UNIVERSITA' CATTOLICA DEL SACRO CUORE
MILANO

Dottorato di ricerca in POLITICA ECONOMICA
Ciclo XXI
S.S.D.: SECS-P/02, SECS-S/06

The economic analysis of climate policy: technology
Innovation, forestry and uncertainty.

Tesi di dottorato di: Massimo Tavoni
Matricola: 3480077

Anno Accademico 2007/08



UNIVERSITA' CATTOLICA DEL SACRO CUORE
MILANO

Dottorato di ricerca in POLITICA ECONOMICA
Ciclo XXl
S.S.D.: SECS-P/02, SECS-S/06

The economic analysis of climate policy: technology

Innovation, forestry and uncertainty.

Coordinatore. Ch.mo Prof. Luigi Campiglio

Tesi di dottorato di: Massimo Tavoni
Matricola: 3480077

Anno Accademico 2007/08



Introduction

Climate change has emerged as one of the greaalgtblallenges that we are confronted with.
During the writing of this thesis, a series of eiggmave brought the issue to a new status in tlye wa
it is perceived by the society as a whole. Scientibntribution to the understanding of the natural
processes governing climate change and of consegoeio-economic impacts has attracted an
increasing attention from the public, culminatimgthe recognition of the Peace Nobel Prize in
2007. In parallel to this growing consensus over thersific basis for climate change, the climate
challenge has become a public policy priority, @aow ranking high in the political agenda of
many countries. No longer treated as an environahégue alone, it is often directly dealt by head
of states, who gave it top priority in G8 meetirysh as the 2007 ofheand commissioned and
helped disseminating dedicated reports such aSt#re Review

One might wonder what are the reasons behind tbhieentum, despite the many uncertainties and
unresolved issues that characterize the global iwmgrmhenomenon. A likely candidate answer is
the all-embracing nature of the problem. Climatange ranges widely into many directions: it
involves different generations across time and epadgth varied socio-economic and natural
ecosystem impacts, most of which are unknown odlpaguantifiable. Its solution requires a
coordinated effort of unprecedented scale, engagwagy economic and natural activities and
calling for a new role of the public sector. Andchaturally raises distributional and legacy issues
confronting developed and developing worlds.

From a research stand point, the diverse natutkeoproblem is a challenge as it is a motivation.
Economists can offer important insights on the iogtlons of both limiting and confronting the
problem, thus offering fundamental guidance to pgwdicy makers involved in the complex
negotiation processes. But in order to do so, tiemd to draw from a series of traditional economic
tools -e.g. public economics, economic growth, ttgu@ment economics, environmental economics,
analysis under uncertainty- as well as from otheld$, notably energy and natural systems
analysis.

With all such stimulus, a growing numbers of scholaave contributed to climate change
economics research in the past few years, rangom theoretical to empirical work, aimed at
different stakeholders. The work carried out irstfihesis aims at contributing to this young and

! The prize was assigned to Al Gore and the IPCCtlieir efforts to build up and disseminate gre&gowledge
about man-made climate change, and to lay the ftiones for the measures that are needed to coohsereh
change”.

2 http://www.g-8.de/nn_94646/Content/EN/Artikel/ _g8mmit/2007-06-07-g8-klimaschutz__en.html

® http://www.hm-
treasury.gov.uk/independent_reviews/stern_reviesn@aics_climate change/sternreview index.cfm




thought-provoking literature by providing an exteeseconomic evaluation of the strategies

needed to cope with climate protection.

Scope of the thesis

The work collected in this Thesis is an attemptaabetter understanding of the economic
implications of climate mitigation policies. Theaging point assumed here is that global warming
is dangerous and societies are committed to clirpetéection policies. The final objective is to
inform on the socio-economic costs required to dgmpth the envisioned climate goals, and to
provide with a set of strategies that would allovathieve it in an economically efficient way.

This ambitious workplan requires a rigorous methoglp that can deal with the complex nature of
the problem. The main approach followed here isdhe of numerical modelling of economy-
energy-climate interactions, though some analytitsight is also provided. Models of this kind are
particularly suited for applications in this resgaarea, as they can reconcile aspects of economic
analysis with energy and climate planning. Desihig2r recent development, integrated assessment
models are now used widely in the analysis of d@r@hange, so that for example they constitute
an important part of IPCC reports.

The model WITCH developed and used in this workohg$ to this strand of literature, but
introduces a series of novelties that place ith@ position to capture additional aspects of the
problem at stake. It features a neo-classical @dtignowth structure so that the very long term
nature of climate change is accounted via intepptal optimization, and far-sighted economic
agents can incorporate long term effects into curdecisions. Strategies are thus time efficiemt, a
important characteristic given that CO2 molecutay s the atmosphere for hundreds of years, and
investments in the energy sector can last for sévéecades and thus todays decisions are
important determinants of future responses. Theggreector, the largest responsible of greenhouse
gas emissions, is accounted for in the model bullairitegration into the economic production
function, an “hard link” that ensures consistendytlte economic output and the investments
decisions in the main energy carriers. Technoldgibange is portrayed via both diffusion and
innovation processes, and policy induced innovai$othus accounted for. Last but not least, the
model has one of its most important characteristicie game theoretical set up that allows to
mimic the free-riding incentives that the 12 regidhat constitute the world are confronted with as
a result of public goods or bads. Global exteriealitdue to CO2, but also to extraction of

exhaustible resources such as fossil fuels, antimited appropriability of knowledge behind

* The half time of a molecule of CO2 is roughly 1@@ss. Power plants lifetimes can surpass half ogntu



innovation, are taken into account so that regidmsose their investment paths strategically with
respect to other regions choices.

The result is a hybrid model that can provide ndiveaanalysis about climate protection policies
and that can be used to inform policymakers onett@nomic efficient set of policies needed to
combat global warming but also to deal with adddlty related environmental and economic

inefficiencies.

Structure of the thesis

The thesis is structures around three papers aAgp@ndix. Each paper deals with a crucial aspect
of climate mitigation policies, namely technologiasd innovation, technology uncertainty and
natural systems. The appendix provides a referantiee methodology employed. The analysis of
investments in current and future energy technelddr climate change mitigation carried out in
the first article is expanded in the second onéolbysing on the role of uncertain innovation. The
third paper adds the natural dimension by asses$iagpotential of forestry management in
contributing to CO2 abatement.

The general setting is one of cost effective amnslgé climate stabilization policies. To single out
the role of the aforementioned mitigation optione, assume complete participation of countries in
a global perfect carbon market that ensures thaliggtion of marginal abatement costs across

countries.

Paper 1 “Optimal Investment and R&D Strategies tiab8ize Greenhouse Gas Atmospheric
Concentrations”

The first paper deals with cost-effective stratedleat stabilize C®concentrations looking at the
energy investment and R&D policies that optimalthiave GHG stabilization. Our results show
that they are feasible, but require radical changethe energy sector and large investments in
R&D. Improvements in energy and carbon efficienoy shown to be essential, both via currently
known technologies such as nuclear and renewaml¢slso via innovative ones for which large

energy R&D programs are needed.

Paper 2 “Uncertain R&D, backstop technology and GBi@bilization”
The recognition of the role of knowledge as a waydecouple economic growth and climate
protection is the motivation of this second paperwhich innovation strategies with uncertain

effectiveness of R&D are evaluated. By means df laot analytical model and the numerical model



WITCH, we show the implications of innovation urteémty on the productivity of the investments

and the overall economic performance of the clinpaley.

Paper 3 “Forestry and the carbon market responsstébilize climate”

Although the energy sector is the main responsiblgreen house gas emissions, natural systems
are also important determinants of emissions. Fgrésr example, both via avoided deforestation
and afforestation, has the potential to be a caememitigation alternative. Its role in the clireat
mitigation context is analysed in the third papenere the WITCH model is coupled with a global
timber model to assess the global responses otdheon market to the inclusion of forestry

activities into climate policies.

Appendix. WITCH model description
The Appendix provides an explanation of the maimehling tool used throughout the thesis.
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OPTIMAL ENERGY INVESTMENT AND R&D STRATEGIES TO
STABILIZE ATMOSPHERIC GREENHOUSE GAS CONCENTRATIONS
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Abstract

Stabilizing the atmospheric concentrations of gheeise gases (GHG) at levels expected to prevent
dangerous climate changes has become an impddagtierm global objective. It is therefore crudial
identify a cost-effective way to achieve this oltijge In this paper, we use WITCH, a hybrid climate
energy-economy model, to obtain a quantitative ssseent of equilibrium strategies that stabilize,CO
concentrations at 550 or 450 ppm. Since technadbgitange is endogenous and multifaceted in WITCH,
and the energy sector is modeled in detail, we mavide a description of the ideal combination of
technical progress and alternative energy investrpaths in achieving the sought stabilization tesge
Given that the model accounts for interdependenaied spillovers across 12 regions of the world,
equilibrium strategies are the outcome of a dynagasime through which inefficiency costs induced by
global strategic interactions can be assessedefdrer our results differ from previous analysessefG
stabilization policies, where a central planneaaingle global economy is usually assumed. Ourltes
emphasize the drastic change in the energy mixwilebe necessary to control climate change, thgeh
investments in existing and new technologies inghland the crucial role of technological innovation
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1. Introduction

Climate change may dramatically damage future ggioms. According to the latest IPCC
report (IPCC, 2007), anthropogenic emissions okegneuse gases (GHG) are among the main
causes of climate change, even though uncertantgins as to their exact relevance in the overall
climatic process: thus it is necessary to identifen, where and how these emissions ought to be

controlled in order to avoid dangerous climate gesn

The many uncertainties that still permeate the welbbout the relationship between GHG
concentrations and temperature change or the egestef temperature thresholds beyond which
irreversible changes could occur, make it diffidoltuse the standard cost-benefit framework for
jointly identifying the optimal stabilization targeand related investment mix. Scientific
uncertainties aside, the long-term stabilizatiomgea is clearly a political decision, and
policymakers worldwide are indeed discussing howatkle the climate change problem. At the
2008 G8 Summit in Japan, the leading industrialimations agreed on the objective of at least
halving global CQ@ emissions by 2050. Such an agreement followsegzamisolutions of other
countries, such as the EU, Canada and Jajpaere is therefore increasing interest in, anéedn
for, research efforts providing information on thest strategy that different regions of the world
should adopt in order to minimize the cost of acimg their own emission reduction target. In
particular, it is crucial to identify the long-termvestment mix in the energy sector in different
world regions, taking into account the role of istreents in energy R&D and the future evolution

of different technologies.

For analytical purposes, this paper considers tmg-term stabilization targets, both expressed
in terms of atmospheric carbon concentrations. Titet target is a 550 ppm (GOonly)
concentration target. The second one stabilizes®aoms at 450 ppm (GQonly). These two
reference targets roughly coincide with IPCC POART stabilization scenarios C and B
respectively. Although the IPCC considers even nstregent emissions pathways, our current
analysis focuses on the two that we consider moiiigally realistic. The first target is often
advocated for in the US (see for example Newell ldall, 2007), whereas the second one is close
to the EU objective of keeping future temperatun@anges within 2 degrees Celsius. We then

compute the welfare maximizing path of energy R&Kpenditures, investments in energy

! The European Union, for example, has identified bitstHong term target (a temperature increase sé kan 2
degrees Celsius) and the short term target consiatigh the former (i.e. a reduction of 2020 envss by 20% with
respect to 1990, which may become a 30% redudtialhcountries jointly reduce their emissions lire tsame manner).



technologies and direct consumption of fossil fudhst is consistent with the proposed

stabilization targets.

The equilibrium R&D and investment strategies igien region of the world depend upon
many factors, such as: the discount rate; the tmesst decisions taken in other regions or
countries; and the effectiveness of R&D in incregenergy efficiency, or in providing new, low
carbon, energy technologies. Equilibrium R&D andestment strategies also depend on the
expected climate damages, on the pattern of ecangraivth in various regions of the world, and
on other economic and demographic variables. & paper, all these interdependent factors are

taken into account.

To this purpose, we use WITCH (Bosetti, CarraroleGiéi, Massetti and Tavoni, 2006), a
climate-energy-economy model in which a represamtatf the energy sector is fully integrated
into a top-down optimization model of the world romy. Thus, the model yields the equilibrium
intertemporal allocation of investments in energghhologies and R&D that belong to the best
economic and technological responses to differaslicyp measures. The game theory set-up
accounts for interdependencies and spillovers acrtd regions of the world. Therefore,
equilibrium strategies are the outcome of a dynagaime through which inefficiencies induced by
global strategic interactions can be assessed. IINCW, technological progress in the energy
sector is endogenous, thus enabling us to accouthé effects of different stabilization scenarios
on induced technical change, via both innovatiom aiffusion processes. Feedback from

economic variables to climatic ones, and vice vassalso accounted for in the dynamic system.

These features enable WITCH to address many questi@t naturally arise when analyzing
carbon mitigation policies. Among those that trap@r aims to answer are the following: what are
the implications of the proposed stabilization &sgfor investment strategies and consumption of
traditional energy sources vis-a-vis low carbon@?; what is the role of public energy R&D
expenditures for generating improvements in botérgy efficiency and carbon intensity?; and
how sensitive are the economic costs of climateiesl to different technological scenarios, and in

particular, to hypotheses on major technologicahkthroughs?

The structure of the paper is as follows. Secti@e&cribes the framework of our analysis and
explores the implications of stabilization targkds the energy sector. Section 3 informs readers
about investment needs for known technologies,ev@éction 4 focuses on innovation strategies.
Section 5 provides estimates of the economic afstimate policy with a focus on technological
choices, and Section 6 concludes the paper. The#gyp provides background information on the
WITCH model.



2. The Challenge of Stabilizing Atmospheric GHG Cocentrations.

As previously indicated, we investigate best respastrategies, particularly in the energy sector,
to achieve two stabilization targets. Accordindhe first one, atmospheric concentrations must be
stabilized at 550 ppm (CGonly) by the end of the century. This is roughfuiralent to a 650
ppm target if all GHGs are included. The seconddais more stringent and requires that,CO
concentrations be stabilized at 450 ppm (550 pdngasdes included) at the end of the century.
Figure 1 shows Business as Usual (BaU) emissiagethier with emission time profiles for the
two stabilization targets. These are optimal tim#fijfes because they were obtained by computing
the fully cooperative equilibrium of the game givélie GHG concentration constraints, i.e. by
solving aglobal joint welfare maximization problestere all externalities are internalized. Note
that feedbacks from climate damage to the produatfoeconomic goodsare taken into account

when computing the optimal emission profiles.

Figure 1. World fossil fuel emissions in the threscenarios (2002-2102).
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Current annual fossil fuel GOemissions are roughly 7 GtC/yr. According to thedel
projections, without any stabilization policy (tBaU or “baseline” scenario), G@missions are
expected to reach about 21 GtC by the end of theuog a value in line with the IPCC B2 SRES
scenario. In the case of the 550 ppm stabilizatéwget, annual emissions slowly increase until
2060 (when they reach 10 GtC per year) and theredse to 8 GtC by the end of the century. If
the target is 450 ppm, G@missions start decreasing immediately and read ®@ the end of

the century. That is, the optimal emission profitees not allow for overshooting emissions which

2 We adopt the same damage function as in Nordhai8ayer (2000). Future damages are discountedetlining
discount rate (starting from 3% and declining t0)2%



would trade off current and future abatement. Timssion reductions required to meet the more
stringent stabilization target are particularly lidraging, given the expected growth rate of world
population and GDP: per capita emissions in thersg@art of this century would have to decline
from about 2 to 0.3 tC/cap per y&ar

To achieve the two stabilization targets and tha&ted optimal emission profile, it is assumed
that all regions of the world agree on implementingap and trade policy. This is an obvious
simplification which is useful in this paper to tecon differences in the technological make-up of
the economy under the two stabilization scenadnd,on the difference in R&D portfolios. In two
companion papers (Bosetét al., 2008a,b), we analysed the implications of padgieements,
delayed action in developing countries, and ungesgtabilization targets. In this paper, the global
cap and trade policy is implemented by assumingegnal per capita allocation of initial

allowances.

Given the adopted climate policy, countries usepienit market to trade emissions (banking
is also allowed) and determine their investments R&D strategies, as well as their demand for
permits, by maximizing their own welfare functioseé the Appendix) given the strategy adopted
in the other regions of the world. The intertempdlash equilibrium of the dynamic game defines

the equilibrium investment strategies in each woelgion.

To assess the implications of the equilibrium oé thame under the two concentration
constraints, let us compare the impact of imposiregtwo stabilization targets on the dynamics of
the main economic variables. Table 1 shows the ggwmm the variables belonging to the well-
known Kaya's identity (emissions, per capita GDRergy intensity, carbon intensity of energy
and population) for two periods: 1972-2002 (histakivalues) and 2002-2032 (WITCH scenarios).

In the BaU, future changes of all economic varialdee close to those observed in the past
thirty years. Baseline emissions almost doubleGry&ars time, due to increasing population and
improving lifestyles. This increase is partially ngpensated by looser economy-energy
interdependence, but not by an energy-carbon déiogufhe characteristics of the baseline have
important implications in terms of efforts requirkxdstabilize the climate (and therefore in terms
of stabilization costs). In this respect, the rejoiciion of history — at least over short time honig
— provides a useful benchmark.

% Note that 0.3 tC ylcap®is the amount of carbon emitted oore way flight from the EU to the US East Coast.



Table 1. Ratio of future over past values of Kayas variables in the three scenarios
(BAU, 450 ppm and 550 ppm).

WORLD
2032 vs 2002 A EMI A GDP/POP A EN/GDP A EMI/EN A POP
BAU 1.94 1.92 0.74 1.04 1.31
550 1.28 1.91 0.61 0.84 131
450 0.86 1.89 0.49 0.70 1.31
2002 vs 1972 A EMI A GDP/POP A EN/GDP A EMI/EN A POP
Historical 1.96 1.64 0.76 0.97 1.63

In the 550 ppm scenario, lesser growth in emissgtems mainly from energy efficiency
improvements as testified by the decrease of enatgpsity & EN/GDP colump although some
de-carbonization of energy is also needed. A moneddmental change is required in the 450 ppm
scenario. Keeping carbon concentrations below tdniget can be achieved only if both energy

intensity and carbon content of energy are sigaifity decreased.

Figure 2 provides some additional interesting imfation on the modifications required in the
energy sector, as it plots the evolution of enenggnsity and carbon intensity of energy in 2030,
2050 and 2100. The BaU scenario is characterizednbynprovement of energy intensity, even
though slightly less pronounced than the historma¢. It also shows a slight carbonization of
energy over the century: although small, this effedlects the increasing share of coal in the
energy mix in the absence of climate policy (tlsisaiso consistent with the Energy Information
Agency’s medium term projections; see EIA, 200hisTincrease is mostly driven by the growing
energy consumption of developing countries. Comtimghe stabilization scenarios, they both
show energy efficiency measures to be the mosvaetein the short-term, but both call for the
development of low carbon options in the long-temspecially for the more stringent 450

stabilization target.

The dynamic paths of energy intensity and carbdensity of energy implied by the two
stabilization scenarios require drastic changakénenergy sector. The next section will analyze
the equilibrium investment paths in different eryetgchnologies over the next century. This will
allow us to identify the welfare maximizing invesim strategies that different regions of the

world ought to implement to achieve the two stahiiion targets.



Figure 2. Reductions of energy and carbon intensitin the next 30, 50 and 100 years, and
over the past 30 years (changes w.r.t 200
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4. Equilibrium Mitigation Strategies with Known Energy Technologies.

The energy sector is characterized by long-livepitah Therefore the investment strategies
pursued in the next two/three decades will be atuai determining the emissions pathways that
will eventually emerge in the second half of thetaey. The previous section highlighted the
urgent need for a new strategy in the energy setaggeted to de-carbonize energy production.
This can be done through the extensive deploymertwently known abatement technologies
(Pacala and Socolow, 2004) and/or through the dpwetnt of new energy technologies. Let us
analyze the equilibrium investment mix and the teglashares of existing and innovative
technologies in the stabilization investment paiafo

Emission reductions can be achieved by increasmeggy efficiency and by reducing carbon
intensity. As shown in Figure 2, energy efficienmprovements beyond the baseline scenario are
the first essential option to endorse. Many ecoraseictors are characterized by the potential for
large savings at relatively low costs. Yet, esdcifmr ambitious emission reductions, energy
efficiency improvements are not enough and enemgpgatbonization is essential. Supply cost
curves of abatement vary widely across sectorsgkample they are believed to be especially
steep in the transport sector. Power generatiacomsparatively more promising: it is a heavy
weight sector in terms of emissions and one of fine for which alternative production
technologies are available.

Not surprisingly, our scenarios show a significaantribution of electricity in mitigation, as

illustrated by Figure 3. To optimally achieve a 4&fn concentration target, almost all electricity



(around 90%) will have to be generated at low, alnzero, carbon rates by 2050 (left panel). The
milder 550 target allows a more gradual transittoay from fossil fuel based electricity, but
nonetheless shows a noticeable departure fromdahgimate policy BAU scenario. The role of
electricity is strengthened by its growing sharghwiespect to primary energy supply. The
substitution towards electricity is especially imjamt for the more stringent 450 scenario (Figure
3, right panel), since it makes it possible to nibetstrong emissions cuts needed in the traditiona
non-electric sector. Such a radical change is weliethrough three already operational
technologie§ nuclear energy, renewable sources (wind & sokmj carbon capture and
sequestration (CCS) (see Figure 4 that shows thpgeneration shares for the 550 (left) and
450 (right) scenarios.).

Figure 3. The role of electricity in mitigation
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Nuclear power becomes extremely competitive givenrainge of carbon prices implicit in the
adoption of climate policy, especially for the 4&fse, where it eventually guarantees about 50%
of total electricity generation. This remarkablepamsion requires a 10-fold increase in present
generation capacity. Twenty or more 1GigaWatt (G\WM3lear plants would need to be built each
year in the next half century, bringing the nuclestustry back to the construction rates of the
1980s. Clearly, this gigantic capacity deploymeamtduch a contentious technology would raise
significant social and environmental concerns,hi@ point that the feasibility of a nuclear-based
scenario would ultimately rest on the capacityaically innovate the technology itself, as well as

on the institutions controlling its global use.

“ Although for carbon capture and sequestration pilbt projects are in place at the present montettechnology
has been operating on a smaller scale for enhasiceztovery for a long time now.



Renewable energies, especially wind power, haveldped at an impressive rate in recent
years (up to 10GW per year), but the limited anmyerating hours and costs bind their potential
electricity contribution, at least in the short r@nly later in time would capacity additions reach
30 GW per year - especially via solar power - andable to significantly contribute to the de-

carbonization of the power sector.

Figure 4. Power generation shares for the 550 (Ig¢fand 450 (right) scenarios.
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Carbon capture and sequestration (CCS) makes silppego burn coal in power plants while
massively reducing carbon emissions. The decouptihgoal use and carbon emissions is
particularly important for regions with a large emanent of coal reserves and because coal-fired
power plants are very attractive for energy segugasons. However, the necessary investments
are very large. To achieve the 550 ppm target, &&tw80 and 40 1GW coal-with-CCS power
plants would need to be built each year from 20&&ards, a value in line with the historical
capacity building of traditional coal plants (rolgh0% of electricity generated in the world). A
number of large-scale pilot plants should thus Weiqto place in the next ten years to ensure the

feasibility of such a massive deployment.

Figure 5 further elaborates on the role of CCS. gjptanal amount of injected carbon is shown
to be significant: about 2 GtC/yr (about 1/4 ofdg®d emissions) are stored underground by mid
century. Over the whole century, about 150GtC ajected in underground deposits (a figure in
line also with the IPCC 4AR WGIII). However, in tH&0 scenario, the use of this technology
decreases after 2050. The reason is that a marngesit target calls for a relatively greater
deployment of very low carbon technologies; rendevadmergies and nuclear power are thus



progressively preferred to CCS, because they hawerl emission factors Advances in the
capacity to capture CQat the plant (assumed at 90%) would increase C&Bpetitiveness;
though this could be counterbalanced by potergigkage from reservoirs (our simulations show

that leakage rates of 0.5% per year would jeopariie deployment of this technology).

Figure 5. CCS
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Summing up, an equilibrium investment strategyhie ¢nergy sector that can achieve the two
stabilization targets at reasonable economic dasisut 2.1% of global GDP in the 450 ppm case,
see Section 5) exists. This energy investmentegjyats based on the massive deployment of
existing technologies (nuclear, solar and coal+CdS)equires huge investments and urgent
decisions. In the next section, we will explore htive potential availability of new energy
technologies, developed through adequate R&D expepd, can modify the investment scenario

in the energy sector.

4. Innovation Strategies for Energy Efficiency andlrechnology Breakthrough.

The previous section has outlined the need foroéopnd transformation of the energy sector,
particularly if an ambitious climate target is te achieved. Massive deployment of technologies

that are controversial, such as nuclear power, lowse reliability and affordability is still to be

> A coal+CCS power plant emits roughly 1/3 of a naltgas one. Constraining the potential deployroémiuclear and
renewables would offset this effect, since the posextor would have fewer options. A similar effeaiuld result
from the deployment of very low carbon optionshe tion-electric sector, since it would alleviate thitigation effort
required from the power sector, as shown in Seetion



proved, such as CCS, indicate that currently kndechnologies alone might not suffice,

especially in the mid- to long- term, and that #waultaneous achievement of global economic
and environmental wellbeing is likely to ultimatelyst on our ability to produce innovation. This
is especially important for sectors that, at presasive a restricted portfolio of abatement options
such as transport. It is also important in caseesofrthe mitigation alternatives described in the
previous section do not deliver their expectedexbant potential.

The technology and innovation features of the WIT@bldel allow us to devise the optimal
combination of investments in currently availabéehnologies and in R&D to bring about the
technology advancement needed for both energyieifig improvements and de-carbonization.
WITCH features separate R&D investments for enegfficiency enhancements and for the
development of breakthrough technologies in both d@lectric and non-electric sector. We can
therefore compute the equilibrium R&D investmefhtattcountries need to implement to achieve
the required improvements in energy efficiency amely market penetration for new carbon free
energy technologies. We refer to these technolage®ackstops”. They substitute nuclear power
for power generation and oil in the non-electrictse For a complete description, see the
Appendix.

Figure 6 shows global public energy R&D expendsurtn the left-hand panel, we plot
historical investment in R&D as share of Gross Wdttoduct (GWP); in the right-hand panel we
plot optimal R&D investment in the three scenateing examined. Historic data shows the well
known decline in public expenditure for energy t@thR&D after the 1980 peak caused by the oll
crises. Very low oil prices in the 1990s led toscut public expenditure, which have yet to regain
momentum despite the oil price surge of the pastyfears. A very different picture of future R&D
investments emerges from the two scenarios corgidegre. While the baseline scenario foresees
low and stable investments in R&D, both climateiggokcenarios require a significant innovation
effort.

For the 450 ppm case, energy expenditures ramp tgughly 0.07% of GDP, the same share
that prevailed in the 1980s. The public sector woathlus be required to invest roughly 40-50
billion USD per year, globally, in the years to cargiven the long time lags that separate research
from commercialization, the innovation effort mus¢ carried out immediately to allow for
innovative technologies to become competitive @ riedium terf It should be pointed out that
such investment inflow, although sizeable, is twahree orders of magnitude smaller than the
investments needed to de-carbonize the energyrsestaog already existing technologies. The
strategy based on R&D investments can thus be ttia@igs a hedging policy.

® We assume that a ten-year lag time is necessaR&D investments to bring cost reductions in baogs. See the
Appendix for more details.



The less stringent 550 ppm scenario shows a moaglugt innovation pathway, with
expenditure rising over time to eventually reagjufes similar to those in the 450 ppm scenario,

only with a 20-year delay.

Figure 6. Public Energy R&D Investments across scamios to 2050
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A key policy question is where such public R&D istraents should be directed to. Table 2
shows the optimal allocation of R&D investment betéw energy efficiency and de-carbonization

programs, in both the electric and non-electri¢asg for the 450 scenario.

Table 2. Destination of R&D expenditure in a 450 smnario

2010 2030 2050
Energy Efficiency 25% 40% 48%
Low carbon innovation in 64% 48% 42%
non-electric sector
Low carbon innovation in 11% 12% 12%
power generation

It shows that the non-electric sector, particulaoysubstitute the transport-led non-electric oil
demand, should receive most of the innovation fogdinitially, though over time energy
efficiency innovation expenditure increases itevahce and eventually takes the lead (in 2050).



The power sector is allocated a smaller but consthare. This shift in the timing is due to the
very nature of investment in breakthrough technielsiga flow of investments in specific R&D is
needed to continue improving energy efficiency, alihéxhibits decreasing marginal returns. On
the other hand, investing in backstop R&D buildstack which decreases the costs of the
technology with very high returns at the beginni@mnce the technology becomes available and
economically competitive, then investing in backsR&D becomes less important as a channel to
decrease the price of the backstop technologytHaeravords, R&D in energy efficiency does not
have a permanent effect, while R&D in backstop ddéste also that R&D investment in
backstops substitute part of the energy efficiR&D when the 450ppm stabilization target is to
be achieved without the aid of the backstop teadgiek, though investments in the backstop

technologies remain higher than in the BaU (seargid).

Figure 7. Energy R&D Investments/GDP for BaU and 46 scenarios with and
without the possibility of breakthrough innovation.
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The possibility of technology breakthroughs in tiectricity sector also has an effect on the
optimal investments in already known technologiEsr example, investments in CCS are
crucially affected by the presence of backstopretdyies. In the 450 scenario, CCS investment
no longer displays the peak effect observed infeigu The reason for this is the presence of a

carbon free backstop in the non-electric sectarelieves the electricity sector from an excessive



mitigation burden, which jeopardized CCS in theglann due to the non-perfect capture rate of

carbon.

5. Economic Impacts of Different Technological Scexmios

The previous sections have illustrated the needfastic changes in the way we consume and
produce energy. They highlighted the need to nmbitiubstantial investment resources towards
carbon free technologies. This is likely to haveariant implications for the economic system. In
this section, we summarize the economic impact aih (650 ppm and 450 ppm stabilization
scenarios, with a particular focus on the role @thlpy energy technologies.

Table 3 shows net present value losses of GWPdibr dlimate policy scenarios and different
technology settings The reference case shows how, in the 550 ppmascercosts are almost
negligible, whereas they are significant in the $pdn case. The cost difference between the two
mitigation policies is a direct consequence of tifferent magnitudes of energy sector
modifications required. It also stems from the hioparity of endogenous marginal abatement
curves in the model. The 450 ppm policy requireastic cuts in emissions, especially in the
second half of the century, when emissions areiligtath at around 3GtC/yr. With growing
economies and population, this entails a significawcrease in energy costs, particularly as
mitigation gets more and more stringent. The effetttemporal discounting is partially

compensated by the growing dimension of econontigigc

Table 3. Total costs of stabilization (Net presentalue, percent of GWP losses at 5% constant
discount rate).

550 ppm 450ppm
Reference case 0.27% 2.1%
Limited power 1.08% 3.6%
technologies
Breakthrough 0.22% 1.1%
innovation

" The numbers shown include the avoided climate damagluced by the policies. However, the NPV caliohs at
5% put most of the weight on early periods for ehadmost no temperature decrease is achieved, adogtbss
economic losses are only 10-20% above the onesaitadl here.



The economic effect of limiting the power secexhnologies described in Section 3 is shown
in the second row. Indeed, if we assume a worldvinich the expansion of wind and solar
technologies is bound by limits to large scale dgplent, the options to expand nuclear energy are
limited (possibly because of political or enviromted reasons) and IGCC+CCS technologies do
not become competitie then achieving a stabilization target is much enopstly, with an
increase in the order of 1.5 to 3 times. On theottand, allowing for R&D investments in new
low carbon technologies, that would enable breakthin innovation, is shown to be able to
substantially reduce the economic policy costs séhdifferences are particularly important for the
stringent 450 ppm target, which requires a fundaaieastructuring of the energy sector.

However different these scenarios may be, it ghbel noted that, in the short term, a strong
carbon price signal would be needed to bring albdw#t could be called a technology revolution.
As shown in Figure 8, left pariekhe carbon signal of a reference 450 scenanerig similar to
that of the most optimistic case of breakthrougtentions.

Higher GWP losses will be experienced initiallytie breakthrough technologies case (right
panel) in order to make R&D resources availablé thigs would pay off in the future allowing for

the substantial cost reductions shown in Table 3.

Figure 8. Carbon price (left) and GWP loss (right)for a 450 scenario with
and without the possibility of breakthrough innovaton.
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6. Conclusions

This paper has investigated optimal investmenttegjfas in the energy sector for two climate

policy scenarios. Our results show that the stadditbn of CQ concentrations at 550 and 450 ppm

8 The specific constraints used are: nuclear eneagpat expand above current generation levels, GG®tiallowed;
W&S can provide at most 35% of total electricity.

° The carbon prices displayed assume full countriiqigation to an international carbon market; iseaf fragmented
agreements, they would rise very significantly.



(650 and 550 CO2 equivalent) is feasible at redsdereconomic costs, but that it requires radical

changes in the energy sector and large investnireR&D.

Both energy efficiency and the de-carbonizatioerérgy should be pursued. Currently known
technologies in the power sector such as nucleagwables and CCS will be essential, but very
large investments — greater than the energy seet®rever experienced — will be needed. At the
same time, R&D investments for the developmentest technologies, especially in the transport
sector, will be required. Public R&D expenditurdmougld increase considerably, over the peak
levels of the 1980s for at least 3 decades. Gitenlang time lags inherent to the innovation

process, such investments should be made staotilay t

Our results thus support the call for R&D policitgmt complement climate stabilization
policies and reduce the costs of limiting dangeidumsate change. They also indicate that a strong
price signal will nonetheless be needed if the atenchange challenge is to be met, regardless of
whether we expect low carbon breakthrough techimetop be available in the future, because of

the inertia in the accumulation of GHGs in the atpiwere and low decay rates.

Substantial economic resources should be mobilizexdtain the climate protection goal. This
will impose economic costs on societies aroundatbed, the magnitude of which will depend on
the stringency of the target, and on the availgbilbf commercial and non-commercial

technologies.
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1. Introduction

Technological change is an uncertain phenomenon. In its most
thriving form, ground-breaking innovation is so unpredictable that
any attempt to model the uncertain processes that govern it is close to
impossible. Despite the complexities, research dealing with long-term
processes, such as climate change, would largely benefit from
incorporating the uncertainty of technological advance. Yet, bringing
uncertainty into models has proved particularly difficult, especially
with regards to technological change, see Clarke and Weyant (2002).

On a more general level, the challenge of modelling endogenous
technological change in all its features, including randomness,
becomes increasingly important when dealing with the analysis of
stringent climate targets. Many energy-economy models have been
used to perform cost effectiveness of climate policies. Not surprisingly,
the related literature has produced a dispersed range of costs
estimates for these policies, resting on the different formulations
and assumptions that stand behind each model. Nonetheless, one core
fact upon which everyone seems to agree is the role of technological
change in shaping those costs, see for example the summary of an
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Modeling and Policy Research Program at the Fondazione Eni Enrico Mattei. In
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ZEW, Mannheim, and two anonymous reviewers for many helpful comments.
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E-mail address: massimo.tavoni@feem.it (M. Tavoni).

0140-9883/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
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updated modeling comparison exercise on innovation in Grubb et al.
(2006).

The recognition of the relevance of this issue has led researchers to
model technological change as an endogenous process, although
typically in a deterministic fashion. The existing literature accounting
for uncertainty has mostly concentrated on the uncertainty affecting
climate damages and abatement costs, as well as other parameters,
such as the discount factor. Within this framework, few studies have
looked at the consequences of uncertainty on innovation. In particular,
Baker et al. (2006a) investigate the effects of climate uncertainty on
R&D investments, to verify whether innovation serves as a hedge
against uncertainty, but find no unambiguous answer: optimal R&D
might increase or decrease with uncertainty depending on a variety of
factors regarding the specification of technological change and
uncertainty.

However, as noted above, little focus has been devoted to the
analysis of the intrinsic uncertainty of innovation, and how uncertainty
might change results and policy recommendations. Baker and Adu-
Bonnah (2008) is the only case to our knowledge that tackles this issue
in the context of climate change.' They analyze how optimal R&D
investments change with the risk-profile of the R&D program and with
climate uncertainty. They differentiate between two types of
technologies, and find that technological specification and climate
damages are key in the role played by uncertainty.

! Qutside the climate change literature, the theory of investment under uncertainty
and the real option literature has been extensively applied to study R&D investments.

doi:10.1016/j.eneco.2008.03.002
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The current paper delves into the issue of uncertain technological
progress when a climate obligation is in place. In particular, we seek to
analyze different optimal responses in terms of investments and
climate policy costs when we model innovation as a backstop
technology characterized by either a deterministic or an uncertain
process. To this scope, we first develop a simple analytical model.
Then, we augment the hybrid integrated assessment model WITCH,
introduced in Bosetti et al. (2006), to incorporate a carbon-free
backstop technology whose cost is currently not competitive but can
be lowered by investing in innovation in the form of R&D. The R&D
outcome is modeled as uncertain, and we thus devise a stochastic
version of the model to account for this effect. We restrict our analysis
to a climate policy of 450 ppmv CO, only (i.e. roughly 550 COe)
stabilization.

Both our analytical and numerical results show how accounting for
the uncertainty of technological advancement yields higher invest-
ments in innovation aimed to decrease the abatement costs via a
backstop technology. The analytical set-up provides an unequivocal
relation between the uncertainty and innovation effort, and the
richness of the numerical model a thorough representation of the
impacts in terms of technological change. The findings of this paper
stress the importance of a correct specification of technological change
in economy-climate models when assessing the optimal level of R&D
investments as well as the cost of a climate policy. Our results are in
line with Baker and Adu-Bonnah (2008), although in our case the
results are independent of the climate target.

The paper is structured as follows: in the next section we devise a
simple toy model, and present the first analytical insights. Section 3
deals with the implementation of uncertain technological change in
the WITCH model, and shows the numerical results. Section 4
concludes.

2. A simple model of uncertain innovation

To analyze the issue of uncertain innovation we introduce a simple
analytical model. We use a two-period, two-technology model where
the social planner minimizes costs but needs to achieve a given
environmental target. We resort to such a standard framework to
ensure an analogy with the climate change policies costs effectiveness
studies of numerical models, such as those presented in the second
part of the paper. Although less realistic than the numerical counter-
part, such a framework mimics the most essential features of the
numerical analysis and can thus provide a useful generalization of the
problem.

Given a target level of abatement to be undertaken during the
second period, the planner can choose a combination of two carbon-
free technologies: a traditional technology (say nuclear fission) and an
advanced, backstop technology (say nuclear fusion). Abatement costs
with the backstop technology are initially higher than with the
traditional one, but can be reduced by investing in R&D during the first
period. We introduce uncertainty by modeling the R&D outcome on
the abatement cost of the backstop technology as uncertain: the
innovation effort leads to a central value reduction in abatement costs
with a given probability p, and to lower and higher abatement costs
states with probability “;7’” respectively. The high cost state represents
the failure of the R&D program: abatement costs are not reduced by
the innovation effort, and remain higher than the traditional carbon-
free technology costs for any level of abatement. In this case, the
planner chooses not to operate the backstop technology, because it is
too costly, and resorts to the, cheaper, traditional technology. The low
cost state represents a greater than expected success of the R&D
program: backstop technology costs are always lower than in the
central case, the lower the costs the higher the abatement pursued
with the advanced technology.

The objective of the social planner is to choose the optimal level of
investment in innovation, together with abatement shares in both

traditional and backstop technologies, such that expected total costs
are minimized subject to a given level of abatement. Formally:

mIinC(1)+Ew min(Cr(pr) + kg, Lw)| S.L iy +pg =F  pr, Hg, [20
(1)

where I, piy, g are respectively the innovation effort (i.e. investment in
R&D) and the abatement in the traditional and backstop technologies.
C, Cy, Cg are the respective cost functions. w represents the uncertain
effectiveness of R&D. [ is the exogenously set abatement target.

This formulation requires that the abatement cost functions using
the two technologies are separable. That is, we assume that an amount
of abatement undertaken using one technology doesn't affect the costs
of abatement using the other technology. Although this assumption is
often violated in real world application, where technologies develop
around common technological clusters, we retain it here as we model
the two abatement technologies as belonging to very different classes,
e.g. concentrated base load providers such nuclear or CCS on one side,
and smaller scale intermittent renewables on the other.

To simplify the problem, let's assume the backstop technology
takes value Cg(ug, I) with probability p, while with probability - R&D
is more effective and backstop costs are lower than expected (and
equal to C(uk, ). In the remaining ? cases, R&D fails, and the costs of
backstop technology are not modified by innovation (and are equal to
CH(uH)). As stated earlier, the main scope of our analysis is to compare
the certain formulation (case where p=1) vis a vis the most uncertain
one (case where p=0). In order to make these two cases equivalent,
we equate the central case cost function to the mean between the high
and low case, i.e. we set:

1 1
G (U, 1) ZECE’(MBHECE(HBJ) 2)
The problem can thus be restated as follows:
C(I) + pmin [Cr(py) + Cg (M5, 1)]
HroHg
. 1-p .
min | =" min[Cr(i) + G (5.)] 3)

Py
H

> min [Gr(uf) + G ()]

LT
stph4pb =g phul >0 i=CLH

Solving the problem backward and labeling with * the optimal
values for the abatement shares in the two technologies, we can
simplify our expression in the following way:

Ch) +p[Cr(u§") +Co(ug™.1)]
min P e () + G (w1 )
1-p

+TCT(H)

SLHr+Hp =0 ppMg 120 i=ClL

where the third term in brackets, the optimal cost in the case the R&D
program fails, is the cost of traditional technology only, i.e.
Cr(uf) + Cff (uF) = Cr(m).

One of the questions we are interested in tackling with this set-up
is the effect of uncertainty on the costs of meeting the environmental
obligation. For example, we might wonder whether knowing that R&D
will make the backstop technology either extremely competitive or
totally ineffective affects the costs of reducing carbon emissions with
respect to the case of certain average innovation effectiveness. The
following result clarifies this issue.

doi:10.1016/j.eneco.2008.03.002
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Result 1. We find that while the abatement costs using the backstop
technology in the central case are equal to the average of the low and high
R&D effectiveness cases (Eq. (2)), the total costs of meeting the
environmental target are higher for the central certain case. For the
algebra underlying this result, we refer the reader to Appendix A. This
result suggests that R&D programmes with high/low payoffs are
preferable whenever an alternative, less advanced, abating technology
is available to limit the downside of R&D failure.

A second issue we seek to investigate is the effect of uncertainty on the
behavior of investments in R&D, i.e. we ask ourselves what is the sign of ‘jT’
If %’;<O then we have that R&D investments increase with uncertainty. This
would imply that modeling R&D as having an uncertain outcome, a fact
often believed to be the case, would yield a share of innovation higher than
if uncertainty were neglected. In Appendix B we prove that investigating
the sign of % coincides with comparing marginal benefits of innovation for
different levels of abatement:

MB¢ (pg*) -MB© (p,g*) 07

where MB stands for the reduction in abatement cost using the
backstop technology as a result of a marginal dollar spent on
innovation.

The equation compares the marginal benefit of innovation in the
central case computed for levels of abatement resulting from the
central and low cost cases, pp and p™; its sign depends on how the
marginal benefit of R&D changes with the level of abatement. In this
paper we restrict our attention to the case of innovation lowering the
marginal abatement costs for every level of abatement.® Thus,
marginal benefits weakly increase with abatement. Therefore, since
abatement in the low case is always higher than (or at least equal to)
the abatement in the central case (us*>p§™), we find that %50, which
leads us to the second result.

Result 2. We assume that marginal benefits of innovation increase with
abatement using the backstop technology. Then, for interior solutions for
the abatement variables, investments in innovation increase with
uncertainty. Conversely, innovation is uninfluenced by uncertainty
for the case ps" =pS§" =, the corner solution implying that the
traditional technology is never employed when innovation is
productive. In addition, this latter result also holds when marginal
benefits of innovation are constant with abatement, for example when
innovation shifts down the abatement curve by a constant.

Ruling out the last two special cases, the intuition for the result is
the following. Let us concentrate on the two extreme cases of zero
uncertainty, i.e. the central case is always achieved (p=1), and full
uncertainty, i.e. R&D has either full success or full failure with 50%
chance each (p=0). Choosing the optimal level of R&D investments
implies equating the marginal costs of generating innovation with the
marginal benefits of decreasing the abatement costs. When confront-
ing the two cases, we should compare the marginal benefits of
innovation for the central value (zero uncertainty) and low value (full
uncertainty). The latter has half the chances of occurring, but marginal
benefits are by construction twice those of the central case, so that the
fraction due to the probability cancels out. However, since the share of
abatement using the backstop technology is higher in the low cost
case and assuming that marginal benefits increase with the level of
abatement, marginal benefits of innovation are higher with full
uncertainty than with no uncertainty. That is, innovation is more
productive when its outcome is explicitly modelled as uncertain.

2 The traditional technology is eliminated from the marginal analysis for the
Envelope Theorem since it is not affected by the innovation in the backstop technology
as noted in the above discussion on the abatement cost functions separability. We
thank an anonymous referee for clarifying this issue.

3 This directly follows from the choice of investigating R&D efforts reducing the costs
of a backstop, carbon-free, technology, as discussed in detail later in the paper.

How does this finding translate into real life considerations? First, one
has to bear in mind that the social planner can pick from a variety of
technologies to achieve an environmental target, say, to reduce CO,
emissions. Investing in R&D is a risky procedure. However, if it fails existing
technologies would be able to limit the costs of abatement, whereas if it is
successful, the benefits would be higher than would have been in the
central case. This payoff asymmetry is such that the upside of super
productive innovation outweighs the downside of failure. Hence, in the
presence of innovative technologies, a risk-neutral planner would choose
to invest more when R&D outcome is uncertain.

Our set-up and results are similar to those in Baker and Adu-
Bonnah (2008). They too find that the relation between uncertainty
and innovation depends on whether marginal benefits of R&D
increase or decrease with the level of abatement. Even though the
sign of this relationship is in principle ambiguous, this ambiguity
depends on what technology is under consideration (see Baker et al.
(2006b)). R&D aimed at cleaner and more efficient carbon technol-
ogies has increasing marginal benefits for moderate emissions
reductions; however, this positive effect decreases and eventually
drops to zero as the game gets tougher and stringent emission
reductions have to be met. A different story holds for carbon-free
technologies, where the effect of R&D is that of lowering the marginal
cost curves for any level of abatement. So the issue of ambiguity in the
sign could be interpreted more practically as: what type of
technologies is technical change affecting in the model? When large
emission cuts are at stake, carbon technologies have a lower margin
for efficient improvement than carbon-free technologies (i.e. nuclear,
renewables, carbon-free backstop) which would play a major role. In
this case marginal benefits of innovation are increasing with the level
of abatement. Conversely, in the case of moderate climate policy,
efficiency improvement would play a relevant role. But again, in this
case marginal benefits of innovation would hardly decrease in the
range of abatement under consideration, given the small mitigation
effort required. This argument justifies the increasing marginal
benefits assumption that is behind our results.*

In contrast with Baker and Adu-Bonnah (2008), our result is
independent of how stringent the climate target might be. Since the
productivity gain from the low cost case is always twice that of the
central case, the upside of an uncertain program outweighs the
downside, notwithstanding the level of abatement. In the limit case
when abatement is totally achieved by the backstop technology in
both central and low cost cases, then uncertainty would not affect the
optimal choice of R&D.

3. Numerical analysis

In this section we turn to the numerical analysis of the model. In
order to investigate the role of uncertain technological change, we
devise a version of the energy-economy-climate model WITCH
featuring an R&D-driven carbon-free backstop technology. Innovation
can lower the price of this otherwise non-competitive technology, but
it is modeled in a stochastic setting in order to account for the
uncertainty of the R&D outcome. We first introduce the backstop
technology sector and then discuss numerical results for different
simulation experiments.

3.1. Uncertain backstop technology in WITCH

WITCH—World Induced Technical Change Hybrid model—is an
integrated assessment model for the analysis of climate change and
energy issues. For a detailed description of the model see Bosetti et al.

4 Mathematically, innovation shifting down abatement curve ensures that the value
function of the minimization problem is convex in the shift. Thus, the cost asymmetry
inequality shown in Eq. (10) holds because of Jensen inequality. We thank an
anonymous referee for this remark.
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Fig. 1. CO, emissions in the BAU and 450 ppmv cases.

(2006, 2007). It is a regional model featuring an inter-temporal
optimal growth top-down part that is hard linked with a bottom-up
description of the energy sector. The energy sector is described by
nested constant elasticity of substitution functions which describe the
transformation of primary energy carriers into final energy services.
World regions strategically interact in a game theoretic set-up by
playing an open-loop Nash game on global externalities. Technological
change is endogenous and acts both via energy efficiency R&D and
learning-by-doing in power capacity. The model is solved numerically
with GAMS/CONOPT.

The non-cooperative baseline predicts global CO, emissions to reach
around 20 GtC by 2100, a figure in line with IPCC B2 SRES scenarios.
These figures show how the free-riding incentives that characterize
global stock externalities such as CO, make it difficult to achieve
substantial emission reduction in a cost benefit analysis setting.
Concerns over the risk of prolonged emissions put forward by
climatologists and specialized bodies such as the IPCC justify the resort
to cost effectiveness analysis of given climate goals. In this paper we
focus on the specific target of stabilizing atmospheric CO, concentration

to 450 ppmv (550 ppmv CO, equivalent) by 2100, a target probabil-
istically associated with that of maintaining within 2 °C the global
temperature increase above pre-industrial level within the century.

As evident from Fig. 1, a climate policy of this kind entails significant
emission reductions: for example, an emission path respecting the
450 ppmv target would curb emissions by 50% in 2030, and up to 85% by
the end of the century. Such a scenario is clearly challenging, and will
come at a cost in terms of economic growth, without adequate
technological advancement.

For example, simulations using the WITCH model show that on the
basis of currently existing technologies the stabilization effort would
lead to a power generation mix such as the one shown in Fig. 2. Three
technologies are believed to provide the low/zero carbon electricity
indispensable in such a severe mitigation scenario. First, early
deployment of advanced coal combined with CCS to achieve some of
the needed reductions of emissions. Second, nuclear power that
would become the predominant technology by mid-century, with
almost half of the electricity share. Finally, renewables, expected to
significantly contribute from the second half of the century. In

World Electricity Generation Shares
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Fig. 2. Power generation shares in the 450 ppmv stabilization case. From top to bottom: nuclear, hydro, oil, gas, trad. coal, advanced coal + CCS, wind and solar.
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Fig. 3. Scenario tree in the stochastic version of WITCH. Variables, as ICp,c in this example, are redefined depending on nodes.

addition to this, given the comparatively greater difficulty in cutting
emissions in the non-electricity sector, R&D-driven energy saving will
also be indispensable.

A stabilization scenario of this kind appears ambitious, for a variety of
reasons. First, it would imply considerable costs, quantifiable in a net
present value output loss during this century of around 2% (at a constant
discount rate of 5%). Second, current technologies face many constraints. A
massive deployment of nuclear energy would entail increased waste
management costs and proliferation risks: the lack of resolution of these
problems—for instance through technological advances—means the
scenario will be unlikely to develop. Similarly, the high land use demand
of currently available renewables technologies in power generation,
constitutes a serious challenge for the penetration target needed to
stabilize at 450 ppmv. Unavoidably, any stringent stabilization scenario
will call for innovation in non-carbon energy technologies. Future energy
scenarios depending on such backstop technologies cannot be conceived
without a focus on the crucial role of R&D investments as the main impulse
fostering the required technological innovation.

We follow the lines of the toy model by introducing an R&D dependent
backstop technology in WITCH. We model it as a power generation
technology, that emits zero carbon per unit of electricity and is renewable
in the sense that it doesn't rely on rapidly exhaustible natural resources. It
could be thought of as a ground-breaking innovation such as fusion power,
or more likely as a portfolio of advanced versions of technologies such as
advanced solar power, new nuclear etc. We assume this representative
technology to be currently uneconomical, but that its cost can be
decreased by means of investments in innovation. This framework is
coherent with the one used in the analytical model in the first part of the
paper. The “traditional” nuclear power technology can be substituted by a
cheaper (e.g. deployable on a larger scale) one, only if enough R&D
investments are deployed.

Specifically, the investment cost for building a unit of power
capacity ($/kW), ICpack, depends on cumulated R&D, KR&Dp,c, Via a
power formulation as follows>:

chack(na O)

IC t) =
b3k ) = (7 RRRD e (1))

)

i.e. at time ¢, for region n, the investment cost decreases with the R&D
capital depending on the learning parameter 7.° The capital
depreciates with rate 6 and can be increased by investing in
knowledge IR&Dy,q through an innovation possibility frontier of
this kind:

KR&Dpack (11, £ + 1) = (1-6)KR&Dpyci (1, £)
+ AIR&Dp,c (£, 1) KR&Dpcie (£, 1)° (6)

5 This specification is similar to that used for experience curves, and has been
applied to backstops by Popp (2006).

5 In this first application learning occurs independently at a regional level. As a
future extension of the model we plan to include international spillovers of knowledge.

The presence of the stock in the possibility frontier ensures the
“standing on shoulders” effect, and the exponents b and ¢ sum up to
less than one to model diminishing returns to research. Such a
formulation has received empirical support for energy innovation by
Popp (2004).

We assume that the backstop technology enters as a linear
substitute of nuclear power in the energy sector nest; in this way
we allow the new technology to displace the technology that most
controversially contributed to carbon-free energy generation in the
original formulation of the model; at the same time the nested CES
structure of the electricity sector with higher than unity elasticities
allows the phase out of all other power generation plants, although at
a higher cost than would have otherwise happened assuming linear
relations. To account for the industrialization lag that stands between
research and commercialization, the backstop technology is assumed
to be available from 2050 onwards only, even though we will test our
result also for different entry periods.

Our primary interest in this paper is to analyze the effect of
modeling uncertainty on the level of investments and on the costs of
the policy. To account for this, we model the outcome of the R&D
investments as uncertain: thus ICp,q(n, t, w) also depends on the state
of the world, w. We assume that the effectiveness of R&D on
decreasing the backstop costs can turn out to be either of the three
following cases: in the “best” case (w=b) the investment cost of the
backstop decreases with R&D as shown in Eq. (5); in the “failure” case
(w=f) the investment cost of the backstop remains the same as the
initial one, irrespective of the level of investments. This R&D failure
case is equivalent to assume that the learning parameter 1) is equal to
zero. Both these low and high cost states have the probability of
occurring '? each. In the “central” case (w=c), with remaining p
chances, the investment cost is the average of the two limit cases. To
summarize:

12 IChack(1, £, b) = o) )

1 + KR&Dpyey (£, 1))
. 1 IChac(1,0 1
P [Chack(n, t, ) = tack(,0) +§chack(ns0)

2 (1 + KR&Dypoq (£, 1))

lz;p * 1Chack (M, t,f) = ICpack(n, 0)

This framework mimics the toy model presented in the previous
section and allows us to control for the effect of R&D uncertainty. We
can run the model for different values of p—the probability of the
central case—and evaluate the consequences of uncertainty on
innovation. In order to include in the model these concomitant
alternative scenarios we develop an implicit’ stochastic version of the
WITCH model. All model variables, previously defined on regions,
time and scenarios, are redefined on nodes belonging to a scenarios

7 Instead of accounting explicitly for the non-anticipative constraints, non-
anticipativity is implicitly defined through characterization of predecessor/successor
relationships among nodes in the scenario tree.
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Fig. 4. R&D investments for backstop.

tree as the one depicted in Fig. 3. The objective function to be
maximized for each region is the expected utility.

3.2. Numerical results

In this section we report results from the numerical exercise carried
out with WITCH. A CO, only concentration target of 450 ppmv is assumed
throughout the analysis. We compare the deterministic case with the
uncertain formulation. The average of the latter coincides with the
deterministic one to ensure the equivalence of the comparison exercise. In

the uncertain formulation there is a 50% chance to achieve the central case
and a 25% chance to achieve the failure and best cases, respectively. In
accordance with the analytical analysis, we assume a risk-neutral social
planner (we will then relax this assumption).

Since we are investigating the role of uncertainty on innovation, it
is interesting to compare the R&D investments in the stochastic case
and in the equivalent deterministic case, before uncertainty is
resolved in 2050. Results of investments on innovation are presented
in Fig. 4; the graph shows that optimal R&D investments are always
higher in the stochastic formulation with respect to the deterministic
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Fig. 5. Electricity with backstop.
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case before the resolution of uncertainty. The numerical analysis thus
confirms that modeling R&D as having an uncertain outcome induces
more innovation effort, as predicted by the analytical example outlined
in Section 2. As expected, in the stochastic setting, once uncertainty is
resolved, R&D is higher for the best case than for the central, and it is
zero for the failure state.

To provide an insight into what different R&D investment paths
imply in terms of technology adoption throughout the century, in
Fig. 5 we show the values of electricity generated with the backstop
technology in the various cases. From the last Figure we know that the
R&D investments in the deterministic case are low compared to the
stochastic one: such a reduced innovation effort sets back the
competitiveness of the backstop technology. This translates into a
lower deployment of the innovative technology in the deterministic
case vis a vis the stochastic one, as is apparent from the graph (with
the obvious exception of the R&D “failure” case).

As expected, the opposite behavior holds with regard to the
existing technology competing with the backstop, i.e. nuclear power:
the higher costs of the backstop technology lead to a higher nuclear
power share in the deterministic formulation than in the uncertain
one (except for the failure case, see Fig. 6). All in all, accounting for
R&D uncertainty fosters the deployment of innovative technologies
such as the backstop one. Through the path dependencies that
characterize the evolution of technologies, this would act as a control
on the negative externalities that affect the currently used technol-
ogies and define their limited deployment capacity. For example, in
the WITCH model we explicitly account for waste management and
proliferation risks (as well as uranium ore costs) as a global externality
countries have incentives to free-ride on. The higher investments in
innovation stemming from the uncertain characterization of R&D have
the effect of reducing this externality.

The other issue we are dealing with in this paper is the effect of
R&D uncertainty on the costs of complying to the climate policy. Are
we miscalculating stabilization costs by neglecting uncertain efficacy
of innovation in fostering a backstop technology? And, more generally,
what is the role of a carbon-free power generation technology in
determining these costs?

Numerical results again confirm the insights of the analytical
model: policy costs are always lower when accounting for uncertainty,
reaching a 2.3% gain by the end of the century with respect to the
deterministic case. Although limited by the presence of an existing,
largely deployable, carbon-free technology, such as the nuclear one,
these cost variations indicate that modeling uncertainty explicitly
alleviates the mitigation burden of the climate policy.

In order to test the results for robustness and to understand the
effect of key assumptions, we have repeated simulations for a different
set of assumptions on entry time and the level of risk aversion.®

In Fig. 7 we present the R&D results when we assume different
entry times of the backstop technology (“early” in 2040, and “late” in
2060). The picture shows that early resolution of uncertainty on the
efficacy of the R&D programme leads to a higher level of optimal R&D
investments. The contrary holds in the case of late discovery of the
program's effectiveness. Although the effect on the levels of invest-
ments is significant, entry time has a small impact on policy costs. As
noted above, this result depends on the presence of the traditional
carbon-free technology (nuclear) which has a buffer effect.

As a concluding analysis, we drop the assumption of risk neutrality
and investigate what happens when the central planner is risk-averse.
In this case, lower utility is attached to risky investments, and thus we
expect to find an effect contrary to the results presented so far. We start
by analysing the unit risk aversion case of logarithmic utility function.
Numerical results show that R&D investments in the uncertainty case
are indeed lower than for the reference risk-neutral analysis. The risk
aversion increase roughly halves innovation effort: for example, R&D
investments in 2050 drop from 10 to 5 USD billions. Despite this effect,
they remain higher than for the certain case (that for example has 2.2
USD billions investments in 2050), thus confirming that the R&D
fostering effect of uncertainty remain valid for central planners with
unit risk version. Finally, we searched the risk aversion parameter for
which R&D investments are equal in both the certain and uncertain
cases. With the uncertainty parametrization used throughout the

8 In order to preserve the base year consumption and savings figures we have
adjusted the social time preference rate according to the new risk aversion value.
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paper, we find that a social planner with a CRRA utility function and a
risk aversion coefficient of 1.5 invests in innovation equally in both the
certain and uncertain cases. Higher risk aversions would result in
lower innovation shares under uncertainty.

4. Conclusions

In this paper we have analyzed the issue of uncertain technological
progress within environmental regulation. This is an important
research topic given the relevance of technical change in the global
warming literature and the uncertainty that characterizes all innova-
tion processes, yet a poorly investigated one. We have analyzed
optimal responses to uncertainty, in terms of R&D investments and
climate policy costs, by modeling innovation as a backstop technology
characterized by either a deterministic or an uncertain process. To this
purpose, we have developed a simple analytical model and modified
the hybrid integrated assessment model WITCH to account for a
carbon-free backstop technology dependent on uncertain R&D
realizations. We have performed a stochastic cost effectiveness
analysis of a CO, stabilization policy of 450 ppmv.

Numerical results, in accordance with analytical insights, have
shown how modeling innovation in a backstop technology as an
uncertain process leads to higher optimal levels of R&D investments.
A detailed representation of the energy sector has allowed us to
capture path dependency in technological evolution, and therefore
to account for the consequences of different innovation efforts on
technology deployment and externality resolution. We have also
shown how uncertainty lowers climate policy costs, although the
rigidity of the energy sector—characterized by long-lasting invest-
ments with limited substitutability—is shown to constrain the
contribution of a technology breakthrough solely in the electricity
sector.

To check for the robustness of the results, we have tested the need
to model R&D uncertainty as an endogenous process by letting the
backstop entry time vary. We have shown how different timings of
backstop availability affect R&D investments and policy costs in the
expected direction but to a limited extent in terms of magnitude.
Finally, the role of social planner risk aversion has been analyzed and
shown to have a counterbalancing effect that reduces the gap in
innovation investments with and without uncertainty.

In this first version of the model we have not considered the
possibility of international spillover of knowledge. This is an issue that
is relevant in both policy and modeling terms, as it can induce

contrasting effects. We are investigating it in a follow-up analysis.
Finally, future research includes the evaluation of innovation
uncertainty on the choice of policy instruments with a specific focus
on the role of free-riding.

Appendix A

Result 1. Within the analytical framework sketched in Section 2 we
prove that the costs of complying to the environmental target
diminish in uncertainty.

That is, labeling with V the optimal costs for the problem outlined
in Eq. (1), we need to show that ‘fT‘;>O.

The value function of the minimization problem is as follows:

vec(r) sfcis) + G505 1)
P e () + G ()] + PG 0
From the envelope theorem we know that:

)+ 506 ) 30 () <) o

and so ‘jTV>O if
p
1 1
C* C C* % - L* L L* N —

Cr(u§) + G5 (w517 )>5 [Co(uE) + G (Wb 1) | + 3G (10)

The right hand side of the equation is the sum of the minimized
costs in the best and worst (failure) cases, respectively. Evaluating the
best case function at a different abatement level, for instance at the

one that is optimal for the central case, would yield higher costs, so we
can write:

3 G{0) + (5713 [ (o) + o) )
and thus, in order to prove Eq. (10) it suffices to show that:
() + G5 (u)>5 [cr () + (g 1) + 3600 (2

We know that the central case abatement cost C§ is the average of
the best and failure cases for any abatement. That is,

C5(u517) =5 Chu5"17) + 5K (15") 1)
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Inserting this equation in the preceding one and rearranging terms
we can rewrite the condition for costs diminishing in uncertainty as:

Cr (k) + Cf (u§7)>Crm) (14)

The LHS of the last equation is the cost of meeting the abatement
target in the failure case with a suboptimal allocation of abatement
between the technologies. By construction, abatement cost is
minimized in this case by doing all the work with the traditional
technology. Therefore the RHS is optimal and must have a lower cost
than the suboptimal LHS.

Appendix B

Result 2. We investigate the sign of d'I; , knowing that if ‘3; <0 then we
have that R&D investments increase with uncertainty.

We focus on the case of an interior solution for the choice variable.
Then, the optimality condition with respect to I ensures that the
solution value satisfies:

dc(r)  dci(ug".I")  1-pdch(ug.I)
a TPar Yz T ar

The marginal costs of innovation equate the marginal benefits from
reduced abatement costs in the central and low cost cases, weighted
by the probability of occurrence of both states.

Implicit differentiation with respect to p yields:

=0 (15)

d*c(rydr d*c§(ug I drr dcs(usg’,r)

ar dp a2 dp a a6)
1-pd*Ch(ug. 1) dI" _1dC (g 1)
2 dr dp 2 d

=0

Rearranging terms:

dr dzc(z*)+ dng(ug*,I*)+1—7pd2C{g(u’I§*,I*)
dp| dR dr 2 dr

dcS(us 1) 1dck(uL 1
__ B(Z? )Jrj B(EIB ) (17)

It is reasonable to assume convex cost functions in I (i.e. increasing
marginal costs of innovation, and decreasing marginal benefits of
innovation to abatement); the left hand side term of the expression is
then positive, and the sign of ‘;’p is determined by the sign of the right
hand side of the last equation.

The right hand side confronts the innovation marginal benefits for
the central and low cost cases. From Eq. (2) we know that the marginal
benefits in the low cost case are twice those of the central case. We can
rewrite the right end side of Eq. (17) as follows:

_AG (g™ 1) | dC (g’ 1)
dl dI (18)

_dC5 (g 1") | 1dch(ub 1)
dl 2 di
= MBC (1)  MBC (1) 507

We have obtained that the sign of %’I; depends on whether marginal
benefits of R&D investments are increasing with abatement or not.
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Abstract

This paper investigates the potential contribution of forestry management in meeting a CO, stabilization policy of 550 ppmv by 2100.
In order to assess the optimal response of the carbon market to forest sequestration, we couple two global models. An
energy—economy—climate model for the study of climate policies is linked with a detailed forestry model through an iterative procedure
to provide the optimal abatement strategy. Results show that forestry is a determinant abatement option and could lead to significantly
lower policy costs if included. Linking forestry management to the carbon market has the potential to alleviate the policy burden of
50 ppmv or equivalently of %OC, and to significantly decrease the price of carbon. Biological sequestration will mostly come from avoided
deforestation in tropical-forest-rich countries. The inclusion of this mitigation option is demonstrated to crowd out some of the

traditional abatement in the energy sector and to lessen induced technological change in clean technologies.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

This study examines the role that forestry may play in
the context of atmospheric CO, stabilization. There is
widespread research suggesting that biological sequestra-
tion of carbon can play an important role for reducing
greenhouse gases (GHG) emissions through activities such
as slowing the rate of deforestation, increasing the
establishment of forests on old agricultural or degraded
lands, and improving the management of existing and
future timber (see, for example, Metz et al., 2001).
Estimates of the range of potential costs of sequestration
are fairly wide (Richards and Stokes, 2004), but there is
also general consensus that forest sinks can be a valuable
mitigation option. However, the nations of the Kyoto
Protocol have thus far only haltingly incorporated forestry
measures, and the Kyoto process only recently (at the 11th
Conference of Parties in 2005) began considering how one
of the measures with the largest potential, tropical forest
conservation or prevention of deforestation (see, for this
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purpose, the proposal as in Moutinho et al., 2005) could be
included.

There are several explanations for the limited role that
forestry has so far played in abatement strategies. First,
error bounds for measuring and monitoring carbon in
forests are fairly large in developed countries with well-
established measurement technologies (see Watson et al.,
2000). Errors in calculating carbon storage are likely to be
larger in developing countries that have devoted fewer
resources to conducting forest inventories. Second,
many concerns have been raised about issues such as
additionality and permanence. Unlike abatement of
energy emissions, carbon stored in forests is subject to
future emissions due to harvesting or other natural
disturbances. Third, it is widely assumed that allowing
forestry options would reduce incentives to develop
important abatement technologies, and these techno-
logies are ultimately necessary to achieve a stable, albeit
changed, climate. The first two questions have been
widely addressed in a range of publications, including
those of the Intergovernmental Panel on Climate Change
(see Watson et al., 2000; Metz et al., 2001). However, no
one has yet quantified the implications of a forest carbon
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sequestration program on the innovation of energy
abatement technologies.

Recent research indicates that global policies meant to
stabilizec GHG concentrations in the future will require a
vast bundle of measures to meet ambitious targets (Pacala
and Socolow, 2004). Given the recent focus on stabilization
policies and the apparent costs of achieving fairly stringent
concentration targets, it is surprising that relatively few
energy models have even incorporated forestry sequestra-
tion (see Rose et al., 2006). Sohngen and Mendelsohn
(2003), do link a forestry model to an aggregate global
climate—economy model (DICE; Nordhaus and Boyer,
2000), and their results suggest that forestry could provide
nearly one-third of the world’s carbon abatement over the
coming century, but that study examined a fairly limited
overall carbon abatement strategy, and it suggested that a
large portion of the carbon sequestration in forests would
occur later in the century (thus having little impact on
energy abatement). With more stringent policies, carbon
prices initially are expected to be higher, and forestry
sequestration could have more important implications for
the costs of the overall abatement program.

This paper develops an intertemporal optimization
model of carbon abatement in the energy and land-using
sectors to analyze the potential role that forests may play in
climate stabilization policy. To accomplish this, we bring
together a forestry and an energy—economy—climate model
to evaluate the mitigation potential of forest sequestration
and to measure the deriving feedback on ‘“‘traditional”
abatement options and on the carbon market as a whole.
To put ourselves in a context of a global climate policy, we
consider a target of a 550 ppmv CO, only stabilization
(see International Panel on Climate Change (IPCC)
(2001) for a scientific motivation of the target), and
examine the abatement pathway with and without forestry
sequestration.

Results show that forestry has important implications
for the overall abatement strategy, and a profound effect
on the carbon market (i.c., on the global costs of a climate
policy), so that, for example, 50 additional ppmv—equiva-
lently of ;11 °C—are achieved at no extra cost. The numerical
optimization estimates that forest sinks can contribute to
one-third of total abatement by 2050 and decrease the price
of carbon by 40% by 2050. This decisive reduction in the
policy costs is mainly attained via avoiding deforestation in
tropical forests in the first half of the century, though it
could also be sustained in later periods by afforestation and
enhanced forest management. The introduction of the
forestry option is shown to have a visible influence on other
abatement alternatives: in meeting a given policy target,
forestry crowds out some abatement in the energy sector,
so that, for example, improvements of the energy intensity
of the economy are more modest in early periods. More
importantly, policy-induced technological change in clean
technologies such as renewables power generation is also
reduced. Although the time needed for technological
advancement may be considered as one reason to delay

permanent emissions cuts, buying time with forestry
appears to be an attractive mitigation option.

In order to produce results, the two world models are
coupled via an iterative procedure that focuses on carbon
quantities and prices. Various characteristics are at the basis
of the originality of the present paper. First, the model’s
dynamic specification of the economy and the detail of the
energy sector allow us to assess the dynamic feedbacks on
the economic system as well as the evolution of energy
technologies. This enables us to integrate forest carbon sinks
into the control problem of GHG mitigation, so that
investments in final good, energy technologies, energy R&D,
and forestry are optimally chosen. The energy sector
description and the presence of endogenous technological
change—a central feature for climate change modeling; see
Goulder and Mathai (2000)—puts us in the condition to
assess how the inclusion of forestry incentives may affect
induced technological change, an issue not yet investigated
to our knowledge. Moreover, the intertemporal structure of
the models is essential to understand the timing issue of the
biological sequestration abatement option, which is a largely
discussed one because of the non-permanence issue (man-
aged forests do not sequester carbon permanently but
release it back to the atmosphere if harvested).

Second, the regional disaggregation of both models
allows us to account for distributional issues among
countries (the so-called “where” dimension), an issue that
has proved particularly central in the policy debate
surrounding the forestry abatement option. Last but not
least, contrary to current studies, by framing the analysis in
a global mitigation policy context such as a 550 ppmv
target, we are able to augment the cost-effectiveness
literature introducing an additional measure designed to
cover a stabilization wedge.

With respect to the existing literature, the approach that
is the closest to ours is the one in Sohngen and Mendelsohn
(2003). Their original analysis is, however, limited to a
single world region and has incomplete technological
detail. Similar to van’t Veld and Plantinga (2005), they
find forestry to have but a negligible feedback on the
carbon market. Also, they find that forestry carbon offsets
do not delay energy abatement. Conversely, Gitz et al.
(2006) use a stochastic version of DIAM—a single region,
least abatement costs model. They find, as in our case, a
significant forestry—carbon market linkage.

This paper is divided as follows. Section 2 introduces
both models and defines the coupling procedure. Section 3
presents numerical results, and Section 4 concludes.

2. Models and coupling

In this section, we present the two models that have been
linked to analyze the role of forestry in contributing to the
climate stabilization target of 550 ppmv CO» only. For the
energy—economy side we use the World Induced Technical
Change Hybrid model (WITCH) (Bosetti et al., 2006), a
recently designed hybrid integrated assessment model for
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climate change issues. As for the forestry part, we use a
global timber model built upon Sohngen et al. (1999).

2.1. The energy—economy—climate model

WITCH is a regional integrated assessment model
structured to provide normative information on the
optimal responses of world economies to climate damages
and to model the channels of transmission of climate policy
to the economic system. It is a hybrid model because it
combines features of both top-down and bottom-up
modeling: the top-down component consists of an inter-
temporal optimal growth model in which the energy input
of the aggregate production function has been expanded to
give a bottom-up-like description of the energy sector.
World countries are grouped in 12 regions that strategically
interact following a game-theoretic structure. A climate
module and a damage function provide the feedback on the
economy of carbon dioxide emissions into the atmosphere.
The WITCH top-down framework guarantees a coherent,
fully intertemporal allocation of investments that have an
impact on the level of mitigation—R&D effort, investment
in energy technologies, and fossil fuel expenditures. The
regional specification of the model and the presence of
strategic interaction among regions—through CO,, ex-
haustible natural resources, and technological spillovers—
allow us to account for the incentives to free-ride. By
playing an open-loop Nash game, the investment strategies
are optimized by taking into account both economic and
environmental externalities. In WITCH, the energy sector
has been detailed and allows a reasonable characterization
of future energy and technological scenarios and an
assessment of their compatibility with the goal of stabiliz-
ing GHG concentrations. Also, by endogenously modeling
fuel (oil, coal, natural gas, uranium) prices, as well as the
cost of storing the CO, captured, the model can be used to
evaluate the implication of mitigation policies on the
energy system in all its components. Finally, technical
change in WITCH is endogenous and is driven both by
learning-by-doing (LbD) and by energy R&D investments.
These two factors of technological improvements act
through two different channels: LbD is specific to the
power generation costs, while R&D affects the non-electric
sector and the overall system energy efficiency.

In this paper, we focus on a stabilization policy of
550 ppmv. In order to do so, we perform a cost-
effectiveness analysis with a cap and trade policy instru-
ment, and we set an equal per capita allocation system. We
have an emission permit trading scheme that equalizes
regional marginal abatement costs, creating a unique set of
carbon prices. The model is solved to 2200 numerically in
GAMS/CONOPT.

2.2. The forestry model

The forestry model is built upon the model described
in Sohngen et al. (1999) and used by Sohngen and

Mendelsohn (2003) to analyze global sequestration poten-
tial. The model used in this analysis contains an expanded
set of timber types, as described in Sohngen and
Mendelsohn (2006). There are 146 distinct timber types in
13 regions: each of the 146 timber types modeled can be
allocated into one of three general types of forest stocks.
First, moderately valued forests, managed in optimal
rotations, are located primarily in temperate regions.
Second, high-value timber plantations are managed inten-
sively. Subtropical plantations are grown in the southern
United States (loblolly pine plantations), South America,
southern Africa, the Iberian Peninsula, Indonesia, and
Oceania (Australia and New Zealand). Finally, low-valued
forests, managed lightly if at all, are located primarily in
inaccessible regions of the boreal and tropical forests.
The inaccessible forests are harvested only when timber
prices exceed marginal access costs. The forestry model
maximizes the net present value of net welfare in the
forestry sector.

One important component of the costs of producing
timber and carbon are land rental costs. The model
accounts for these costs by incorporating a series of land
rental functions for each timber type. The rental functions
account for land competition between forestry and
agriculture, although they are not presently responsive to
price changes in agriculture (see Sohngen and Mendelsohn
(2006) for additional discussion of the land rental
functions). Incentives for carbon sequestration are incor-
porated into the forestry model by renting carbon. The
price of energy abatement is the value of sequestering and
holding a ton of carbon permanently. The rental value for
holding a ton of carbon for a year is determined as the path
of current and future rental values on that ton that is
consistent with the price of energy abatement currently.
One of the benefits of using the rental concept for carbon
sequestration is that the carbon temporarily stored can be
paid while it is stored, with no payments accruing when it is
no longer stored (i.e., if forest land is converted to
agriculture, or if timber is harvested, leaving the forest in
a temporarily low-carbon state). Furthermore, renting
carbon does not penalize current forestland owners by
charging them for emissions. We do, however, account for
long-term storage of carbon in wood products by paying
the price of carbon for tons when they are stored
permanently after harvest. For simplicity, in this analysis,
we assume that 30% of harvested wood is stored
permanently, following Winjum et al. (1998).

2.3. Coupling

Given the complexities of the two models used in this
paper, we have integrated them via an iterative procedure.
In order to do so, we have augmented both models so that
they could incorporate results from the other, and have run
subsequent iterations until convergence, as measured by a
sufficiently small rate of variation of carbon prices. We
define this as being less than a 5% average deviation in
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prices and quantities from one scenario to the next. As
expected, the initial high responses of both models—in
terms of adjustments of carbon prices to the quantities
sequestered in forests and vice versa—gradually shrink,
and an equilibrium is achieved after 11 iterations. For
prices, the average deviation is 3% whereas for quantities it
is 4%. This way of interfacing two separate models is
normally described as “soft link”, and has been extensively
used to couple energy system models and economic models
to account for the mutual interactions between the energy
sector and the whole economy.

To make the two models consistent, several additional
adjustments were made. First, the different regions had to
be matched. Coincidentally, the regional disaggregation is
similar in the two cases—12 regions for the WITCH model,
13 for the forestry one—so that only minor adjustments
were needed. Also, the WITCH model has 5-year time
steps and the forestry model has 10-year time steps. To link
the two, we utilized prices at the 10-year intervals provided
by the WITCH model in the forestry model. We
interpolated carbon sequestration rates between 10-year
time increments from the forestry model when incorporat-
ing forest sequestration in the WITCH model. The forestry
model has been augmented to comprise the time path of
carbon prices, which is equalized across regions and given
by the emissions permits prices of the cap and trade policy.
To account for the non-permanence of the biological
sequestration, carbon prices are transformed into annual
storing values via rental rates. For more information, see
Sohngen and Mendelsohn (2003). The energy—economy—
climate model has been fed the carbon quantities seques-
tered by forests in each region by counting them in the
carbon emission balances, as well as in the budget
constraint—at the carbon price value.

3. Results

In this section, we report the numerical results of the
contribution of forestry management in meeting a CO,
(only) stabilization policy of 550 ppmv by 2100. To give the
feeling of what such a policy entails in terms of global
warming mitigation, in Fig. 1 we show the time profile of
carbon emissions for a business as usual (BaU) and a
550 ppmv policy resulting from using the WITCH with
abatement only in the energy sector. In a no-policy
scenario, emissions grow to 20GtC by the end of the
century, whereas for the 550 ppmv policy, emissions peak
around 2050, falling by more than half after that with
respect to BaU. The 550 ppmv policy reduces the carbon
intensity in the economy considerably, and reduces the
increase in global temperature by 2100 to 2.2°C, from
2.9 °C in the BaU. Although this temperature is still higher
than the IPCC advocated level of 2 °C, we concentrate on
this target given its relevance, especially in terms of
political feasibility.

We start by reporting the potential of forestry in
contributing to the foreseen emission reductions, and then
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analyze the impacts on the carbon markets and the policy
costs. Finally, we examine the retroactions on the energy
abatement portfolio, with a particular look at the implica-
tions for induced technological change.

3.1. Sequestration in forests

Several studies in the forestry literature have estimated
the sequestration potential for various given carbon prices,
and most seem to agree that forestry can provide a
significant share of abatement (Sedjo et al., 1995). As an
example, it is worth remembering that tropical deforesta-
tion is a major source of GHG emissions, accounting for as
much as 25% of global anthropogenic GHG emissions
(Houghton, 2005).

Fig. 2 reports carbon abatement over the century
accomplished by forestry in OECD and non-OECD
countries vis-a-vis the overall abatement effort. The picture
underlines an important role for biological sequestration:
forests sequester around 75GtC cumulative to 2050.
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This estimate is consistent with the results presented in
earlier IPCC reports (see, for example, Watson et al., 2000)
but of course there are costs associated with this forestry
effort. Overall, forestry contributes to one-third of total
abatement to 2050, or three wedges in the words of Pacala
and Socolow (2004). After the peak in emissions in 2050,
the share of forestry in total abatement starts to decline
(from 2050 to 2100 it increases by only 10% in absolute
values), given that the target gets more stringent and
permanent emission cuts in the energy sector are called for.

The largest share of carbon sequestration occurs in non-
OECD countries during the early part of the century
(Table 1). Around 63% of all of the carbon sequestered
from 2002 to 2052 of the stabilization scenario results from
reductions in deforestation in just a few regions, namely
Latin America, East Asia, and Sub-Saharan Africa. Most
of this carbon is due to reductions in deforestation. While
consideration of policies to reduce deforestation has been
shunned in earlier negotiations related to the Kyoto
Protocol, they recently received significant attention as a
result of discussions at COP 11 in Montreal.

Focusing on Latin America, East Asia, and Sub-Saharan
Africa, where the bulk of deforestation currently is
occurring (FAO, 2005), around 10.7 million hectares of
forestland are estimated to be lost each year (Table 2). The
carbon incentives in the stabilization scenario would reduce
these losses to around 5.9 million hectares per year during
the first decade, and they would essentially halt net forest
losses by 2022. While developing policies to reduce

Table 1
Regional forest carbon sequestration, 2025, 2055, 2095

2022 2052 2092
MtC/yr
OECD
USA 42 144 193
OLDEURO 37 82 132
NEWEURO 8 18 29
CAJANZ 31 115 125
Total OECD 118 360 479
Non-OECD
KOSAU 25 27 36
TE 179 117 134
MENA 73 49 31
SSA 270 175 106
SASIA 34 57 32
China 109 155 431
EASIA 451 481 371
LACA 391 326 330
Total non-OECD 1649 1746 1950
Total global 1766 2105 2429
C price $57 $113 $271

CAJANZ: Canada, Japan, and New Zealand. KOSAU: Korea, South
Africa, and Australia. TE: Transition Economies. MENA: Middle East
and North Africa. SSA: Sub-Saharan Africa. SASIA: India and South
Asia. EASIA: South East Asia. LACA: Latin America and Caribbean.

deforestation efficiently would undoubtedly be a difficult
task, these results suggest that the economic value of
making these changes could be substantial.

The overall size of the carbon program increases over the
century as carbon prices rise. It increases in both the
OECD and the non-OECD regions, but the largest
percentage gains occur in the OECD, where the annual
carbon sink rises from 118 to 479 million t C/yr. In most
non-OECD regions, the strength of the sink is actually
declining because there are no longer opportunities to
reduce deforestation, and forest growth on large areas of
land that were reforested during the century is starting to
slow. The one outlier is China, where sequestration
expands. Sequestration dynamics in China tend to be more
similar to OECD countries because it has large areas of
temperate forests that have long growing cycles.

By reducing deforestation and promoting afforestation,
a forest carbon sequestration program as part of a
stabilization strategy would have strong impacts on total
forestland area in the world, increasing it by 1.1 billion
hectares relative to the baseline, or around 0.7 billion
hectares above the current area of forests (Table 3). The
largest share of increased forest area occurs in non-OECD
countries. The stabilization scenario has complex results on
timber harvests and prices. Initially, timber is withheld
from the market in order to provide relatively rapid forest
carbon sequestration through aging timber. As a result,
global harvests decline by 14.5% relative to the baseline in
2022. However, over the century, more forests imply a
larger supply of timber. By 2092 timber harvests increase
by 26%. The changes in specific regions depend heavily on
the types of forests (e.g., the growth function), the carbon
in typical forests (e.g., biomass expansion factors), and
economic conditions such as prices and costs. In contrast
to the area changes, the largest increases in timber harvests
(in relative and total terms) occur in OECD countries.
OECD countries tend to have many species amenable to
producing wood products.

3.2. Optimal response of the carbon market

We now focus on the general equilibrium effects of
including forestry management as an abatement strategy.
As a comprehensive measure of the influence of biological
sequestration on the carbon market, we first examine what
happens to the price of carbon when forestry is included
into the policy. Fig. 3 shows the carbon price for the
550 ppmv policy throughout the century as found in the
original version of the WITCH model (iterl), and after it
has been coupled with the forestry model (iter11). Forest
sinks substantially lower the cost of CO,, for example by
40% in 2050, making a 550 ppmv policy cost as much as a
600 pmmv policy without including forestry. That is,
carbon sinks achieve an additional 50 ppmv—or equiva-
lently £°C—in 2100 at no extra cost.

To corroborate the idea that forestry can alleviate the
compliance to the 550 ppmv target, in Fig. 4 we show the
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Table 2

Net land area change in regions currently undergoing substantial deforestation, in million hectares per year

Projected for

FAO (2000-2005) 2002-2012 2012-2022 2022-2032
Latin and Central America —4.7 2.3 —-0.9 0.2
East Asia 2.8 —1.2 —-04 —0.1
Sub-Saharan Africa —-3.2 2.4 —0.1 0.0
Total —10.7 -5.9 —1.4 0.1
Table 3 World Percentage GWP loss
Change in forestland area and change in annual timber harvests compared 0.5 " " " " "
to the baseline | 1 | | | |
04 p----¥ R kb P P i
2022 2052 2002 2022 2052 2092 N WA e S I |
Million hectares % Change in annual harvest 02 b4 A ¥ S R
OECD 0.1 : ******* 3””"”3”””*3* ****** :**i
USA 1.5 231 942 12 -9.0 485 . } } } } } }
OLDEURO 1.5 349 519 -53 12.1 0.3 R0 - —
NEWEURO 26 78 116 —53 12.1 03 0 boooe L I L gy i
CAJANZ —4.0 245 99.0 -3.8 33 167.3 1 | | | f |
Total OECD 1.6 903 256.7 -33 3.0 54.1 02 p------- Foooe- SREREEEE roooooo- Fooooo- .
Non-OECD 03— b e P e .
KOSAU 5.1 17.7 49.1 11.3 34.5 42.1 | 550 with Forestry | |
TE 190 522 1027 —20.8 89  —26.1 04 - ssowlout Forestry | L i
MENA 10.3 249 38.4 —63.9 —45.9 —6.7 05 : N ; : . .
SSA 37.2.90.7 137.0 -70.1 —52.9 -9.0 2000 2020 2040 2060 2080 2100
SASIA 52 18.8 323 =37 -39 13.0
China 8.6 419 1154 -20.1 0.0 —98.8 Fig. 4. Policy costs with and without forestry.
EASIA 256 66.0 111.9 —63.3 —-57.2 —48.9
LACA 429 129.3 2624 —-24.38 —7.1 15.5
Total non-OECD 153.8 441.5 849.2 —31.9% —154% —14.9% , o . )
when the main action is via avoided deforestation. After
Total 165.4 531.8 11059 —14.5% —-3.3% 25.9%

CAJANZ: Canada, Japan, and New Zealand. KOSAU: Korea, South
Africa, and Australia. TE: Transition Economies. MENA: Middle East
and North Africa. SSA: Sub-Saharan Africa. SASIA: India and South
Asia. EASIA: South East Asia. LACA: Latin America and Caribbean.
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Fig. 3. Price of carbon with (iter11) and without (iterl) forestry.
policy costs with and without forestry. Again, forest sinks

are shown to decrease policy costs: in particular, the policy
burden is reduced and shifted ahead in the period to 2050,

2070 the policy-induced benefits from avoided climate
damages outweigh the costs of reducing emissions, and this
effect is reinforced when forestry is an available mitigation
option. All in all, the world policy cost in net present value
decreases from 0.2% without forestry to 0.1% with
forestry. This corresponds to a net present value saving
to 2100 of almost $3.0 trillion (USD), which is nearly three
times the present value cost of adding the forestry program
of $1.1 trillion (USD).

One might wonder what are the distributional effects of
including forestry for different regions. Two competing
effects are at stake: on the one hand, forestry will benefit
developing countries that are rich in tropical forests, given
the role of avoided deforestation. On the other hand, the
lower price of carbon will benefit countries that buy carbon
market permits, and disadvantage sellers. Ultimately, the
distributional effects will depend on the emissions alloca-
tion scheme adopted in the policy. For example, if one
assumes that emissions are allocated based on an equal per
capita rule, as we do in this paper, most of the emissions
reductions are borne by the developed countries. Lower
carbon prices with forestry included in the stabilization
policy improve welfare in OECD countries by reducing
their costs (from an undiscounted loss of 0.6% without



5352 M. Tavoni et al. | Energy Policy 35 (2007) 5346-5353

forestry to 0.2% with forestry). On the contrary, non-
OECD countries tend to be carbon permit sellers, and they
have lower revenues when forestry is included as an option,
although the difference in revenues is fairly small (from an
undiscounted gain of 0.38% without forestry to 0.27%
with forestry). It is worth noting that a different allowances
allocation scheme would have changed the distributional
results, though it would not have any impact on the carbon
prices as they are determined by the world marginal
abatement costs.

3.3. Implications for energy abatement and technological
change

An issue that has played a political relevance in the
decision to keep forestry outside the Kyoto Protocol is
the danger that the emissions constraint on the energy
system might be relaxed too much: the deployment of
clean technologies that can reduce emissions permanently
might be delayed, and accordingly the investments in
innovation that are needed to make new technologies
competitive. Given the low turnover of energy capital
stock, as well as the lengthy process before commercializa-
tion of advanced technologies, this is a justified reason of
concern. The energy sector description and the endogenous
technological change feature of the WITCH model allow
us to check for the variations in energy abatement due to
forestry.

In Fig. 5 we show the evolution of the world primary
energy intensity, an aggregate indicator that summarizes
the energy efficiency of the economy. Results are presented
for the BaU scenario, and the 550 ppmv policy with and
without forestry. As expected, the climate target induces
more reductions in energy intensity with respect to the BaU
scenario. However, this reduction is more moderate when
we include the forestry abatement option: the energy
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intensity remains close to the BaU in the first 2-3 decades
of this century, when avoided deforestation is significantly
contributing to abatement, and then approaches the no-
forestry path, as the emissions cuts in the energy sector
become more predominant. We thus provide evidence of a
delay in energy abatement, though limited to the very first
part of the century. For example, the initial deployment of
coal power plants with carbon capture and storage is
postponed from 2015 (without forestry) to 2030 (with
forestry). Similarly, the share of nuclear power is lower
with forestry. Such a setback of low-carbon technologies
can be seen either as harmful for the global warming
cause or optimistically as a bridge solution in the wait to
develop more consolidated, yet currently uneconomical,
technologies.

We can try to answer this question by looking at what
happens to the policy-induced technological change in the
model. As mentioned in Section 2.2, WITCH features
endogenous technological change via both LbD and energy
R&D. In Fig. 6 we show the forestry inclusion implications
for LbD: we plot the percentage variations in the
investment costs of wind and solar power plants with
respect to the BaU case, either with or without forestry.
Forest sinks hamper the capacity of the 550 ppmv policy to
induce technological change, as testified by the lower
decrease in renewable costs due to the lower capacity
deployment. Also, energy R&D investments are decreased
by forestry, by roughly 10% (not shown). Although these
are not vast variations in absolute figures, technological
innovation could play a crucial role in hedging against
possible future revisions of the climate targets, for example
in case more pessimistic evidence about global warming
emerges. Inevitably, in meeting given emission caps
forestry crowds out other abatement; accompanying
technological policies might be desirable to ensure a
contemporaneous emergence of innovative technologies.

4. Conclusions

This paper evaluates the potential of forest sequestration
within the context of stabilizing future concentrations of
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atmospheric carbon at 550 ppmv CO,, and it assesses the
feedback of forest sequestration on “‘traditional” energy
abatement options. Although numerous studies have
estimated the mitigation contribution of forest sinks,
understanding how forest sequestration integrates with
other climate change options has received little attention.
Contemporaneous determination of carbon prices and
sequestration in forests, and on the general equilibrium
consequences, is thus a largely unexplored area of research.
The current paper is a significant contribution as it
provides insights of the effects of including forest manage-
ment on the optimal carbon market responses, the
energy technology evolution, and induced technological
change.

Results show that forestry is an important abatement
option, and that its inclusion into an international policy
agreement can have a profound effect on the global costs of
a climate policy, allowing a free saving of 50 ppmv in 2100,
corresponding to %OC. In particular, we find that the total
costs of the forestry program are $1.1 trillion (USD) and
the benefits, in terms of additional gross world product
relative to meeting the same carbon constraint without
forestry, are $3.0 trillion (USD). Forest sequestration
actions in the first half of the century, mainly from
avoiding deforestation, could contribute one-third of total
abatement effort, and could provide additional benefits
throughout the entire century. Forest sinks have the
potential to reduce the price of traded carbon permits,
and the overall cost of the policy in terms of income losses,
by half. However, in meeting the emissions reductions
target, forestry crowds out some of the abatement in the
energy sector for the first 2-3 decades. For example,
deployment a potentially relevant energy abatement
technology such as carbon capture and storage is delayed
by 15 years. Policy-induced technological change in clean
technologies such as renewables power generation is also
reduced. Policy makers should consider developing tar-
geted policies to help achieve the technological advance-
ment to hedge against unknown risks, but they can make
substantial headway towards achieving climate stabiliza-
tion now with forest carbon sequestration.

These results provide a first step towards fuller
consideration of land-based carbon sequestration in energy
models. Future work should consider several improve-
ments over this analysis. First, for example, future analysis
should more carefully consider competition with agricul-
ture and other land uses. Sequestration or abatement in the
agricultural sector could provide important competing
options for meeting stabilization targets, and thus are
important to consider as well. Second, the endogenous
effects of an increase in global temperature on the capacity
of forests to sequester carbon can provide a more complete
assessment of the problem. Third, biomass energy provides
an additional competing land use that could have implica-
tions for these results.
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Appendix. The WITCH model

This section contains an overview of the WITCH moé&er a complete description the reader is
referred to Bosetti, Massetti and Tavdi@006), and subsequent papers, that can be freely
downloaded from the model websitevw.feem-web.it/witch

Overview

WITCH is a regional integrated assessment modédjded to identify the best responses of world
economies to climate damages and to model the elmohtransmission of climate policy into the
economic system. The model has been used extendimelthe analysis of the economics of
climate change policies.

Several features distinguish the model. First, WHTS based on a top-down framework that
guarantees a coherent, forward-looking, fully itgemporal allocation of investments in physical
capital and in R&D. Second, the model accountsrfost actions that have an impact on the level
of GHG mitigation — e.g. R&D expenditures, invesimim carbon-free technologies, purchases of
emissions permits or expenditure for carbon taxemé can thus be used to evaluate optimal
economic and technological responses to differealicyp measures. Third, the regional

specification of the model and the presence ofegra interaction among regions — as for example
through learning spillovers in wind & solar techogies, R&D spillovers or climate damages —
allows us to account for the incentives to freerid the choice of optimal investments. This
allows to inform policy makers on the optimal pgliportfolio that is needed to overcome the
various market failures (e.g. both environmentall amnovation ones). Finally, technological

change is modeled both via innovation and diffusiprocesses, so that policy induced
technological advancements are evaluated.

A key feature of WITCH is that it explicitly modelbe interdependency of all countries’ climate,
energy and technology policies. The investmenttexjias are thus optimized by taking into
account both economic and environmental extermalitie.g. CQ@ exhaustible resources,
international R&D spillovers, etc). The investmenbfile for each technology is the solution of an
intertemporal game among the 12 regions. More fpalty, these 12 regions behave strategically
with respect to all decision variables by playing @pen-loop game that provides the Nash
equilibrium. The equilibrium is open loop becauseegion optimizes its welfare function by
determining the value of its decision variablegrfrperiod 1 to period T. There is no feedback
from future states of the world. The equilibriumaigixed point and therefore a Nash equilibrium.
From a top-down perspective, this enables us ttyam&oth the geographical dimension (e.g. rich
vs. poor regions) and the time dimension (e.g.gress. future generations) of climate policy.

Model Structure

WITCH is a Ramsey-type neoclassical optimal grotwbrid model defined for 12 macro
regions of the world, as shown in Figure 1. Forheaicthese regions a central planner chooses the
optimal time paths of the control variablesnvestments in different capital stocks, in R&MD, i
energy technologies and consumption of fossil fuet® as to maximize welfare, defined as the
regional present value of log per capita consump@utput is produced by aggregating factors via
nested Constant Elasticity of Substitution (CES)cfions as shown in Figure 2. Elasticity of
substitution values are also reported. In partigeoss output of region at timet is obtained by
combining a Cobb-Douglas bundle of capital accubedldor final good productioK¢c and labour
L with energy serviceES Net output is obtained by accounting for the elienfeedbaclk? on
production, and by subtracting expenditure for ratuesources and carbon capture and
sequestration (CCS) as shown in equation (1):



rep(n)] a0 ()10 (10 + a-a eS|

Q(n,t)
B Zf (Pf (n’t) X f extr (n't)+ Pfim (t) X f ,netimp(nit) ) 1)
TFP represents total factor productivity which evoles®genously over time. Expenditure on fuels
—indexed byf — enter either as extraction cosks, ., , Or as net importsx; ;,,. In particular if a

country is a net oil exporter, this latter varialidenegative and measures revenues from fuels
exports. The cost of transporting and storing thetwred CQ is endogenous and depends on the
guantity captured and injected in each region.

Consumption of the single final go@lis obtained via the economy budget constraint:

Y(nt)=

C(nt)=Y(nt)- Ic(n,t)—zj |R&D,j(n,t)—zj | j(n,t)—sz&M i(nt) 2)

l.e., from outputY we subtract investment in final godd, in energy R&Ds and in each energy
technology- labelled byj — as well as expenditure for Operation and Mainmteaadenoted with
O&M.

The use of fossil fuels generates £®missions, which are computed by applying
stoichiometric coefficients to energy use. The diixaief carbon captured with carbon-capture and
sequestration (CCS) technologies is subtracted titencarbon balance. Emissions are fed into a
stylized three-box climate module (the dynamicstlof module is described in Nordhaus and
Boyer, 2000) which yields the magnitude of tempa®increases relative to pre-industrial levels.
The increase in temperature creates a wedge betggvess and net output of climate change effects
through the region-specific quadratic damage fomct.

Non-cooperative Solution

In WITCH policy decisions adopted in one regiortled world affect what goes on in all the
other regions. This implies that the equilibrium thle model, i.e. the optimal inter-temporal
investment profiles, R&D strategies and direct congtion of natural resources, must be computed
by solving a dynamic game. World regions interaobtigh five channels.

First, at each time period, the prices of oil, cgals and uranium depend on the consumption
in all regions of the world. Thus, investment demis, consumption choices and R&D investment
in any country at any time period indirectly affeait other countries’ choices. Consider, for
example, the impact of a massive reduction of oilstimption in the USA and in Europe alone,
possibly stimulated by policies that promote theldgment of biofuels. The resulting lower oil
prices would modify energy demand in the rest efworld, probably stimulating higher emissions
that would reduce the innovative actions of firgvars. We thus describe rebound effects not only
inside a region but also across regions. Secorahatime period, C&emissions from each region
change the average world temperature and thistaffee shadow value of carbon emissions in all
other regions. Third, investment decisions in egleletricity generation technology in each country
at each time, affect other regions by changingdaulative world installed capacity which in
turns affects investment costs via Learning-by-Qoiihe fourth channel of interaction derives
from the international R&D spillovers that affetietcosts of advanced biofuels. Finally, the fifth
channel is at work if the model is used to analymeeffects of emissions trading. With an active
emission permits market, regions interact via tiannel. Marginal abatement costs are equalized
across regions, with all the obvious consequermeR&D efforts and investment choices.



WITCH incorporates these channels of interactiogharacterize the interdependency of all
countries’ climate, energy and technology polici& model the interactions among world regions
as a non-cooperative Nash game, which is solvedrseely and yields an Open Loop Nash
Equilibrium. The solution algorithm works as follewAt each new iteration, the social planner in
every region takes the behaviour of other playeosiyced by the previous iteration as given and
sets the optimal value of all choice variabless tmewly computed level of variables is stored and
then fed to the next round of optimizations. Thecgss is iterated until each region’s behaviour
converges in the sense that each region’s choidkeidest response to all other regions’ best
responses to its behaviour. Convergence is radis¢(dround fifty iterations) and the uniqueness of
the solution has been tested using alternativéirsgaconditions. The way in which the algorithm is
constructed makes the solution invariant to diffié@derings of the regions.

Energy Sector

Figure 2 provides a diagrammatic description ofdtracture of the energy sector in WITCH
and identifies the main technologies for the praiducof electric and non electric energy.

Energy service€S an input of (1), combines energy with a varialbtl€, that represents
technological advances stemming from investmengriargy R&D for improvements in energy
efficiency. As in Popp (2004), an increase in epeR&D efforts improves the efficiency with
which energyEN, is translated into energy servic&sS (e.g. more efficient car engines, trains,
technical equipment or light bulbs).

ENis an aggregate of electriel, and non-electric energMEL. Contrary to what is specified
in other top-down growth modetssuch as DEMETER (Gerlagh and van der Zwaan, 200d) a
MIND (Edenhoferet al.2005)—in WITCH energy demand is not exclusively defingdetectricity
consumption. We believe this is an important degton as reducing emissions is traditionally more
challenging in the non-electric sector, and itsleeigwould seriously over-estimate the potential
GHG control achievements.

Non-electric energy is obtained by linearly addiogal and traditional biomass and an
oil-gas-biofuels(OGB) aggregate. The use of coal in non-electric enprgguction(COALnel)is
quite small and limited to a few world regions, aadhus assumed to decrease exogenously over
time in the same fashion as traditional biomassadBion). The oil-gas-biofuels aggregate
combines oi(OlLnel), biofuels Biofuel§ and natural gas3ASne) sources. In WITCH, ethanol is
produced from sugar cane, wheat or cdmad Biofue), or from cellulosic rich biomas#&@vanced
Biofue).! The two different qualities of ethanol add up &rlg so that only the cheaper one is used.

As for the use of energy for electricity productiomiclear powerELNUKE) and renewable
sources in the form of wind turbines and photovolfzanels ELW&S are combined with fossil
fuel-based electricityHLFF), the output of thermoelectric plants using cadll,and natural gas
(ELCOAL ELOIL andELGAS. In this way, we are able to distinguish moreiohangeable power
generation technologies, such as the fossil-fuedieels, from the others. Coal-based electricity is
obtained by the linear aggregation of traditionalprized coal technologi€ELPC) and integrated
gasification combined cycle production with CELIGCC). Hydroelectric powerELHYDRQ is
added to the total electric composite; becausdsotanstrained deployment due to limited site
availability, we assume that it evolves exogenaquslyccordance with full resource exploitation.

One might note that by using a CES function we egagte the various forms of energy in a
non-linear way. This kind of aggregation is comnyamsed in economic models, to represent a less
than infinite substitutability among factors: mogiaway from an established energy mix costs

! Cellulosic feedstock comprises agricultural wagteseat straw, corn stover, rice straw and baga$sesst residue
(underutilized wood and logging residues, dead waendess saplings and small trees), energy cress$ growing
trees, shrubs, grasses such hybrid poplars, willams switchgrass). For a description of the cedlicloethanol
production see IEA (2004Db).



more than it would in a least cost minimizationniework. This is also in agreement with
econometric studies on inter-fuel substitution, chkhifind little connection between energy
consumption and own and cross energy prices. C&ESiduin bundling allows for contemporaneous
investments in different technologies which confotonbase-year calibrated factor shares and
chosen elasticity of substitution, in contrastite&r aggregation where exogenous constraints on
single (or a combination of) technologies are ndeereturn a portfolio of several investments.
Finally, one should keep in mind that in economiodeis such as WITCH energy itself is an
intermediate input, an aggregation of factors ofpiction (capital, resources etc).

For each technology (wind and solar, hydroelectric, nuclear, tradiibroal, integrated
gasification combined cycle (IGCC) with CCS, oildagas) at timet and in each regiom,
electricity is obtained by combining three factamsfixed proportions: (i) the installed power
generation capacityK) measured in power capacity units, (ii) operatiand maintenance
equipment Q&M) in final good units and (iii) fuel resource congution (X) expressed in energy
units,where appropriateThe resulting Leontief technology is as follows:

EL; (n,t)=min{ g, (N)K (n,t);7;(n)O&M | (n,t);¢; X e (n,t)} (3)

The parameters governing the production functide tato account the technical features of each
power production technology. Thuys translates power capacity into electricity generaf(i.e.

from TW to TWh) through a plant utilization rateo(lrs per year) which allows us to take into
consideration the fact that some technologies iceably new renewables such as wind and solar
power - are penalized by comparatively lower wiian factors;r differentiates operation and
maintenance costs among technologies, i.e. nupl@aer is more expensive to run and maintain
than a natural gas combined cycle (NGCC); finaflyyjneasures (the reciprocal of) power plant fuel
efficiencies and yields the quantity of fuels nektteproduce a KWh of electriciteLHYDROand
ELW&S are assumed to have efficiency equal to one, ag tlo not consume any fuel: the
production process thus reduces to a two-factontiebproduction function.

It is important to stress the fact that power gatien capacity is not equivalent to cumulated
investment in that specific technology, as différglants have different investment costs in terms
of final output. That is:

_ s I(n,t)
K;(nt+1)=K, (-5 )+ o (4)

whered; is the rate of depreciation a8 is the final good cost of installing power generati
capacity of typg, which is time and region-specific. It is worthtimg that depreciation ratésare

set consistently with the power plants’ lifetime, that again we are able to take into account the
technical specifications of each different eledyiproduction technology.

In WITCH the cost of electricity generation is egdaously determined. WITCH calculates
the cost of electricity generation as the sum @& ¢ost of capital invested in plants and the
expenditures for O&M and fuels. Since the costayital is equal to its marginal product, as capital
is accumulated capital-intensive electricity getieratechnologies, such as nuclear or wind and
solar, become more and more preferable to variabk-intensive ones such as gas. Indeed,
whereas at the beginning of the optimization peregions with high interest ratessuch as the
developing ones- disfavour capital-intensive power generation t@tbgies, in the long run the
model tends to prefer capital-intensive to fueémndive electricity production. Note that this featu
is not shared by energy system models, as theparable to ensure capital market equilibrium
(see Bauer, 2005). Since investment costs, O&Mschsel efficiency for each technology and fuel



prices are region-specific, we obtain a high degreeealism in constructing relative prices of
different ways of producing electricity in the J&yions considered.

Exhaustible Resources

Four non renewable fuels are considered in the medmal, crude oil, natural gas and
uranium - whose cost follows a long-term trend tledliects their exhaustibility. We abstract from
short-term fluctuations and model the time patkhefresourcé price starting from a reduced-form
cost function that allows for non-linearity in thatio of cumulative extraction to available
resources. Initial resource stocks are region specific andae® extraction cost curves. Thus, for
each fuef we have:

¢ () =0, ()b () + 7, (IR, (-2, (1) ) (5)

where ¢ is the regional cost of resourde depending on current extractiap as well as on
cumulative extractionQ; and on a region-specific markugy, (n); Q;is the amount of total

resources at timeand 7, (n) measures the relative importance of the deplegffect. Assuming
competitive markets, the domestic priedn,t) is equal to the marginal cost:

Py (nt) = x (n) + 77 (n) [Qf (nt-12)/Q (”:t)] o)

1 (6)
Qf (I’],t _1) = Qf (n!0)+ ZO Xf,extr(nis)
The second expression represents cumulative egimaand X ..(nt) is the amount of fuef
extracted in regiom at timet. Fuels are traded among regions at an interndtioagket clearing
price P"(t). Each region can thus opt for autarky or tradth@émarket, either as a net buyer or a
net seller of fuels. The net import of fuels .;m(nt) takes on positive values when the region
trades as a net buyer, and negative values wherdés as a net seller.

CO,Emissions

Since WITCH offers the possibility of tracking tremnsumption of fossil fuels, GHGs
emissions that originate from their combustion aerived by applying the corresponding
stoichiometric coefficients to total consumptiorveB though we presently use a climate module
that responds only to GGemissions, a multi-gas climate module can easdlyiricorporated in
WITCH thus allowing the introduction of gas-speciémissions ceiling§For each regiom, CO,
emissions from the combustion of fossil fuels agevied as follows:

CO,(nt)=>" @ o, X (n,t)-CCYNY) (7)

2 To our knowledge, the endogenous determinatiorledtricity prices is a novelty in optimal growthtégrated
assessment models.

% Hansen, Epple and Roberds (1985) use a similar foostion that allows for non-linearity also inettrate of
extraction.

* As in Nordhaus and Boyer (2000) we take into ant@HGs emissions other than €8y including an exogenous
radiative forcing when computing temperature désiet from pre-industrial levels. Thus, when we datel GHG
stabilization policies we consider this additionamponent and accordingly constrain £#nissions to a global target.



where s co, is the stoichiometric coefficient for G@missions of fuet and CCS stands for the

amount of CQ captured and sequestered while producing elagtiitithe coal IGCC power plant.
The stoichiometric coefficient is assumed to beitp@sfor traditional biofuels and negative for
advanced biofuels, in line with IEA (2004b). As edtabove, when analyzing climate policy,
regions and/or countries may be allowed to trade tmissions allowances in a global or regional
carbon market.

Finally, WITCH’s climate module delivers emissidinem land use change that are added to
emissions from combustion of fossil fuels to deieeratmospheric concentrations as in Nordhaus
and Boyer (2000).

Endogenous Technical Change (ETC)

In standard version of WITCH, technical change sdagenous and is driven both by
Learning-by-Doing (LbD) effects and by energy R&bvéstments (LbR). These two sources of
technological improvements act through two différenannels: LbD is specific to the power
generation industry, while R&D affects the oveslstem energy efficiency.

We incorporate the effect of technology diffusiosing experience curves, that reproduce the
observed empirical relation according to whichithestment cost of a given technology decreases
with the accumulation of installed capacity. Speeify, the cumulative installed world capacity is
used as a proxy for the accrual of knowledge tfiat® the investment cost of a given technology:

SC(t+1)=A D K (nt)" =™ 8]

here PR is the progress ratio that defines the speed ahieg, K is thecumulative installed

capacity for regiom at timet. With every doubling of cumulative capacity theéiogaof the new
investment cost to its original value is constard aqual tdPR With several electricity production
technologies, the model is flexible enough to cleatige power production mix and invest in the
more appropriate technology for each given poligasure, thus creating the conditions to foster
the LbD effects associated with the clean but get fgricey electricity production techniques. It
should be noted that we assume complete spillayeexperience across countries, thus modeling
the innovation market failure of non-approprialiltf learning processes.

As for LbR, we model endogenous technical changeutih investments in energy R&D that
increase energy efficiency. Following Popp (20@d¢hnological advances are captured by a stock
of knowledge combined with energy in a constanstaldy of substitution (CES) function, thus
stimulating energy efficiency improvements:

ES(n,t) = [O'H (n)HE(n,t)p +agy (n)EN(n,t)p] Up o

The stock of knowledgeg(n,t) derives from energy R&D investments in each reglmough an

innovation possibility frontier characterized bymiinishing returns to research, a formulation
proposed by Jones (1995) and empirically suppotigd Popp (2002) for energy-efficient
innovations in the US:

HE(nt+1) = algg p(n,t)°HE(N,1)® + HE(N,t)A- drgp) [10]

with Jr.p being the depreciation rate of knowledge. As daetmrns from R&D are found to be

higher than private ones in the case of energy R&B positive externality of knowledge creation
is accounted for by assuming that the return omggnB&D investment is four times higher than
the one on physical capital. At the same time,ageortunity cost of crowding out other forms of



R&D is obtained by subtracting four dollars of @ig investment from the physical capital stock
for each dollar of R&D crowded out by energy R&Pg,,, SO that the net capital stock for final

good production becomes:
Kc(nvt +1) = Kc (nat)(l_éc) +(| C(I’],t) _4‘//R&D I R&D (n,t)) [ 1]_]

where J. is the depreciation rate of the physical capitatls We assume new energy R&D

crowds out 50% of other R&D, as in Popp (2004) sTay of capturing innovation market failures
was also suggested by Nordhaus (2003).

Breakthrough technologies

We introduce backstop technologies in both the tete@nd non electric sectors. Backstop
technology can be better thought of as a compgutesentation of a portfolio of advanced
technologies, that would ease the mitigation burdery from currently commercial options,
though it would become available not before a feagadles and only provided sufficient R&D
investments are undertaken. This representationh@gaadvantage of maintaining simplicity in the
model by limiting the array of future energy teclogies and thus the dimensionality of techno-
economic parameters for which reliable estimatekraaaningful modeling characterization exist.
We therefore model the backstop as “cumulativeingidistorical and current expenditures and
installed capacity for technologies which are aljesesearched but are not yet viable (e.g. fuel
cells, advanced biofuels, advanced nuclear techredn..), without specifying the type of
technology that will enter into the market.

We follow the most recent characterization in therdture, modelling the costs of the backstop
technologies with a two-factor learning curve inieththe price of the technologies declines both
with investments in dedicated R&D and with techggialiffusion (see, e.g., Kouvaritakis, Soria et
al., 2000). This improved formulation is meant teome the main criticism of the single factor
experience curves (Nemet, 2006) by providing a nstmectural -R&D investment led- approach to
the penetration of new technologies, and thus tionately better inform policy makers on the
innovation needs in the energy sector. Modelindoafy term and uncertain phenomena such as
technological evolution calls for caution in theeirpretation of exact quantitative figures, and to
accurate sensitivity analysis. The model parsimalgws for tractable sensitivity studies. One
should nonetheless keep in mind that economic @aptin of climate policies as well as carbon
price signals are influenced by innovative techgme availability only after 2030.

More specifically, we model the investment costainechnologytec as being influenced by a
learning by researching process (main driving fdoedore adoption) and by learning by doing
(main driving force after adoptionR,,, the unit cost of technologtec at timet is a function of

deployment,CC_ , and dedicated R&D stoclR& D, as described in equation 14:

-C -b
I:)tec,T — R& Dtec,T—Z * CCtec,T 12
Poo | R&D cC [12]

tec,0 tec,0

where theR&D stock accumulates with the perpetual rule and CC is thmutative installed
capacity (or consumption) of the technology.

We assume a two-period time interval (i.e. 10 yeveen R&D knowledge investments have an
effect on the price of the backstop technologidgs Ts to account for time lags between research
and commercialization.



The two exponents are the learning by doing indek)(and the learning by researching index
(—c). They define the speed of learning and are dérik@m the learning ratios. The learning ratio
Ir is the rate at which the generating cost declaash time the cumulative capacity doubles, while
Irs is the rate at which the cost declines each tinge kinowledge stock doubles. The relation
betweenb,c,Ir andlIrs can be expressed as follows:

1-Ir=2" and 1-lrs=2"¢ [13]

We set the initial prices of the backstop techn@sgat roughly 10 times the 2002 price of
commercial equivalents. The cumulative deployménhe technology is initiated at 1000 TWh and

1 EJ respectively, an arbitrarily low value (Kypse@007). The backstop technologies are assumed
to be renewable in the sense that the fuel cospoasnt is negligible; they are assumed to operate
at load factors comparable with those of basel@adep generation technologies.

This formulation has received significant attentfoom the empirical and modelling literature in
the most recent past (see, for instance, Criquassdn et al., 2000; Barreto and Kypreos, 2004;
Klassen, Miketa et al., 2005; Kypreos, 2007; Jamag807; Soderholm and Klassen, 2007), but
estimates of parameters controlling the learnirag@sses vary significantly across studies. In this
formulation, we take averages of the values in lifegature, as reported ikrrore. L'origine
riferimento non é stata trovata. Note that the value chosen for LbD parameterwsetahan those
normally estimated in single factor experience esnsince part of the technology advancement is
now led by specific investments. This more congergaapproach reduces the role of black box
autonomous learning, which has been criticizedbfing too optimistic and leading to excessively
low costs of transition towards low carbon econamie

Table 1: Learning ratios for diffusion (LbD) and innovation (LbS) processes

Technology Author Lbd LbS
wind Criqui et al 2000 | 16% 7%
Jamasab 2007 13% 26%
Soderholm and 3.1% 13.2%
Klassens 2007
Klassens et 4l 12.6%
2005
PV Criqui et al 2000| 20% 10%
Solar Thermal | Jamasab 2007 2.2% 5.3%
Nuclear Power | Jamasab 2007 37% 24%
(LWR)
CCGT (1980-89)] Jamasab 2007 0.7% 18%
CCGT (1990-98)] Jamasab 2007 2.2% 2.4%
Backstop EL 10% 13%
Backstop NEL 7% 13%

Backstops substitute linearly nuclear power indleetric sector, and oil in the non-electric onee W
assume that once the backstop technologies becammpetitive thanks to dedicated R&D
investment and pilot deployments, their uptake mat be immediate and complete, but rather there
will be a transition/adjustment period. These pet@n limits are a reflection of inertia in the
system, as presumably the large deployment of bag&svill require investment in infrastructures
and the re-organization of the economic system. dieer limit on penetration is set equivalent to



5% of the total consumption in the previous pebgdechnologies other than the backstop, plus the
electricity produced by the backstop in the elettrisector, and 7% in the non electricity sector.

Spilloversin knowledge and experience

The effect of international spillovers is deemedbéovery important, and its inclusion in integrated
assessment models desirable, since it would altmwafbetter representation of the innovation
market failures and for specific policy exercises.

In addition to spillovers of experience, WITCH indks spillovers in knowledge for energy
efficiency improvements (Bosetti et al, 2007).

The amount of spillovers entering each world regaepends on a pool of freely available
knowledge and on the ability of each country todfgrirom it, i.e. on its absorption capacity and
knowledge accumulates according to the standariiat@zcumulation perpetual rule. Knowledge
acquired from abroad combines with domestic knog#edstock and investments and thus
contributes to the production of new technologigsame.

More specifically, we assume that a technologicahtier is determined by the combined efforts in
energy efficiency R&D of the group of high incomazuatries. By assuming a technological frontier
determined by more than one country, we avoid #s ©f one single world leader, which cannot
absorb any valuable knowledge from its followersial is highly unrealistic when not dealing
with a specific industry. Furthermore, we assuna tmly a fraction of the knowledge pool can be
absorbed by each country. The spillover of inteamat knowledge in regiom at timet is given

by equation 14:

HE(n,t) [14]

Z HE(n,t) ’ [(ZnDHl HE(n,t))— HE(n,t)]

Where the second term represents the technoldgicdier, determined by the combined efforts in
energy efficiency R&D of the group of high incomeuatries, HI ; and the first term represents
regional absorption capacity, a function of theahse of EE R&D capital accumulated in each
region from the technological frontier.

SPILL(n,t) =
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Figures

Figure 1: World Regions in the WITCH Model

Regions:
1) CAJANZ (Canada, Japan, New Zealand)
2) USA

3) LACA (Latin America, Mexico and Caribbean)
4) OLDEURO (Old Europe)

5) NEWEURO (New Europe)

6) MENA (Middle East and North Africa)

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

9) SASIA (South Asia)

10) CHINA (including Taiwan)

11) EASIA (South East Asia)

12) KOSAU (Korea, South Africa, Australia)



Figure 2: Production Nest and the Elasticity of Subtitution values

OUTPUT

ELHYDRO

ELNUKE

Knuke-URANIUM-

O&Mnuke

ELCOAL
| ELPC | | ELIGCC | ’ ELOIL ‘ | ELGAS |
0 0 0 0
[ ] [ ]

1
Kigcc-COALigecel- Kgas-GASel-O&Mgas

0O&Migcc

Legenda:

KL= capital-labour aggregate

K = capital invested in the production of final gbo
L = Labour

ES = Energy services

HE = Energy R&D capital

EN = Energy

EL = Electric energy

NEL = Non-electric energy

OGB = Qil, Gas and Biofuel nest

ELFF = Fossil fuel electricity nest

W&S= Wind and Solar

ELj = Electricity generated with technology j
TradBiom= Traditional Biomass

Kj = Capital for generation of electricity with tecology j
0O&Mj = Operation and Maintenance costs for generatf electricity with technology |

‘FUELj’el = Fuel use for generation of electricityith technology |

‘FUELj'nel = Direct fuel use in the non-electricengy use
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