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Outline

• Introduction to the WITCH model
• Baseline scenario
• Climate policy scenarios:

– Set three different CO2 price scenarios. 
– Analyze the responsiveness of investments in R&D to 

changes in the CO2 price. 
– Draw implications for climate policy costs and feasibility.
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WITCH
World Induced Technical Change Hybrid model

http://www.feem-web.it/witch/
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Hybrid I.A.M.:
– Economy: Top-down optimal growth (inter-temporal)
– Energy:   Energy sector detail (technology scenarios)
– Climate:   Damage feedback (global variable)

– Regional (“where” issues)
– Dynamic (“when” issues)
– Game-theoretical set-up (free-riding incentives)
– Induced techical change (LbD and LbR)
– Solved numerically, 5 yrs time steps

» A tool to perform normative, forward looking, strategic analysis

The WITCH Model

Economic Activity

Energy Use

emissions
Climate

temperature

Presenter
Presentation Notes
Addresses the issue of optimal fuel mix, optimal timing and optimal regional distribution of investments in the energy sector given a regional climate damage feedback12 macro regions, clustered on the basis of geography, income and the structure of energy demand.
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Endogenous Technical Change

Learning by Doing (LbD) affects the electricity investment costs
through decreasing learning curves.

Learning by Researching (LbR) affects:
energy efficiency
The price of advanced biofuels
The cost of investing in a “backstop” carbon free electricity
generation technology

Technology Spillovers affects both learning by doing (through world
installed capacity) and learning by researching (through country
specific absorption capacity)
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Energy R&D in WITCH

The stock of energy R&D HE combines with energy EN to supply energy 
services ES to the final good sector

The R&D sector exhibits intertemporal spillovers and the production of new 
"ideas" follows an innovation possibility frontier (Kennedy, 1964). 
Diminishing returns to scale, i.e. (b + c) < 1 (Popp, 2004):

The flow of new ideas add to the stock (depreciated by obsolescence) and 
generates the total amount of knowledge available to country n at time t:

(1)

(2)

(3)
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International Energy R&D Spillovers

A three-steps approach:

1. Define size and characteristics of the international knowledge pool
• Are knowledge stocks cumulated in different countries

heterogeneous or homogeneous?
2. Describe the process of knowledge absorption

• are spillovers a "manna from heaven" or domestic
effort/technology is needed to absorb foreign knowledge?

3. Describe how spillovers combine with the domestic knowledge
production sector

• Does foreign knowledge complement or crowd out domestic
investments?

• Is productivity of domestic investments affected?

Knowledge
spills and forms a world 

knowledge pool

1 3Each region
absorbs a fraction of 

world knowledge

Foreign knowledge 
combines with domestic 

knowledge stock

2
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The Process of Knowledge Absorption

• Only a fraction of the available total pool of knowledge is absorbed 
by each country

• The process of learning, far from being free, is costly and most of this cost 
is borne in the receiving country (Cohen and Levinthal, 1989; Keller, 
2004; Kneller, 2005)

• The absorption capacity is a function of the distance between the R&D 
capital cumulated in the region and the technological frontier

(5)



99

LbR Technological Spillovers

• The farther one country lies from the technological frontier:
– the bigger is the knowledge pool that is available for absorption, the 

smaller is its capacity to absorb
– inverted U curve

• The low absorptive capacity of Low Income countries realistically 
reduces the potentially very large inflow of knowledge from the 
technological frontier

• High Income countries may see their absorptive capacity to decline over 
time if they miss to innovate at the same pace of their technologically 
advanced partners
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The Effects of Spillovers

• The third and final step consists in defining how countries use the R&D 
spillovers in the process of domestic knowledge generation

• Spillovers enter the domestic R&D sector as an input in the innovation 
possibility frontier; an analogous aggregation is found in Acemoglu 
(2002):

Easy to control for the elasticity of domestic knowledge to international 
knowledge spillovers

(8)
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Regional disaggregation

CAJANZ (Canada, Japan, New Zealand)
USA
LACA (Latin America, Mexico and Caribbean)
OLDEURO (Old Europe)
NEWEURO (New Europe)
MENA (Middle East and North Africa)

SSA (Sub-Saharan Africa excl. South Africa)
TE (Transition Economies)

SASIA (South Asia)
CHINA (including Taiwan)
EASIA (South East Asia)

KOSAU (Korea, South Africa, and Australia)

Presenter
Presentation Notes
at each iteration each region makes an optimal choice taking as given all other regions’ (from previous iteration). This continues until each region’s behaviour converges in the sense that each region’s choice is the best response to all other regions best responses to its behavior, a way of characterizing Nash equilibrium 
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Presenter
Presentation Notes
The energy services factor of production ES is a combination of energy with cumulated energy R&D, as in PoppContrary to what specified in other top-down growth models – such as DEMETER and MIND- in WITCH the whole energy demand does not coincide with electricity. Importans as 70% of total fossil fuels use is in NEL. Avoid overestimating substitution between electric and non-electric energy.Description of the nests
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Solution concepts

• GLOBAL OPTIMUM SCENARIO

– Investment strategies for the WORLD Economy are optimized
– Externalities are internalized to achieve the social optimum

• MARKET COMPETITIVE BASELINE

– Investments strategies of SINGLE REGIONS Economies are optimized 
strategically with respect to all other regions best choices (Nash 
equilibrium)

– Equilibrium is numerically computed by means of an open loop iterative 
algorithm that account for global goods inefficiencies:
• Carbon
• Exhaustible resources (fossil fuels)
• Technological spillovers
• Trade of carbon permits

Presenter
Presentation Notes
at each iteration each region makes an optimal choice taking as given all other regions’ (from previous iteration). This continues until each region’s behaviour converges in the sense that each region’s choice is the best response to all other regions best responses to its behavior, a way of characterizing Nash equilibrium 
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Main drivers of our BAU:

• Population (exogenous): U.N. medium variant, stabilizes at roughly 10 
Billions

• GDP: Common Poles-Image scenario, in line with SRES B2

• Convergence among countries: B2 like, strong convergence

• Substitution possibilities and endogenous technical change that 
induce increases in energy efficiency

Driving forces
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Reference scenarios
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Estimated Human Population Growth

Population



17

GDP Growth
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Convergence
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Fuel Prices
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Energy Intensity



21

World Carbon Emissions from fossil fuels

BAU market comp.
Global Optimum

» Enough carbon in the ground for emission to keep growing: running out 
will not take care of the problem
» Overcoming the free riding incentives on the carbon externality would 
halve emissions in 2100

Presenter
Presentation Notes
Remaining ultimately recoverable resources200+ billion tonnes of C in CO2 from natural gas300+ billion tonnes of C in CO2 from petroleum4,000 billion tonnes of C in CO2 from coal
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World Carbon Emissions

BAU market comp. with and wout climate 
damage
Global Optimum without climate damage

Global Optimum with climate damage
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Regional Carbon Emissions in BAU
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Climate policy scenarios
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Methodology

Set up:

• Three levels of an increasing and global carbon tax, revenues 
are recycled internationally on the basis of the Equal per Capita 
principle.
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Carbon Price

Very high tax needed for significant emission reduction at the end of 
the century (no backstop assumed in this exercise).
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Carbon Price

The three carbon price scenarios until 2050
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Emissions

Increasing carbon tax lower 
emissions (non-linearly)

More than 1000 GtC abated 
throughout the century in the 
High carbon tax scenario, 3 times 
the cumulative fossil fuel 
emissions released since the 
industrial revolution
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Climate

Radiative forcing and temperature 
are moderated by the carbon tax.
Temperature below 2°C by 2100 
only for the high C tax scenario.
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Energy and carbon intensities

Increasing the carbon tax enhances energy savings but 
especially decarbonizes energy.
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Power sector

Power sector expected to play a major role because of relative weight and 
lower marginal abatement costs.

By mid century 90% 
of electricity would be 
required to be low 
carbon for the High 
carbon price scenario.

Presenter
Presentation Notes
Electricity levels in 2030 and 2100: BAU=33 and 60kTWh, 550=27 and 50kTwh, 450=24 and 45k TwhPrimary demand= BAU=17k Mtoe, 28kMtoe, 550 at 15k and 20k Mtoe, 450=12 and 14k Mtoe- conversion to EJ divide by 24
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Innovation

Main questions: 

Does high carbon prices induce innovation in the energy
sector?

What is the response of optimal R&D investments to
increasing carbon taxes?

What is the role of innovation market failures?
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Wind & Solar

Investment in Wind&Solar power increase 
by 2.5, 3 and 5 times w.r.t. BAU in 2100
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Learning by Doing

Investment costs of renewables such as Wind&Solar 
are decreased by 15%, 20% and 33% beyond BAU for 
the various scenarios.
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Learning by Researching

Learning by Researching has a limited additional effect 
on energy efficiency
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Energy R&D  /1

Energy efficiency enhancing R&D also increases but 
significantly only for the highest carbon tax
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Historic Energy R&D Expenditure
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Energy R&D  /2

Forward looking behavior: future carbon prices are 
anticipated. Same price levels today but different future 
profiles can induce different investments. As before, sizable 
effect only for the high carbon price case.
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Energy R&D/2

Rapidly decreasing elasticity of R&D to carbon price, because 
of decreasing marginal impacts on energy efficiency and wind 
and solar only in electric sector. No backstop.

Large expansion of nuclear and CSS.

Elasticity of energy R&D to the price of carbon
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Nuclear

Currently existing technologies such as nuclear power boost 
when carbon is priced.
(Though R&D might nonetheless be needed for limiting risks 
such as proliferation)
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CCS

Higher carbon price also fosters early adoption of currently 
uneconomical but proven technologies such as CCS.
After 2050, the effect is counterbalanced by non-perfect 
capture rate of CCS and exhaustibility of injection sites.
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Power generation mix by the end of the century

CCS, nuclear and Wind&Solar make up for most of electricity 
generation in the three carbon price scenarios.
No need for large investment in R&D to deploy nuclear and 
CCS technologies.
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Constraining nuclear and CCS

If deployment of nuclear power and CCS is limited, energy 
efficiency R&D investments increase (shown for the high C 
price case only).
The cost of the policy raises significantly, from a NPV GDP loss 
of 2.1% to 3.2% (5% discounting) for the high C price case.
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Taxed emissions

Low carbon prices induce little domestic abatement in 
efficient developed countries, because of large low cost 
abatement measures in DC.
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Zero carbon price for LDC /1

In the case of taxation introduced only in developed 
countries, higher investments in energy R&D are 
observed (creating potential spillovers through time 
and space). Recall that 84% of R&D investments 
take place in developed countries today.
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Zero carbon price for LDC /2

But significantly higher carbon taxes are needed to achieve 
the same mitigation level. 
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Conclusions

Effectiveness of CO2 pricing in providing R&D incentives and in inducing 
technical change:

Pricing carbon induces Learning by Doing (LbD) and by Researching 
(LbR)

But effects are significant only for high carbon tax levels (consistent with 
550 CO2e stabilization)

Technologies such as nuclear and CCS expand. Low R&D effort is 
necessary for these technologies.

Large energy savings in developing countries make up for most of the 
abatement in case of low carbon prices, so that innovation is not induced 
significantly.

If mitigation efforts are restricted  to developed regions, effects of carbon 
prices on R&D are much larger.
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Global Policy Costs

GDP Loss Low C price Medium C price High C price

NPV at 5% 
discount

0.1% 0.3% 2%

NPV at 3% 
discount

0.1% 0.2% 3.3%



49

Sensitivity analysis w.r.t. LbR
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Sensitivity analysis w.r.t. LbR

In addition, NPV policy costs increase (decrease) by 15% 
for the low (high) R&D productivity case
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