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Welcome to Snowmass Day 2 

Session 4:  Infrastructure and Technology Deployment in 
Transformation Pathways 

•  What are indicators of infrastructure and technology 
transformation? 

•  What barriers could be encountered, and what does this imply 
for the pace of transformation? 

 
 
 Session 5:  Institutions in Transformation Pathways 

•  How will existing institutions and institutional change shape 
pathways? 

•  What barriers could be encountered, and what does this imply 
for the pace of transformation? 

 



Perspectives on the Transformation 
of Infrastructure and Technology 
 
Haroon Kheshgi 

July 21, 2016 



3 
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Emerging Energy Technology 

Source: Exxon Mobil Annual Shareholders Meeting, May 2016 
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Climate science remains 
extraordinarily complex. 

 
 

So for over 15 years, our 
scientists have been 

participating directly in the 
preparation of IPCC reports, 

which are an important 
contribution to climate science. 

Source: Washington Post Ad, February 2007 
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Climate science remains 
extraordinarily complex. 

 
 

So for over 15 years, our 
scientists have been 

participating directly in the 
preparation of IPCC reports, 

which are an important 
contribution to climate science. 

30+ Years of Participation… 

IPCC 2007 
Source: IISD 2007 
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30+ Years of Participation… 

1991 



Technology Deployment 
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IPCC Special Report: Renewable Energy 
Authors 

Public 
Sector 

Private 
Sector 

IPCC Special Report: CCS 
Authors 

Engagement of Business Expertise and 
Perspective in the Preparation of IPCC Reports? 

R&D spending for OECD (R&D statistics) Source: Kheshgi, 2010 IPCC Expert Review Meeting on the SRREM,  and 2014 IPIECA workshop on the AR5 
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IPCC AR5 WGIII: Mitigation 
Authors (CLAs + LAs + REs) 

 
 
 
 
 
 
 
 
 
 
 
 

IPCC AR5 WGII: Impacts/Adaptation 
Authors (CLAs + LAs + REs) 

 
 
 
 
 
 
 
 
 
 
 
 

IPCC AR5 WGI: Physical Science Basis 
Authors (CLAs + LAs + REs) 
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Private 
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Engagement of Business Expertise and 
Perspective in the Preparation of IPCC Reports? 

R&D spending for OECD (R&D statistics) Source: Kheshgi, 2012 IPCC Expert Review Meeting on the AR5, and 2014 IPIECA workshop on the AR5 



Transformation 
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Long-Term Stabilization Requires Transformation  

Source: IPCC AR5 WG3, Ch 10 (2014) 
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CO2 ppm  
in 2100 

Energy Intensity in 
2050 

(MJ per $ GDP) 

Carbon per unit of Energy in 2050 
(kg C per GJ) 

Negative GHG 
Emissions (Year) 

Mean °C 
Rise in 
2100 

Current 12 18 - 0.8 

Energy Intensity in 
2050 

(MJ per $ GDP) 

Carbon per unit of Energy in 2050 
(kg C per GJ) 

Negative GHG 
Emissions (Year) 

Mean °C 
Rise in 
2100 

Current 12 18 - 0.8 

RCP 8.5 9 18 - 4.3 

RCP 4.5 
 

7 14 - 2.4 

RCP 2.6 5 5 2070 1.6 

Long-Term Stabilization Requires Transformation  

Decarbonize Global 
Economy 

Negative GHG 
Emissions 

Efficiency /  
Reduce 
Demand 

Sources: van Vuuren et al., Climatic Change (2011); IPCC AR5 (2013) 
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Pace of Investment Inadequate 

Reducing	GHGs	50%	below	2005	by	2050	requires	all	steps	
below:	

Investment 

Required 
Annual 

Additions  
2005 – 2050 

Annual 
Additions 
Since 2005 

Nuclear 
plants, 

 1,000 MW 
30 < 1 

Coal and 
gas plants 
with CCS,  

500 MW 

55 < 1 

Wind 
turbines, 

4 MW 
15,600 8,100 

Solar PV,  
m2 panels 325 million  370 million 

Source: IEA Energy Technology Perspectives 2010: Scenarios and Strategies to 2050 

Required 
Annual 

Additions 
2015 – 2050 

~40 

~70 

~18,000 

~315 
million 
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•  Demonstrating CO2 capture and storage 

•  Taking concerted international action 

•  Bridging the financial gap for demonstration 

•  Creating value for CO2 for commercialisation of CCS 

•  Establishing legal and regulatory frameworks 

•  Communicating with the public 

•  Infrastructure 

•  Retrofit with CCS capture 

CCS: Recommendations Advanced Initiated by 
Gleneagles G8 (2005) 

Source: IEA/CSLF Report to the Muskoka 2010 G8 Summit 
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Climate Impacts in the Context of Other Drivers 

Source: AR5 WG2 Ch10, Arent et al. 2014  



Infrastructure 



Observations 

•  Engineers and engineering societies offer 
unique and significant expertise and 
experience in addressing knowledge gaps 
and implementation barriers 
–  Bring relevant engineering disciplines to bear in the development 

and evaluation of energy technology systems.   
–  Improve Communication: both within their memberships, and 

externally with public interest organizations, governmental 
agencies, educational institutions, business, and the general 
public; engineering societies also have international reach   

Funded by the  United 
Engineering Foundation 
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Source: Kheshgi 2010, NAE Engineering Convocation 



Gaps & Barriers Workshop 
October 21/22, 2009 

Funded by the  United 
Engineering Foundation 

19 

Workshop Participants 
 

Organizing Task Team 
Arnold Feldman, Dale Keairns, Haroon Kheshgi (chair), Veronika Rabl, 

Darlene Schuster, Richard Wright 
 

Summary Posted on the Workshop Website: 
http://fscarbonmgmt.org 

Source: Kheshgi 2010, NAE Engineering Convocation 



Observations 

•  Achieving proposed goals would entail 
extraordinary changes in: 
– development and implementation of 

technology  
– streamlining of regulations to allow these 

changes, and  
– policies that would drive these changes 

worldwide 

Funded by the  United 
Engineering Foundation 
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Source: Kheshgi 2010, NAE Engineering Convocation 



Observations 

•  Addressing the gaps and barriers requires 
solutions spanning technology, regulation, 
and policy 

•  Public and decision makers’ expectations 
of the pace and scale of technology 
change are much higher than can 
realistically be achieved given the current 
state of technology, regulation and policy  

Funded by the  United 
Engineering Foundation 
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Source: Kheshgi 2010, NAE Engineering Convocation 



Observations 

•  Energy and material resource availability 
is critical to most potential mitigation 
options 

•  Availability of human resources is 
important to achieving the goals.   

Funded by the  United 
Engineering Foundation 

22 
Source: Kheshgi 2010, NAE Engineering Convocation 
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Barriers to GHG Reduction Options: Industry 

Source: AR5 WG3 Ch10, Fischedick et al. 2014  
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Transformation is Subject to Practical Barriers 

Source: Muratori et al. 2016 



Technology 



26 Science 298, pp. 981-987, 1 Nov 2002

What are the technological options to produce ~10-30 TW 
emission free energy … by 2050?   

A variety of technology families considered: 
–  Renewables 
–  Fission and Fusion 
–  Sequester carbon from fossil-fuels 
–  Efficiency 
–  Geoengineering 

All of these approaches currently have 
severe deficiencies that limit their ability 
to stabilize global climate 
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R&D in Long Term Carbon Management 

•  Goal: to create economically justified options for future 
technologies that make a difference to global energy mix 

•  Tax payer funded R&D should seek to identify fundamental 
barriers to acceptable technology and find solutions that 
improve 
–  Performance 
– Cost 
–  Safety 
–  Environmental acceptability 

•  Taxpayer funded R&D should not waste resources optimizing 
(let alone subsidizing) currently uneconomic technology 

•  Private sector should bear the risk and capture reward of 
developing commercial technology that competes in the 
market 

Source: Flannery and Kheshgi (2004) IPCC Expert Meeting on Industrial Technology Development, Transfer and Diffusion 
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Private Sector Role 
•  Profitable multi-national companies with strategic emphasis on R&D play 

an essential role in development and global deployment of advanced 
technologies 

•  Commercial opportunity typically derives from advanced technology and 
effective management systems (proprietary positions and know how)-- 
especially  with advanced technology 

 Financial controls  Operations integrity 
 Energy management  Maintenance 
 ... 

•  Enabling frameworks/capacity are essential to deliver benefits 
–  Rule of law 
–  Safe, stable environment for workers and communities  
–  Open markets 
–  Realization of mutual benefits 
–  Protection of intellectual property 
–  Movement of goods, capital and people 
–  Respect for the needs of host governments and communities 
–  ... 

Source: Flannery and Kheshgi (2004) IPCC Expert Meeting on Industrial Technology Development, Transfer and Diffusion 
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Technology: Observations and Conclusions 
•  Significant technology advances 

are critical to provide options for 
deep reductions in GHG 
emissions while providing 
affordable energy services 

•  Technology R&D/innovation are 
actively managed in the private 
sector 

• Concept/idea generation 

• R&D/innovation of concepts 

•  Commercialization once all 
appropriate considerations are 
addressed 

•  How to accelerate the pace of 
energy technology innovation 
and application should be one 
focus of policy development 

Process Industry Experience on 

Breakthrough Research 

 
Projects  

~10 

Concepts 
Evaluated 

~100 

Commercialization's 
~1 

Concepts 1,000s 
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www.ipieca.org 


