 
the IPCC should call for more research on 

development alternatives for these 
countries and then summarise the achieved 
results in AR6...include a short description 

and analysis of this situation on 
governance..." 

1 1 

Observer 
(State of 

Palestine - 
Environment 

Quality 
Authority) 

"... crosscutting issues require special 
attention for example, climate financing and 

response measures.." 

1 1 

International 
Organization 

(START 
Secretariat) 

"… [new focus] on low carbon growth 
potential and related incentives-tradeoffs 

might foster better opportunities for 
concerted actions by IPCC member nations. 

Likewise special reports that deal with 
urban-rural linkages seem most timely." 

1 1 

International 
Organization 

OECD 

Understanding of climate science and 
climate impacts has evolved considerably 
since the IPCC’s First A). Focusing future 
reports on areas that are currently less 
certain could allow for the structure of 
future ARs to be streamlined, e.g., by 

merging assessments on the physical science 
basis and assessing the risks and impacts of 

climate change (i.e., working groups 1 and 2). 
The OECD considers “special reports” useful, 

and supports their continued preparation. 
These are particularly useful as they can be 
prepared on a shorter timescale than the 

assessment reports. Possible topics for 
upcoming special reports could include the 

economic impact of inaction, impact of 
climate change on achieving sustainable 

development goal(s), or SRs on the expected 
climate and economic impacts on a specific 

region. 

1 0 

International 
Organization 

(UNCCD) 

"UNCCD recommends that further attention 
be given to [adaptation measures] in the 

future IPCC work. Constraints on 
implementation of adaptation are coming 
from uncertainty in the impacts, limited 

resources to develop effective policies, lack 
of guidance on principles and priorities, 

limited coordination of governance, different 
perceptions of risks, competing values, 

absence of adaptation leaders and advocates 
and limited tools to monitor adaptation 

effectiveness. Addressing adaptation 
throughout the world will ultimately require 
a diverse set of local-level, context-specific 
solutions and the blending of traditional 

and modern knowledge and technologies. 
We recommend that these issues be given 

due attention in future IPCC reports..." 

1 1 
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Organization Comments (relevant excerpts) 

Solution-
oriented  
comment 

Emphasis 
on polices 

International 
Organization 

(UNEP) 

"IPCC Assessment Report must be further 
developed and strengthened to help 

identify current priorities and adaptation 
needs in specific countries and societies, 
especially in highly vulnerable regions. A 
shorter cycle report...[with a] focus on 

emerging science, especially when there 
are new trends or developments, and 

solutions and reflect the 
issues/developments relevant to the three 
IPCC working groups. The feature focus of 
the report might as well be chosen based 

on the demands from UNFCCC parties/IPCC 
member states." 

1 1 

University of 
Nijmegen 

"Develop – in cooperation with other UN 
agencies - a repository of successful (and 
not-successful) policy experiences and 

options, technologies, financing 
mechanisms, and educational/awareness 

raising actions/campaigns."….Each of these 
groups consists of subject experts, climate 

policy experts, governmental 
representatives... Focus on special areas of 
societal and policy relevance, new insights 

and controversial issues." 

1 1 

Subtotals    7 6 
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Table S-8.3 Governments 

Country Comments (relevant excerpts) 

Solution-
oriented  
comment 

Emphasis 
on 
polices 

Argentina  "important to move forward to cross-cutting 
approaches among different Working 

Groups...Group III evaluates adaptation 
strategies and mitigation, enabling, at the same 

time, analysis of synergies" 

1 1 

Austria  "A high priority for the IPCC to produce fact 
track products to respond to urgent needs at 
the policy level"; "responses to the climate 

change risks, including adaptation and 
mitigation, should be addressed by the second 

Working Group." 

1 1 

Belgium “Providing information that is useful for the 
policy processes and underpinning policy 

development without being policy prescriptive; 
...the challenge of how to be more policy-

relevant without being policy prescriptive;” 
...The IPCC might have to consider a 

modification in the assessment cycle, the type 
of products useful for policymakers, ....A re-
organization of the 3 current working groups 

(keeping the TFI as it is) in 2 new groups: Group 
1 - Mechanisms: climate and impacts; physical 

climate change impacts on ecosystems and 
human activities - Group 2 - Solutions: 

Mitigation, adaptation and vulnerability: 
Scenarios, role of socio-economic drivers in 

shaping emissions, mitigation potential, 
adaptation potential, and vulnerability; 

Technical potential; Costs Transition, links with 
sustainable development" 

1 1 

Brazil "For the next decade, emphasis should be 
placed on …the needs arising from the 

implementation of the post-2020 agreement 
under the Convention. Focus should be placed 

on "fast track" products, such as …the 
necessary inputs and tools for … further 

developing and implementing their policies 
and actions." 

1 1 

Canada “provide information that would support a 
future UNFCCC review of long-term global 

climate, mitigation goals. Canada encourages 
the Task Group and/or Secretariat to consult 

with the UNFCCC early in these deliberations…. 
[concerns regarding lack of policy utility] 

“Canada is open to exploring suggestions for 
other WG structures …such as a structure 

oriented towards articulating the “challenge” 
and “solutions” to climate change. Canada sees 

merit in this type of structure. 

1 0 
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Country Comments (relevant excerpts) 

Solution-
oriented  
comment 

Emphasis 
on 
polices 

EU "physical science basis and the assessment of 
associated impacts, risks and vulnerabilities' 
while the second part should focus on the 

'response measures: adaptation and 
mitigation'. Such an approach will allow for a 

more coherent treatment of cross-cutting 
issues, mark a clearer distinction between 

'diagnostics' and 'solutions/proposed 
measures' and also make it easier for policy 

makers to extract relevant information. It will 
also cover adaptation and mitigation in an 

integrated manner –which is highly pertinent 
for policy making- and also facilitate the final 

synthesis of the assessment report. 

1 1 

Finland "Although many key decisions in international 
climate policy are still to come, there is a lot of 

material for policy analysis during a 6-7 year 
assessment cycle. " 

1 1 

Germany “IPCC assessment reports (ARs) and Special 
Reports (SRs) should become more concise with 

an increased focus on policy relevant topics. 
This would increase their usefulness for policy 
makers and reduce the workload for authors… 

enhancing the flexibility and the responsiveness 
of the IPCC to policy needs, in particular of the 

Parties to the UNFCCC.” 

1 1 

Japan  “As overall tasks for the future, … reports 
focusing on practical and applicable mitigation 

and adaptation measures in each region or 
sector, taking the post-2020 international 

regime on climate change into consideration. 
Those reports should contribute especially to 

increasing knowledge of mitigation and 
adaptation measures applicable to developing 

countries. ...normative studies as well as 
empirical knowledge become important in 

relation to issues such as an assessment of geo-
engineering. …increased emphasis on response 

strategies.” 

1 1 

Latvia "More information compilations addressed to 
the policymakers" 1 0 

Mali "Strengthen adaptation and vulnerability 
measures, especially for developing 

countries..." 
1 0 

Nether-
lands 

“Informing the international community about 
the scale of the problem and the availability of 
solutions and providing legitimacy for national 

climate policies… recognizes and supports a 
growing demand for information that can 

support local decisions." ...Both adaptation and 
mitigation solutions could be included, which 
require different practical hand-on protocols, 
assessment methods and decision tools (e.g., 

risk profiles; economic appraisal tools; finance 
tools; methodology for producing mitigation 

road maps; portfolio management for 
adaptation and mitigation)." 

1 1 

Norway "IPCC could exploit pre-policy analyses of 
audiences and user groups, as part of the 

scoping." 
1 1 
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Country Comments (relevant excerpts) 

Solution-
oriented  
comment 

Emphasis 
on 
polices 

Saudi 
Arabia, 

Kingdom of  

"some crosscutting issues require special 
attention for example, climate financing, 

response measures, emerging issues 
1 1 

South 
Africa 

“The IPCC should focus far more strongly on 
encouraging advancing the technologies and 
tools of impacts and adaptation assessment 

1 0 

Spain "...consider grouping IPCC work in two main 
WGs: (i) physical science of climate 

change....and (ii) responses/proposal to 
climate change challenge in the field of 

adaptation and mitigation. The latter group – 
responses- can address some sectors with a 

clear win-win approach (agriculture, forestry, 
soils, health…), and others with a more 

independent way between adaptation and 
mitigation. This WG on solutions can be 

structured according to a sectoral approach." 

1 1 

Switzerland  “We propose to improve the IPCC products 
and to expand the activities [of the IPCC] 

…Assistance in the elaboration of Policy Tools 
such as: Manual for Adaptation Planning; 

Manual for Technology Assessment; 
Optimization of Policy Design; Optimization 

of Environmental Synergies” 

1 1 

Thailand “Increased [focus] on the solution side, best 
practice and examples of current problems 

and adaptation in each region should be 
included… reports should be developed to 

identify … adaptation in specific countries, in 
particular in high vulnerability regions. IPCC 

should provide the pilot projects that illustrate 
management [tools] and technologies” 

1 1 

UK "..the need for policy makers to have answers 
to policy relevant questions, which don’t 

readily map to specific WG reports. 
1 1 

USA “Re-work the substance on adaptation and 
mitigation options currently contained in 

WG2 and WG3 into a report on the “solution 
space” (i.e., mitigation and adaptation) for 

climate change. Such a report could still be on 
a 5-7 year cycle, but more staggered from the 

WG1 report to ensure the scientific 
communities have sufficient time to digest and 
publish the results from the WG1 literature.” 

1 1 

Subtotals    20 16 
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B. Method underlying Figure 8.2 

Scientometric / bibliometric studies of the climate change literature remain relatively 

scarce. The study by Grieneisen and Zhang (2011) is a first attempt to provide a 

comprehensive overview of the field of climate change research based on a systematic 

and sophisticated search query. The study showed an exponential increase in 

publications between 1991 and 2009. 

We apply the same search query to extend the analysis to understand whether this 

trend has continued in subsequent years. A complete description of the research 

methodology is included in the paper by Grieneisen and Zhang (2011) and does not need 

to be replicated here. We are able to closely reproduce the results for the period 1991-

2009. We find that the exponential growth in the climate change literature has 

continued between 2009 and 2014. In fact, 2014 provides first evidence that this trend 

may start to break in the near future and continue at decreasing rates. However, no 

conclusions can be drawn from a single data point on this matter and only time can tell 

whether this really marks a change in the growth pattern. 

The Intergovernmental Panel on Climate Change (IPCC) assesses the state of climate 

change research every five to seven years. These assessments ought to be undertaken 

on a comprehensive, objective, open and transparent basis. We roughly approximate 

the magnitude of the new literature that has accumulated over an assessment cycle by 

assigning all studies that have appeared before the year of publication of the synthesis 

report summarizing the findings across IPCC Working Groups. This is a coarse approach: 

for example, we assign all publications of the year 2013 to the Fifth Assessment Report 

cycle even though the Working Group I contribution was already published that year. 

However, this pragmatic procedure is justifiable as we only want to show orders of 

magnitude that remain unaffected. 

Our results show that the total number of new studies that had to be considered for the 

Second and Third Assessment Report was about 26,000. In the most recent years of 

analysis, this amount of new literature is published annually. This highlights the 

challenges for current global environmental assessments – in particular the IPCC with its 

precise mandate. New avenues need to be explored for dealing more systematically 

with this ‘literature explosion’ making the organization of the assessment process more 

complex. For example, bibliometric and scientometric methods need to be applied 

systematically during the scoping and assessment process of global environmental 

assessments. There is an increasing dependence on synthesis efforts within the research 

community that can be built upon within the assessment process. In many communities 

– particularly the social sciences – such meta-analytical approaches are still 

underdeveloped. 
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Table S-8.4 Data on climate change literature 

Year Number of Publications New literature for IPCC Assessments 

1991 1,442 Second Assessment Report: 
6,918 1992 1,650 

1993 1,907 

1994 1,919 

1995 2,333 Third Assessment Report: 
18,718 1996 2,729 

1997 2,989 

1998 3,166 

1999 3,589 

2000 3,912 

2001 4,429 Fourth Assessment Report: 
35,064 2002 4,810 

2003 5,248 

2004 6,014 

2005 6,863 

2006 7,700 

2007 9,738 Fifth Assessment Report: 
122,659 2008 12,009 

2009 14,113 

2010 16,824 

2011 19,796 

2012 23,255 

2013 26,924 

2014 28,651 Sixth Assessment Report ↓ 

 
C) Background on the challenges and stakeholder engagement 

Substantiating the three challenges 

Although contemporary GEAs are facing many more challenges, we claim that the three 

challenges presented in the main paper belong to the most important and profound 

ones for contemporary, solution-oriented GEAs facing wicked problems.42 This claim is 

based on both empirical and theoretical grounds. The empirical evidence inter alia stems 

from 99 semi-structured expert interviews on challenges and opportunities for 

contemporary GEAs, conducted as part of a larger research project on GEAs43 that 

underlies the commentary. The interviewees highlighted particularly these three 

challenges. The empirical evidence cited in the commentary furthermore includes 

 
42 While GEAs might be better suited to address wicked problems than other science-policy-society 
platforms (see main text at the beginning), the wicked problems also imply severe challenges and limitations 
for GEA processes, including the impossibility to provide a consensus on policy options and pathways. 
43 See Acknowledgements in the main paper as well as http://www.mcc-
berlin.net/en/research/cooperation/unep.html. The interviews and their method are described, for 
instance, in Garard and Kowarsch, 2017. The interviews (55 min on average) were conducted 2013–2015 
with authors, producers and policymakers involved in the process and production of GEO-5, IPCC WGIII AR5, 
and a few other GEAs, as well with noninvolved intended GEA target audience. The interviews were 
analyzed using Grounded Theory Analysis methodology in Max QDA software, with iterative coding 
employed, following the guidance of Strauss and Corbin (1998).  

http://www.mcc-berlin.net/en/research/cooperation/unep.html
http://www.mcc-berlin.net/en/research/cooperation/unep.html
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relevant observations of GEA processes published by experienced assessment 

practitioners. 

Moreover, also the theoretical and conceptual literature on GEAs strongly supports our 

selection of the challenges. While the specific characterization of these three problems 

as major challenges for contemporary GEAs in their current political context (i.e., the 

evolving governance landscape) is relatively new, core aspects of each of these 

challenges have been discussed before in the literature, usually in more generic terms.  

For instance, as Kowarsch and Jabbour (2017) explain in more detail, the first of the 

three challenges identified in our commentary is basically about the ‘salience’ (in terms 

of the need for addressing those aspects that are highly relevant to decision-making 

processes) as well as the scientific ‘credibility’ (i.e., rigor and soundness) of policy 

evaluation; the second challenge is mainly about (civic) ‘legitimacy’ issues; and the third 

challenge is related to GEA influence overall, as a function of credibility, legitimacy and 

salience together. These concepts of ‘credibility,’ ‘legitimacy’ and ‘salience’ (including 

their trade-offs), which are largely compatible with our analysis, have been introduced 

and explained by the seminal Harvard GEA project44 (e.g., Mitchell et al., 2006; Farrell 

and Jäger, 2006) in terms of widely accepted criteria for GEA influence. However, more 

specific recommendations for different contemporary GEAs are required that take into 

account the evolving governance landscape and the trade-offs between the three 

criteria. In this sense, our synthesis of promising options for solution-oriented GEAs to 

address the challenges identified contributes to the further development of the basic 

Harvard idea for GEA design into more specific recommendations for contemporary, 

solution-oriented GEAs. 

Beyond Mitchell et al. (2006) and related publications, different strands of the existing 

theoretical literature regard the first challenge as highly important: (1) literature on the 

complexity of wicked policy issues (e.g., Rittel and Webber, 1973; Carley and Christie, 

2000: 156; Head, 2008); (2) literature on the challenge of true interdisciplinarity and on 

the integration of scientific results into a common framework (e.g. Victor 2015); as well 

as (3) literature on the rapid growth of literature and the lacking knowledge aggregation 

particularly in the peer-reviewed social-science literature (e.g. Elsevier, 2016; Minx et 

al., 2017). 

The second challenge is about integrating diverse and divergent viewpoints. While this 

can and actually has resulted in very practical challenges for GEA processes (for 

example, as highlighted in the main text with regards to the IAASTD), it also relates to 

broader debates over the politics of knowledge exchange and integration (Scoones, 

2009), and to GEAs providing deliberative learning platforms at the international 

science-policy-society interface (Miller and Erickson, 2006; Kowarsch et al., 2016). The 

politics inherent in the exchange of knowledge is a central feature of any GEA process, 

which brings together a diversity of actors in order to assemble and synthesize available 

scientific and other knowledge (Scoones, 2009; Kowarsch et al., 2016). These diverse 

actors come from different disciplinary backgrounds but also hail from different parts of 

 
44 See http://www.hks.harvard.edu/gea/, accessed 05 Jan 2017. 
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the world, hold different institutional affiliations, and operate at different scales. Such a 

diverse group also implies a diversity of worldviews inter alia with regards to problem 

framing, judging the impacts of these problems, and assessing and prioritizing potential 

solutions pathways as well as more precise policy instruments. Bringing together these 

actors and integrating their often-divergent viewpoints through deliberation and 

reasoning together over the course of an assessment process is thus one of the major 

opportunities as well as a central challenge of GEAs (Miller and Erickson, 2006). As these 

enterprises become increasingly inclusive (as can be observed, for example, in the 

ambitious plans to engage with stakeholders in the IPBES process, Díaz et al., 2015) 

addressing this challenge will become increasingly important. Politics of knowledge may 

in fact often inhibit accommodating divergent normative viewpoints. Even if diverse 

stakeholders are brought together, that does not mean they participate in knowledge 

production on equal terms: there are important knowledge and power imbalances. This 

is particularly evident between state and non-state actors, or scientific knowledge vs 

indigenous knowledge (Obermeister, 2017), or natural sciences vs. social sciences. In 

fact, intergovernmental settings typically limit non-state stakeholders' agency because 

governments are often not willing to share power and authority. This is the case for the 

IPCC and has been observed for the IPBES too (Esguerra et al., 2017). Also, several 

authors have discussed the difficulties of engaging non-scientific stakeholders in 

scientific knowledge production and related tensions (van der Hel, 2016; Klenk et al., 

2015). 

The third challenge, i.e., the issue of increasing the influence of GEAs in the evolving 

governance landscape, is highlighted in more generic terms inter alia by Shulock (1999), 

Schreurs et al. (2001), Victor (2015), Posner et al. (2016) and Riousset et al. (2017). Since 

GEAs are usually intended to play a significant role in public policy processes, and since 

policy influence is generally hard to measure and dependent on various factors (many of 

which are beyond the control of GEA processes), facilitating outcomes and impact is a 

relatively natural challenge for GEAs. Riousset et al. (2017) highlight that the Social 

Learning Group (2001) and the Harvard GEA project pioneered research into the role 

played by scientific assessments produced by international institutions in attention 

cycles on global environmental risks, while some later publications have criticized their 

seminal findings for not adequately capturing the “dynamic, continuous and multi-

directional interactions between science, policy and society” (Sarkki et al., 2015) in 

science-policy-society interfaces. The evolving governance landscape with its diversity of 

actors and lacking consensus (as characterized in the main text) increases this challenge. 

Who is a stakeholder 

The term ‘stakeholder’ can be broadly understood to refer to any individual affected by 

problems covered in a GEA, their impacts, or the solutions explored (for example 

through reference to the ‘all affected’ principle discussed by Goodin, 2008, and many 

others). Theoretically, this could include every person on the planet and even future 

generations. However, in such a large-scale process as a GEA, it is functionally 

impossible to engage with everyone who could potentially be considered a stakeholder 

given this broad definition.  
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As with any large-scale policy advisory process, a certain degree of representation is 

required in order to render deliberation and organization practically feasible given the 

transaction costs of communication. In light of the need to somehow reduce the 

number of stakeholders, the concept of relevant stakes becomes important in 

determining criteria to identify who are the most relevant stakeholders to engage. 

Criteria can be based on the objectives for engagement (Garard and Kowarsch, 2017), 

and the selection of stakeholders can in theory follow logically which groups or 

individuals are most crucial to achieving the objectives. Major stakeholder groups in 

solution-oriented GEA processes include, besides policymakers, business and industry, 

NGOs and civil society more broadly, GEA authors and users, etc. 

Objectives for engaging with stakeholders 

There is a huge diversity of potential objectives for engaging with stakeholders in a GEA 

process, which can include everything from the official objectives for engagement in the 

entire process distributed by the convening institution to the objectives held by 

individual participants for particular meetings. Drawing from the work of Garard and 

Kowarsch (2017), we will briefly describe four prominent objectives for stakeholder 

engagement in GEAs from the literature.  

1. Stakeholders can provide diverse sources of information to a GEA process, 

contributing inter alia to the design and content development of a GEA. This can 

include input from a variety of scientific disciplines (Norgaard, 2008; Díaz et al., 

2015), from decision makers (Reed, 2008), as well as from representatives of a 

broader diversity of viewpoints and knowledge systems (Berkes et al., 2006).  

2. Engaging with stakeholders can increase the efficacy of communication and 

outreach of a GEA by ensuring the outputs and both relevant and 

comprehensible to target audiences (Mitchell et al., 2006; Field and Barros, 

2015).  

3. Stakeholder engagement can encourage a dialogue between diverse actors 

(including a fair dialogue between developed and developing countries), which 

can in turn build trust, enable learning, and ensure that outputs are based on 

rational argumentation and a plurality of viewpoints (Berkes et al., 2006; Stirling, 

2008).  

4. Engagement with stakeholders can increase their sense of ownership or buy-in 

to the assessment process and report, which in turn can increase the likelihood 

that they will use GEA outputs (Mitchell et al, 2006; Field and Barros, 2015).  

Stakeholders can and should contribute to the content but also the objectives and 

design of GEA processes (as observed, for example, in the extensive stakeholder 

consultations which contributed to decisions on the IPBES conceptual framework, Díaz 

et al., 2015); appropriate protocols and institutions can facilitate the integration of a 

broader diversity of viewpoints into decisions taken on the objectives and design of GEA 

processes in their earliest stages. 
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8.4 Acronyms and definitions 

 

All acronym and definitions are adapted from Allwood et al. (Allwood et al., 2014): 

Adverse side-effects: The potential negative effects that a policy/measure aimed at one 

objective might have on other objectives, without yet evaluating the net effect on social 

welfare.  

Aerosol: A suspension of airborne solid (primary PM) or liquid particles (secondary PM 

from gaseous precursors) that may influence climate in several ways.  

Bioenergy and Carbon Dioxide Capture and Storage (BECCS): The application CCS 

technology to bioenergy conversion processes. Depending on the total lifecycle 

emissions, BECCS has the potential for net CO2 removal from the atmosphere.  

Traditional biomass: Biomass (e.g. fuelwood, charcoal, agricultural residues, animal 

dung) used with ‘traditional’ technologies such as open fires for cooking, rustic kilns and 

ovens for small industries. 

Black carbon (BC): Aerosol species, also called soot, mostly formed by incomplete fuel 

combustion causing a warming effect by absorbing heat into the atmosphere. 

Carbon dioxide (CO2): A naturally occurring gas and by-product of burning fossil fuels 

and biomass, of land use changes and of industrial processes – the principal 

anthropogenic GHG.  

Carbon Dioxide Capture and Storage (CCS): A process in which CO2 from industrial and 

energy-related sources is captured, conditioned, compressed, and transported to a 

storage location for long-term isolation from the atmosphere. 

CO2-equivalent concentration (CO2eq): The concentration of CO2 that would cause the 

same radiative forcing as a given mixture of GHGs, aerosols, and surface albedo changes. 

Co-benefits: The potential positive effects that a policy/measure aimed at one objective 

might have on other objectives, without yet evaluating the net effect on social welfare. 

Cost-effectiveness analysis (CEA): A tool based on constrained optimization for 

comparing policies designed to meet a prespecified target. 

Cost-benefit analysis (CBA): Monetary measurement of all negative and positive 

impacts associated with a given policy. 

Energy intensity (EI): The ratio of energy use to economic or physical output. 

Greenhouse gas (GHG): Gaseous constituents of the atmosphere (natural and 

anthropogenic), which absorb and emit radiation at specific wavelengths within the 

spectrum of terrestrial radiation emitted, e.g. by the earth’s surface. 
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Gross domestic product (GDP): The sum of gross value added by all producers in an 

economy (plus any taxes and minus any subsidies not included in the value of the 

products) for a given period, normally one year. 

Mitigation (of climate change): Reducing the sources or enhancing the sinks of GHGs; or 

reducing other substances that contribute directly or indirectly to limiting climate 

change, e.g. PM emissions. 

Mitigation measures are technologies, processes or practices that contribute to 

mitigation. 

Mitigation pathways: The trajectory to meet a given mitigation goal that implies a set of 

economic, technological, and behavioural changes. 

Nitrogen oxides (NOx): Any of several oxides of nitrogen. 

Particulate matter (PM): Very small solid particles from solid fuel combustion which 

cause adverse health effects (particularly < 10 nanometres, PM10) and can directly alter 

the radiation balance. 

Precursors: Atmospheric compounds that have an effect on GHG or aerosol 

concentrations by taking part in physical or chemical processes regulating their 

production or destruction rates. 

Radiative forcing: The change in the net radiative flux (in Wm–2) at the tropopause due 

to a change in an external driver of climate change, e.g. changing CO2 concentrations.  

Short-lived climate pollutant (SLCP): Air pollutant emissions that have a warming 

influence on climate and have a relatively short lifetime in the atmosphere (a few days 

to a few decades). 

Sink: Any process, activity or mechanism that removes a GHG, an aerosol, or a precursor 

of a GHG or aerosol from the atmosphere. 

Sulphur dioxide (SO2) 

Sustainable development (SD): Development that meets the needs of the present 

without compromising the ability of future generations to meet their own needs. 

Traditional biomass: fuelwood, charcoal, agricultural residues, and animal dung used 

with traditional technologies, e.g. open fires for cooking, rustic kilns, and ovens for small 

industries. 

Working Group III Contribution to the IPCC Fifth Assessment Report (WGIII AR5) 
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