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Question:  
What is the best way to develop energy 
technology to minimize the cost of climate 
change mitigation? 
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How can we better inform R&D strategy:  
(1) how much effort is appropriate? 
(2) how should it be allocated? 

Total Policy Cost
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Probabilities of Success 
E. Baker, H. Chon, and J. Keisler. 2006-Present. 
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Parasitic Energy 
Loss (%)

Non Energy 
Cost (2005$/tC)

Capture 
Rate (%)

Post-Combustion 23 30 90
Pre-Combustion 10 24 90
Chemical Looping 3 11 90
SCWO 3 10 100



Technology Definition of success Cost (2005¢/
kWh) 

NPV of 
Investment 

Prob. Of 
Success 

1a. Organic 15%, 30 year, $50/m2 5.0 120 13% 

1b. Organic 31%, 15 year, $50/m2 3.0 860 4% 

2a. Inorganic 15%, 30 year, $50/m2 5.0 40 17% 

2b. Inorganic 15%, 30 year, $50/m2 5.0 80 43% 

3.  CIGS 15%, 30 year, $50/m2 5.0 80 2% 

 4.  3rd Gen 37%, 30 year, $100/m2 2.9 401 2% 
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E. Baker, H. Chon, and J. Keisler, Research Series on Combining Economic 
Analysis with Expert Elicitations to Inform Climate Policy, 2006-Present. 

*Solid lines denote piecewise linear interpolation.  
**Dotted lines denote extrapolation from original data 



The Costs of Climate Stabilization 



Climate Change Technology Program 
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Carbon Prices across Scenarios 
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The 768 Scenario Dataset 

! Developing large number of technology combination 
scenarios 

! Assessing the impact of each technology on the stabilization 
cost under varying other technology assumptions 



Exploring All Possible Combinations of CCTP 2008 
Technology Components 

Solar N/A Capital costs drop by 1%-2% per year 2005-2050 Capital costs drop by 2%-3.5% per year 2005-2050 2 3

Wind N/A Capital costs drop by 0.25% per year 2005-2050 Capital costs drop by 0.5% per year 2005-2050 2 3

CCS No CCS in any 
applications

CCS available in electricity, hydrogen, and 
cement sectors (starting at about $40 / t CO2)

N/A 2 7

Nuclear
Nuclear power 

generation fixed at 2005 
levels

Nuclear power available at $2300/kW in 2020, 
decreasing at 0.1% per year

Nuclear power available at $2300/kW in 2020, 
decreasing at 0.3% per year

3 5

Buildings N/A Improvement in building technologies and 
shells based on EIA (2007)

Accelerated improvement in costs and 
performance of energy-saving technologies and 

building shells
2 4

Transport N/A Improvement in transportation technologies 
based on EIA (2007)

Accelerated improvements in conventional 
technologies, and availability of low-cost electric 

and fuel-cell light duty vehicles
2 4

Industry N/A
Technology efficiencies improve at 0.1% per 

year; process intensities improve at 0.35% per 
year

Boiler and motor system efficiencies improve by 
10% and 25% by 2035; best available practices 

from IEA (2007) are in use by 2035
2 4

Other N/A
Long-term agricultural productivity 

improvement: 0.25% per year. Engineered 
geothermal systems (EGS) not available.

Long-term agricultural productivity: 0.5% per year. 
Accelerated improvements in hydrogen 

production. EGS available
2 4

Total combinations: 27 · 3 = 384 tech combinations per stabilization level 
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CCS No CCS in any applications 
CCS available in electricity, hydrogen, 
and cement sectors (starting at about 

$40 / t CO2) 
N/A 2 

Nuclear Nuclear power generation fixed at 
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Buildings N/A Improvement in building technologies 
and shells based on EIA (2007) 

Accelerated improvement in costs and 
performance of energy-saving 

technologies and building shells 
2 

Transport N/A Improvement in transportation 
technologies based on EIA (2007) 

Accelerated improvements in 
conventional technologies, and 

availability of low-cost electric and fuel-
cell light duty vehicles 

2 

Industry N/A 
Technology efficiencies improve at 0.1% 
per year; process intensities improve at 

0.35% per year 

Boiler and motor system efficiencies 
improve by 10% and 25% by 2035; best 
available practices from IEA (2007) are 

in use by 2035 
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Other N/A 

Long-term agricultural productivity 
improvement: 0.25% per year. 

Engineered geothermal systems (EGS) 
not available. 

Long-term agricultural productivity: 
0.5% per year. Accelerated 

improvements in hydrogen production. 
EGS available 

2 
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Research Platform: 
Global Change Assessment Model 

! Energy-Agriculture-
Economy Market 
Equilibrium 

! 14 Global Regions 
– Fully Integrated 

! Explicit Energy 
Technologies – All 
Regions 

! Fully Integrated Agriculture and Land Use Model 
! 15 Greenhouse Gases and Short-lived Species 
! Typically Runs to 2095 in 5-year time steps 
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Evergreen Cluster 

284	
  compute	
  nodes
• Dual	
  Quad/Hex-­‐core	
  Intel	
  2.8	
  Ghz
• 48GB	
  per	
  node	
  
2512	
  Cores:	
  ~28	
  TFLOPS

1.4	
  Petabytes
• Lustre
• 20GB/second

Compute Storage

Commodity	
  Cluster	
  Solution,	
  Integrated	
  by	
  PNNL	
  and	
  UM

Network
Voltaire	
  QDR	
  (40	
  gigabit)	
  InfiniBand

The Evergreen cluster 
provides a platform for 
massively parallel processing 
of integrated assessment 
models like GCAM. 



Baseline Emissions  
and Stabilization Constraints 
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History Projection 

550 ppm 
450 ppm 



Revealing the Interior of the Technology 
Space: a Plot of 768 Scenarios 
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Yes CCS 



450 ppm Histogram – CCS focus 
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The availability of CCS truncates the 
upper tail – CCS provides a hedge 
against higher abatement costs. 
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Advanced End-Use Technologies 
induce relatively constant shift  
– providing consistent benefit even 
under relaxed conditions 



What if the advanced technology 
developments are delayed? 
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The Galaxy of 161k Technology Combinations 

Energy Consumption 
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The Galaxy of 161k Technology Combinations 
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Combining the Two Studies in  
a Stochastic Dynamic Programming Framework 

Baker, Chon, and Keisler, Research Series on Combining 
Economic Analysis with Expert Elicitations to Inform Climate 
Policy, 2006-Present. 

Probabilities of Technology Success CO2 Stabilization Cost 

McJeon, Clarke, et al., Technology Interactions among 
Low-Carbon Energy Technologies, 2009-Present. 
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Model 1: Single-Period Allocation 

! Minimize: NPV of abatement cost 
! Subject to: 

! Probability of success depends on funding 
! Limited total budget 
! Stabilization level parameter 

! Parametric optimization: 
! Budget as a varying parameter 
! How funding share changes as total budget changes 
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Model 2:  
Introducing the Act-Then-Learn Strategy 

Learn 
Act 

Portfolio 
Choice 

Learn 

Portfolio 
Choice 

Act 

29 

! Stochastic Dynamic Programming Approach 
! Which technology should we invest now, and which should we wait 

until later? 
! The cost of waiting and the benefit of learning from success and 

failure. 
! Value of information can only be understood in a multi-period 

framework. 



Model 2: 
Stochastic Dynamic Programming Approach 

State of the system at period t: 
 
 
 
Set of feasible funding decisions: 
 
 
 
Recursively solve the stochastic dynamic program: 
 
 
 

Where the value function is the net present value of total 
abatement cost, given technology development level. 
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  P

SD
P1

SD
P2

1 CCSz 40 CCSz 40 CCSz 40 CCSz 40 CCSz 40
2 CCSz 80 SOLx 40 CCSz 80 CCSz 80 CCSz 80
3 NUCx 40 SOLx 80 SOLx 40 SOLx 40 SOLx 40
4 NUCx 80 CCSz 80 NUCx 40 NUCx 40 NUCx 40
5 NUCx 120 TRNy 40 NUCx 80 NUCx 80 NUCx 80
6 NUCx 160 TRNy 80 NUCx 120 NUCx 120 NUCx 120
7 CCSy 40 TRNx 40 NUCx 160 NUCx 160 NUCx 160
8 CCSy 80 TRNx 80 SOLx 80 TRNy 40 TRNy 40
9 CCSy 120 TRNx 120 CCSy 40 TRNy 80 TRNy 80
10 CCSy 160 TRNx 160 CCSy 80 SOLx 80 SOLx 80
11 CCSx 40 SOLy 40 CCSy 120 TRNy 120 TRNy 120
12 CCSx 80 SOLy 80 CCSy 160 TRNy 160 TRNy 160
13 CCSx 120 SOLy 120 TRNy 40 CCSy 40 TRNx 40
14 CCSx 160 SOLx 120 TRNy 80 TRNx 40 TRNx 80
15 TRNy 40 TRNy 120 CCSx 40 TRNx 80 TRNx 120
16 TRNy 80 TRNy 160 CCSx 80 TRNx 120 TRNx 160
17 TRNy 120 CCSy 40 CCSx 120 TRNx 160 CCSy 40
18 TRNy 160 NUCx 40 CCSx 160 CCSy 80 CCSy 80
19 TRNx 40 NUCx 80 TRNx 40 CCSy 120 CCSy 120
20 TRNx 80 NUCx 120 TRNx 80 CCSy 160 CCSy 160
21 TRNx 120 NUCx 160 TRNx 120 CCSx 40 SOLx 120
22 TRNx 160 CCSy 80 TRNx 160 CCSx 80 CCSx 40
23 SOLx 40 CCSy 120 TRNy 120 CCSx 120 CCSx 80
24 SOLx 80 CCSy 160 TRNy 160 CCSx 160 CCSx 120
25 SOLx 120 CCSx 40 SOLy 40 SOLx 120 CCSx 160
26 SOLy 40 CCSx 80 SOLy 80 SOLy 40 SOLy 40
27 SOLy 80 CCSx 120 SOLy 120 SOLy 80 SOLy 80
28 SOLy 120 CCSx 160 SOLx 120 SOLy 120 SOLy 120
29 SOLy 160 SOLz 40 SOLz 40 SOLz 40 SOLz 40
30 SOLz 40 SOLz 80 SOLz 80 SOLz 80 SOLz 80
31 SOLz 80 SOLy 160 SOLy 160 SOLy 160 SOLy 160
32 SOLz 120 SOLz 120 SOLz 120 SOLz 120 SOLz 120

Is this Better than  
Back-of-the-Envelope? 

33 

! R&D investment order is significantly 
different from the order generated by 
either stabilization cost reduction 
potential or probability of success 
alone 

! However, it is marginally different from 
the order generated by product of the 
two data 

! Specifically, the two TRN technologies 
switch places with the immediately 
preceding CCS technologies 
! The maximum impact measurement 

systematically underestimates the 
strength of end-use technologies 
(McJeon et al. 2011) 

! Within TRN technologies, the available 
funding is concentrated to a single 
technology: TRNy 
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22 TRNx 160 CCSy 80 TRNx 160 CCSx 80 CCSx 40
23 SOLx 40 CCSy 120 TRNy 120 CCSx 120 CCSx 80
24 SOLx 80 CCSy 160 TRNy 160 CCSx 160 CCSx 120
25 SOLx 120 CCSx 40 SOLy 40 SOLx 120 CCSx 160
26 SOLy 40 CCSx 80 SOLy 80 SOLy 40 SOLy 40
27 SOLy 80 CCSx 120 SOLy 120 SOLy 80 SOLy 80
28 SOLy 120 CCSx 160 SOLx 120 SOLy 120 SOLy 120
29 SOLy 160 SOLz 40 SOLz 40 SOLz 40 SOLz 40
30 SOLz 40 SOLz 80 SOLz 80 SOLz 80 SOLz 80
31 SOLz 80 SOLy 160 SOLy 160 SOLy 160 SOLy 160
32 SOLz 120 SOLz 120 SOLz 120 SOLz 120 SOLz 120

Is this Better than  
Back-of-the-Envelope? 
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! A nominal evidence of diversification 
across different technology groups is 
observed by SOLx overtaking CCSx 

! This is driven by the relatively high 
value of wait-and-see option for CCSx 

! Last but not least, SDP results tell us 
the optimal balance between current 
and future investment 

 
 



Synthesis and Discussion 

! We have been getting some high quality data from the two front: 
! Probabilities of Technology Success 
! Stabilization cost estimates from technologically detailed models 

! A natural choice of the decision making framework incorporating the 
two datasets is stochastic dynamic programming 

! From the first analysis performed here, we understand that the likely 
contributions of this research are: 
! to provide insights into the balance of current and future R&D 

investments 
! and to point out the technologies that are best fit for the wait-and-see 

strategy 

! Hence, the future research should focus on better representing the 
effect of delayed R&D investment 

35 



Future Work 

! Broader technology sets 
! Realistic representations of uncertainty resolution 
! Better understanding of learning from failure effect 
! Non-economic aspects of a technology 

! Probability of political / institutional acceptance 

! Interactions with other uncertainties in the system 
! Climate policy uncertainty 
! Socioeconomic uncertainty 

36 



Thank You from the Galaxy Far Far Away 
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Does target stringency matter? 
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1 CCSz 40 NUCx 40 CCSz 40 CCSz 40 CCSz 40 CCSz 40 CCSz 40
2 CCSz 80 NUCx 80 SOLx 40 CCSz 80 CCSz 80 CCSz 80 CCSz 80
3 NUCx 40 NUCx 120 SOLx 80 SOLx 40 SOLx 40 SOLx 40 SOLx 40
4 NUCx 80 NUCx 160 CCSz 80 NUCx 40 SOLx 80 NUCx 40 SOLx 80
5 NUCx 120 CCSz 40 TRNy 40 NUCx 80 NUCx 40 NUCx 80 NUCx 40
6 NUCx 160 CCSz 80 TRNy 80 NUCx 120 NUCx 80 NUCx 120 NUCx 80
7 CCSy 40 CCSy 40 TRNx 40 NUCx 160 NUCx 120 NUCx 160 NUCx 120
8 CCSy 80 CCSy 80 TRNx 80 TRNy 40 NUCx 160 TRNy 40 NUCx 160
9 CCSy 120 CCSy 120 TRNx 120 TRNy 80 TRNy 40 TRNy 80 TRNy 40

10 CCSy 160 CCSy 160 TRNx 160 SOLx 80 TRNy 80 SOLx 80 TRNy 80
11 CCSx 40 TRNy 40 SOLy 40 TRNy 120 SOLx 120 TRNy 120 TRNy 120
12 CCSx 80 TRNy 80 SOLy 80 TRNy 160 TRNy 120 TRNy 160 TRNy 160
13 CCSx 120 TRNy 120 SOLy 120 CCSy 40 TRNy 160 TRNx 40 SOLx 120
14 CCSx 160 TRNy 160 SOLx 120 TRNx 40 TRNx 40 TRNx 80 TRNx 40
15 TRNy 40 SOLx 40 TRNy 120 TRNx 80 TRNx 80 TRNx 120 TRNx 80
16 TRNy 80 SOLx 80 TRNy 160 TRNx 120 TRNx 120 TRNx 160 TRNx 120
17 TRNy 120 SOLx 120 CCSy 40 TRNx 160 TRNx 160 CCSy 40 TRNx 160
18 TRNy 160 SOLy 40 NUCx 40 CCSy 80 CCSy 40 CCSy 80 SOLy 40
19 TRNx 40 SOLy 80 NUCx 80 CCSy 120 CCSy 80 CCSy 120 SOLy 80
20 TRNx 80 SOLy 120 NUCx 120 CCSy 160 CCSy 120 CCSy 160 SOLy 120
21 TRNx 120 SOLy 160 NUCx 160 CCSx 40 CCSy 160 SOLx 120 CCSy 40
22 TRNx 160 SOLz 40 CCSy 80 CCSx 80 SOLy 40 CCSx 40 CCSy 80
23 SOLx 40 SOLz 80 CCSy 120 CCSx 120 SOLy 80 CCSx 80 CCSy 120
24 SOLx 80 SOLz 120 CCSy 160 CCSx 160 SOLy 120 CCSx 120 CCSy 160
25 SOLx 120 CCSx 40 CCSx 40 SOLx 120 CCSx 40 CCSx 160 CCSx 40
26 SOLy 40 CCSx 80 CCSx 80 SOLy 40 CCSx 80 SOLy 40 CCSx 80
27 SOLy 80 CCSx 120 CCSx 120 SOLy 80 CCSx 120 SOLy 80 CCSx 120
28 SOLy 120 CCSx 160 CCSx 160 SOLy 120 CCSx 160 SOLy 120 CCSx 160
29 SOLy 160 TRNx 40 SOLz 40 SOLz 40 SOLz 40 SOLz 40 SOLz 40
30 SOLz 40 TRNx 80 SOLz 80 SOLz 80 SOLz 80 SOLz 80 SOLz 80
31 SOLz 80 TRNx 120 SOLy 160 SOLy 160 SOLy 160 SOLy 160 SOLy 160
32 SOLz 120 TRNx 160 SOLz 120 SOLz 120 SOLz 120 SOLz 120 SOLz 120
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