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• When GHG emissions are the only externality, a uniform carbon tax or a global cap-

and-trade scheme with full when, where, and what flexibility would achieve the most 
efficient abatement allocation across polluting sources, regions, and technologies. 
 

• When learning effects and international spillovers are not accounted for by the 
regulator, the optimal policy needs to differ from the intervention that would be 
optimal in the absence of technology externalities (Goulder and Schneider 1999, 
Goulder and Mathai 2000, Gerlagh et al. 2009). 
 

•  In this context, policy stringency exceeds the Pigovian level because a tighter 
emission requirement is a way of compensating for the lack of technology policy 
(Golombek and Hoel 2006, De Cian and Tavoni, 2012). 

  
• In a cost-effective setting, multiple externalities affect the cost-minimizing abatement 

allocation, and welfare gains might arise from a differentiation in marginal abatement 
costs (Rosendahl 2004, Bramoullé and Olson 2005, Otto et al. 2008). 

 

Introduction 
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Optimal vs. sub-optimal abatement allocation 

 
In the presence of technology externalities, such as: 

 
• intertemporal externalities – learning-by-doing benefits are external, not accounted in 

the optimization (by-product of the installed capacity 
 

• international externalities – R&D benefits cannot be fully appropriated, so that R&D 
investments in each region have an external effect on abatement costs in other 
regions 

 
 subsidizing learning technologies (e.g. renewables) might be beneficial; constraining 
the use of mature technologies (e.g. nuclear) is equivalent to a subsidy. 



Why nuclear? Motivation (1) 

 
• After the disaster occurred at the Fukushima Daiichi nuclear power plant (March 

2011), a debate mainly focused on the safety of this energy technology has risen in 
many countries of the world, especially in Western Europe, leading in some cases to 
a re-thinking of the nuclear option 

  Germany, Switzerland, Belgium, Italy, … 
 

• Controversial prospects characterize Japan (at the moment: 2 out of 54 reactors 
operational)  
 

• Many countries have not modified their plans of continuation or development of their 
nuclear programs 

  China, Russia, R. of Korea, India, USA, … 
 
• Apart from Fukushima, other criticisms rose in recent years, mainly focusing on the 

nuclear waste disposal/treatment and on cost and time uncertainties (regarding 
especially the new European plants).  
 

• After a decade in which construction starts of new plants had progressively 
increased, in the last two years the number of construction starts showed a 
considerable drop (from 1 in 2003 to 16 in 2010, to 4 and 7 in 2011 and 2012).  

 



Motivation (2) and objective 

 
• Out of the 436 nuclear reactors operating worldwide as of June 2013 (corresponding 

to a capacity of 373 GW), 352 are more than twenty years old. 
 

• Despite the development programs (69 reactors are under construction, 159 are 
planned), it is possible to forecast a short- to medium-term reduction in electric output 
from nuclear plants due to the decommissioning of old plants not fully replaced by 
new ones. 

 
  In this scenario, evaluating nuclear phase-out becomes a policy relevant 

exercise. The extent to which the resulting abatement allocation generates 
efficiency losses and positive technology externalities is an empirical 
question that represents the objective of the work. 



WITCH (World Induced Technical Change Hybrid) 

 
• Climate-energy-economic IAM (Integrated Assessment Model)  socio-economic 

impacts of climate change 
• Hybrid: aggregated, top-down, inter-temporal optimal-growth model + 

disaggregated description of the energy sector 
  



Exercise framework 

 
• WITCH  power generation from different technology options, including nuclear 

power, renewables and breakthrough technologies with endogenous costs. 
 

• With reference to the first example: 
 - nuclear power  technology 1, with lower but constant investment costs.  
 - renewables (wind and solar) and the breakthrough technology  technology 2, as 
 costs decline with abatement and R&D in the case of the breakthrough technology. 
 
• Breakthrough technology: 
 - nuclear fusion 
 - advanced generation, waste-free and 100%-safe breeder nuclear fission reactors 
 - any hypothetic technology potentially able to generate power more than 6-7000 
 hours per year with no fuel costs and without emitting carbon dioxide 
  
  



Innovation and technology dynamics (1) 

 
• In WITCH, technological change in energy efficiency and specific clean technologies 

is endogenous and reacts to price and policy signals.  
 

• The technology externality is modeled via international and intertemporal spillovers of 
knowledge and experience across countries and over time. The innovation externality 
takes the form of international spillovers of knowledge embodied in the energy sector.  
 

• In each region, the technology level is described by the global stock of energy R&D 
Hi, which measures knowledge (learning-by-researching, LbR), and by the cumulative 
installed capacity Zi, which is a proxy of experience  (learning-by-doing, LbD). 

  



Innovation and technology dynamics (2) 
 

• In each model region, n, the stock knowledge for technology i, evolves over time with 
domestic investments, I_H,  and a global stock of knowledge,     : 
 
 
 

 where investments in R&D are combined with cumulated stock of existing national 
knowledge, Hi, to account for standing on shoulder effects (intertemporal spillover), 
and foreign knowledge,     , to account for international externalities:  
 
 

 
• The two stages of innovation and diffusion are combined in a two-factor learning 

curve specification for investment costs. Investment costs are, in the most general 
case, an endogenous function of the knowledge stock (learning-by-researching) and 
installed capacity (learning-by-doing) 

  
 
 
 
 where            (experience spillovers are free and equally impacting on 

all regions)  



Economic and technology assumptions 

  

Nuclear 3807 - - 

Breakthrough 16000 0.20 (13%) 0.15 (10%) 

Wind onshore 1467 - 0.15 (10%) 

Wind offshore 3061 - 0.20 (13%) 

PV 4650 - 0.28 (17.5%) 

CSP 6123 - 0.15 (10%) 

2005 investment costs and learning rates 



Scenario matrix 

Policy cases Technology assumptions 

 

Baseline 

550ppme 

450ppme 

With All 
Technologies  

With Nuclear 
Phase-out   

With Nuclear 
Phase-out w/o 

innovation 
benefits  

With Nuclear 
Phase-out w/o 

technology 
benefits 

All technology 
investments are 
chosen optimally 

No new nuclear power plants beyond those under 
construction/planned.  

R&D investments 
and the deployment 

of technologies 
characterized by 
LbD freely adjust.  

R&D investments 
are fixed to ‘all 
technologies’ 
levels. The 

deployment of 
technologies 

characterized by 
LbD freely adjusts. 

R&D investments 
and the deployment 

of technologies 
characterized by 

LbD are fixed to ‘all 
technologies’ 

levels. 



Penalty/benefit decomposition 

 Technology benefits almost completely offset the penalty related to nuclear phase-out.  

Consumption net present losses compared to baseline (5% discounting) 



Technology benefits vs. policy stringency 

 Benefits increase with the policy stringency (GDP > consumption: investments). 

Consumption (red) and GDP (blue) NPV technology benefits (5% discounting) 



Intertemporal dynamics 

 In the short/medium period, nuclear phase-out shows a transitory penalty, then 
counterbalanced by the technology benefits. 

Temporal distribution of technology benefits: consumption losses wrt baseline 



Regional distribution of benefits 

 Technology benefits are unevenly distributed across regions, tending to be higher in 
those regions where the nuclear share would have been higher as well. 

 But there are other effects, i.e. on the carbon market: regions which are net 
exporters of carbon credits are penalized by the carbon price reduction due to the 
technology benefits. 
 

Regional distribution of technology benefits in 2100 wrt default nuclear share 

450ppme 

550ppme 



Conclusions 

 
• The nuclear disaster occurred at the Fukushima Daiichi nuclear power plant in March 

2011 has led many countries to re-think the role of the nuclear power, especially in 
Western Europe. This, combined with the predictable reduction in nuclear power 
generation due to reactors ageing, makes nuclear phase-out a policy relevant 
exercise. 
 

• Phasing out nuclear power would stimulate investments in R&D and deployment of 
infant technologies with large learning potentials. 
 

• Technology benefits, which increase with the stringency of the policy, can be 
substantial and can almost compensate the costs of foregoing nuclear power as an 
energy and mitigation option. 
 

• The timing of the benefits is not constant and depends on the stringency of the policy.  
 
• Benefits are distributed unevenly across regions and tend to be greater where 

nuclear power provides a larger share of electricity, though other channels, such as 
international carbon trade, also affect the regional distribution. 



Caveats 

 
• Technical change directed at conventional sectors, such as fossil fuels with and 

without CCS, has been neglected. 
 

• The model is fully deterministic and assumes that innovation or learning reduce 
technology costs when they reach a certain level. 
 

• The economic penalty of a nuclear phase-out is moderated by the assumption about 
availability of CCS at sufficiently large scale. 
 

• Nuclear phase-out is considered to be immediate, definitive and global: further 
analysis could explore to what extent the results presented in the paper hold in the 
case of temporary or fragmented phase-out. 



Thanks! 
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