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Summary

This paper analyses whether and how a climate ypdisigned to stabilize
greenhouse gases in the atmosphere is likely tageh#éhe direction and
pace of technical progress. The analysis is peddrmsing an upgraded
version of WITCH, a dynamic integrated regional mlodf the world
economy. In this version, a non-energy R&D Sectdnich enhances the
productivity of the capital-labor aggregate, hasrbadded to the energy
R&D sector included in the original WITCH model. Wiad that, as a
consequence of climate policy, R&D is re-directenwdrds energy
knowledge. Nonetheless, total R&D investments desge due to a more
than proportional contraction of non-energy R&Ddéed, when non-energy
and energy inputs are weakly substitutable, theaabveontraction of the
economic activity associated with a climate poleguces a decline in total
R&D investments. However, enhanced investmentsgrgy R&D and in
the energy sector are found not to “crowd-out” Btweents in non-energy
R&D.
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1. INTRODUCTION

It is now widely agreed that action is needed toti® climate change. This calls for
challenging cuts of global greenhouse gas (GHG}&ions throughout the whole century. The costs
of the radical transformations needed to achievievacarbon economy are matter of vibrant
discussions and are far from being completely wstded. However, while some key issues have
already been disentangled and are now broadly teepome others still need further investigation.
For example, while the crucial role of technicabgmess in the context of climate change is well

recognized, how would mitigation policies changedirection and pace?

Many other relevant questions remain unanswered. AMow-carbon economy be more likely to
have a higher or a lower rate of technological iratimn? Will total R&D investments increase (e.g.
to train new scientists and build new laboratori@syvill research expenditure be cut to slow down
economic growth? What would the likely impact ofidte policy on the R&D sector be? Will
enhanced investments in energy and climate-reld®&D crowd out other forms of R&D
investments? How will estimates of climate poliaysts change in the presence of a detailed and
articulated specification of endogenous technidenge? (see Carraro, Grubb and Schellnhuber,
2006, for an introduction to this issue). The psepof this paper is to address these questions in
order to improve our understanding of the likeljeefs of a GHG stabilization policy on technical

change and economic growth.

A first prerequisite for studying the dynamics e€tinical change is to model endogenous knowledge
accumulation. We follow here the most commonly uapgroach by climate-economic modelers
(Goulder and Schneider, 1999; Nordhaus, 2002; BuomaCarraro and Galeotti, 2003; Sue Wing,
2003; Popp, 2004; see also Loéschel, 2002): techiwab advancements are assumed to originate

from a knowledge stock accumulated through R&D streents.

A second necessary prerequisite is to model R&@stments in different sectors, or for different
forms of R&D, in order to monitor how the increasR&D spending to reduce carbon emissions
affects other R&D investments. In our analysis, uge two stocks of knowledge: one increases
energy efficiency by augmenting the productivitytbé energy input, while the other enhances the
productivity of non-energy inputs. We thus followcémoglu (2002), who strongly argues that
technical change is fundamentaliiasedand it is therefore important to disentangle thelsenents

that affect the direction of technical change talgaspecific production factors. Such an approach



allows us to monitor how the direction of innovatiohanges as relative prices vary, and how the

overall economic structure changes as a consequércieng-term GHG stabilization policy.

Is there any long-term bias of technical progress$ia climate policy likely to reverse or exacegbat
it? This is one of the questions addressed in flaiper. In particular, by explicitly modeling
endogenous and directed technical change, we eastigate the possibility that additional R&D
investments for reducing carbon emissions comégast in part, at the expense of other forms of
R&D spending, thus partially offsetting the gainmenii the innovative effort induced by climate
policy.

The idea that traditional R&D efforts are crowdad by climate-related R&D investments is often
cited in the modeling literature and originatesrrthe hypothesis that the supply of R&D inputs is
inelastic: an increase in the demand of scienfmtdaboratories) is assumed to increase the rental

costs of these factors, while leaving the ovemalbant of research largely unaffected.

Unfortunately, the majority of models used for dit@ policy analysis has only one R&D stock and
imposes ad hoc assumptions to take into accourdltbative and competitive uses of R&D funds.
For example, Nordhaus (2002) and Popp (2004) eipliconsider the opportunity cost of R&D

when they measure the overall impact of modelindogenous technical change on stabilization
costs. However, R&D expenditure not directly retate de-carbonizing the economy is not explicitly

modeled, but rather included in the economy-widegiment variable.

Even without modeling how non-climate-policy-inddceR&D investments react to a GHG
stabilization policy, Nordhaus believes that netjterthe competition between different forms of
R&D would overestimate the benefit of endogeniziteghnical change and thus assumes an
exogenous “crowding out” effect. In his view, theeaall amount of R&D investment is fixed, both in
the short and in the long run, and thus any ineredscarbon-related R&D completely crowds out
other forms of R&D. As pointed out by GillinghameWell and Pizer (2007), it is mainly because of
this hypothesis that Nordhaus (2002) finds thatkedge accumulation has a limited effect on the

optimal timing of mitigation efforts and on totaitigation costs.

Popp (2004) introduces ENTICE, a modified versidrthe DICE model, where energy efficiency
increases when investing in R&D. Popp rejects thraplete “crowding out” hypothesis of Nordhaus
(2002), but not the idea that different forms of R&ecessarily compete against each other for the
allocation of investment resources. Accordingly,tle base version of the ENTICE model, each
dollar spent on energy R&D crowds out half as muetestment in other forms of R&D. Since only

energy R&D is explicitly modeled, Popp mimics thedwding out” effect by subtracting the eroded



R&D resources from the amount of investments indkierall R&D stock. With this assumption,
Popp finds that when endogenous technical changegkected there is a limited overestimation of
stabilization costs of about 10 percent and thaivding out effects work against additional welfare
gains?

However, in the long-run time horizon usually assdrno study climate policy, the allocation of total
R&D investments across different sectors shouldb®tonstrained, because a strong stabilization
policy may induce higher expenditure in R&D to dehonize the economy, while maintaining the
same level of investment in other forms of R&D.tA¢ same time, it is not possible to rule out that
forces other than the pure “crowding out” effectdl wurn a de-carbonized economy into a less
technologically advanced economy. Goulder (2004)extly points out that the increase of R&D in
carbon-free energy and high efficiency equipmerghnbe associated to lower investment in other
sectors, with adverse effects on aggregate knowleaigl productivity. For the fossil fuels extraction
industry, it is reasonable to expect this contaactd be induced by both price and income effeiits,
stabilization costs reduce demand for goods inrdtnewledge- intensive industries. It is thus the
“net” equilibrium R&D effect that determines thetaa role of climate policy-induced technical

change.

Goulder and Schneider (1999), Sue Wing (2003) aeda@h (2008) consider the effect of climate
policy on total R&D investments rather than simplydying the re-allocation of R&D across sectors.
They all find that induced technical change makes économy more flexible to adjust to climate
policy. Nevertheless, while Gerlagh (2008) findsatthaggregate R&D investments increase
substantially, Goulder and Schneider (1999) and\8ing (2003) find that they tend to decrease.

Goulder and Schneider (1999) first noted that d@amaolicy affects the equilibrium amount of R&D
and the rate of knowledge accumulation not onlyhim energy sector, but in all the other sectors
where knowledge is used. With a dynamic generallibgum model where knowledge is sector-
specific and input- neutral — and where abatemeilitips affect the R&D investments of private
firms and thus change the incentive to knowledgrimtilation as well as input requirements across
different sectors — they find that policy- indudedhnical change generally increases the equifitoriu
abatement effort. Nevertheless, gross abatemett, doserms of GDP losses, increase with respect
to a baseline in which induced technical changetsmodeled. This result is explained by a positive

and increasing opportunity cost of R&D: a carbor pmlicy determines a re-allocation of R&D

! Popp (2004) also deals with market failures inRI&D sector, an issue that we do not discuss here.
2 Imperfections in the market of knowledge may aksduce the potential gains of modeling induced izt
change.



across sectors, and a fall in the aggregate |éWe&® due to a slower growth of output, especiatly

the conventional energy fuel sector.

Building on the work of Goulder and Schneider (19%ue Wing (2003) develops a multi-sector
general equilibrium model to study how knowledg®gimally reallocated in response to a carbon
tax. However, choices are limited in his model bseatotal R&D investment is assumed to be a
fixed proportion of savings and the propensity tmsume of the economy is given as in a Solow
model. With this framework, Sue Wing finds thatahmon tax induces an inter-sectoral and intra-
sectoral re-allocation of knowledge services amtlices the rate of knowledge accumulation, thus

causing a decline of output.

Gerlagh (2008) develops an endogenous growth mwadele the level of output of the final good is a
nested function of a generic intermediate good @ndarbon-energy. The model allows for three
different stocks of knowledge: one affecting thedurctivity of carbon-energy in the outer nest, one
increasing the productivity of a capital-labor carsjpe for the production of the intermediate good,
and another increasing the productivity of a caétaor composite for the production of carbon
energy input. With this model structure, Gerlaghd§ that induced technical change substantially
increases the elasticity of emissions to a carb@mahd decreases the costs of emission reductions,
especially when all knowledge stocks are free wpoed to the policy stimulus. This result is
explained by a reallocation of knowledge accumaiativithin the energy nest: energy- saving

knowledge increases and energy- augmenting knowlddgreases.

This brief summary of the literature can help taerstand the original features of our paper. We
study the effects of climate policy on both theediion and the aggregate level of knowledge
accumulation as in Goulder and Schneider (1999, \Bling (2003), and Gerlagh (2008), but we
adopt a different set-up. First, we use WITCH, anBey-type neoclassical optimal growth model in
which investment decisions in a variety of energyg aon-energy technologies are fully endogenous
and 12 regions interact in a strategic setting &dull description of the WITCH model see Bosetti,
Carraro et al, 2006; Bosetti, Massetti and Tav2a7). We introduce in WITCH a new module to
endogenize directed technical change in order gblight in a simple but coherent framework the
dynamics of R&D investments induced by climate @pliR&D expenditures, and therefore
knowledge accumulation, are factor- specific aneh d&s directed towards increasing energy
efficiency or towards rising productivity of nonangy inputs, namely capital and labor. By explcitl
modeling two R&D capital stocks, we avoid exogenaasumptions on energy R&D crowding out,

and we can then study how mitigation policies clatige direction and the magnitude of technical



change. Also, our detailed description of the epeertor allows us to study how the re-allocatibén o
investments towards low-emitting, or carbon-frekecgicity generation technologies might affect

investments in other sectors.

Our findings are different from those in Gouldeddchneider (1999) and Sue Wing (2003). While
these authors find that a carbon tax moves knowlettgumulation away from carbon- intensive
sectors, and towards low-emitting sectors, we fingt a mitigation policy not only re-allocates
investments towards low-emitting or carbon-freehteogies, but it also changes the direction of
technical change. While under a Business as Ud@lU) scenario technical change is directed
towards capital and labor, the introduction of ianeke policy readdresses technical change towards
the energy sector. In addition, enhanced investsngnenergy R&D and in the energy sector are

found not to “crowd-out” investments in non-eneR¥D.

We also find that endogenizing technical changematter the sector in which it is introduced, has
important consequences on GHG stabilization c¥ts.thus depart from Gerlagh (2008), in which
endogenous technical change was found to affectdbke of climate policy only if modeled in the

energy sector. More specifically, we find that dmg the effect of induced technical change in the

non-energy sector underestimates the cost of timaid policy.

The rest of the paper is organized as follows: i8e@ describes the model and in particular how
technical change has been endogenized. Sectiorplaiex the calibration procedure and, to this
purpose, also reviews the main studies that esintfe elasticity of substitution between capital,
labor and energy. Section 4 describes the bastaré=aof our BaU scenario and introduces some
historical evidence on R&D patterns. Section 5ddtrces and discusses the stabilization policy
scenario. Some sensitivity analysis has been daotg and is presented in Section 6. A concluding

session summarizes our main findings.

2. DIRECTED TECHNICAL CHANGE IN THE WITCH MODEL
2.1.Short Model Description

WITCH - World Induced Technical Change Hybrid -dsregional integrated assessment
model designed to provide information on the optimesponses of world economies to climate
damages and related policy measures. WITCH is d@dyfodel because it combines features of both
top-down and bottom-up modeling: the top-down congmt consists of an inter-temporal optimal

growth model in which the energy input of the agaite production function has been expanded to



yield a bottom-up like description of the energgtee World countries are grouped in 12 regions
whose strategic interactions are modeled usingnaegteoretic approach. A climate module and a
damage function provide the feedback on the econofyarbon dioxide emissions into the

atmosphere.

WITCH's top-down framework guarantees a coherauity fintertemporal allocation of investments
that have an impact on the level of mitigation —R&ffort, investment in energy technologies, fossil
fuel expenditures. The regional specification & thodel and the presence of strategic interactions
among regions — through GHG emissions, exhaustibtaral resources, technological spillovers —
allows us to account for the incentives to fre@rithvestment strategies are indeed determined by
taking into account both economic and environmeaxé¢rnalities. In WITCH, the energy sector is
described with a sufficient degree of detail anceasonable characterization of future energy and
technological scenarios. By endogenously modeligj foil, coal, natural gas, uranium) prices, and
the cost of storing the captured £@e model can be used to evaluate the main imdichitigation
policies on the energy system, in all its composelmt the following section and in Appendix A, we
selectively present some features and equatioriseofnodel that are functional to our analysis of
technological change. For a thorough descriptiothefmodel see Bosetti, Carraro et al. (2006) and

for calibration details and a discussion of theehiae see Bosetti, Massetti and Tavoni (2007).

2.2. Directed Technical Change in the WITCH model

In previous versions of the WITCH model, only energlated technological progress was
endogenous. In this paper, we describe and usera gemeral version of the model in which two
types of R&D — Non-Energy and Energy R&D — areddticed to study the direction of technical
change and to better describe long-term produgtdyhamics.

In the model, gross outpuGY(n,t), in countryn at timet is produced by combining energy

services,ES(n,t), and capital-labor servic&d.S(n,t) in a CES nest:

1/
GY(nt)= TFP(n,t)[ a, () KLS™ + (L ar, (n) CES(,t)™ ] a 1)
Net output,Y (n,t), is obtained after accounting for the effects lohate change on production and

for the expenditure for fuels and carbon captuit sequestration, as shown in detail in Appendix A.

Energy services and capital-labor services areimdddaby aggregating raw inputs to knowledge,

* Wherep = (a —1)/ o and gis the elasticity of substitution.
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which raises their productivity. We use, as a prokinowledge, the cumulated stocks of R&D in the
Non-Energy and Energy sector$JKL (n,t)andHE (n,t), respectively. As in Popp (2004), the

aggregation between raw inputs and knowledge isnasg to follow a standard CES function:

] Ypgs

ES(n,t)= [ aes(N)HE(N,1)”ES + (1- ags(n))EN(n, t) ES 2)

KLgnt)= [ O s(N)HKL(, 1)KL + (1~ aKLS(n))KL(n,t)pKLS] s (g)

Calibration details are discussed in Section 3. diergy inputEN (n,t) is produced in the Energy

sector of the economy and is described in detaBdsetti, Massetti and Tavoni (2007). It basically
consists of a series of nested CES functions tkatribe energy supply and demand at different
levels of aggregation. Capital and labor are aggestjin a CES nest to produce the capital-labor raw

inputKL as follows:
KL(n-t) = [aKL (n)KC (n, )~ + (1— O (I’l))L(n,t)pKL]l/'oKL (4)

This is supported to some degree by the empiritatature that finds a higher elasticity of
substitution between capital and labor than betwsagn of the two inputs and energy (see van der
Werf, 2007; Kemfert, 1998; Chang, 1994). As in [jwesg versions of WITCH, the hybrid nature of
the model allows us to portray endogenous techimdbghange also from a bottom-up perspective,
by letting Learning-by-Doing reduce the cost of poweneration plants (see Appendix A for a more

detailed presentation of the main equations ofMi€CH model).

2.3. The R&D Sectors

Knowledge is produced standing on the shouldemefnation's giants: investment in R&D
is combined with the stock of ideas already discesdeand produces new knowledge which will be
the base for new discoveries in the following yednsthe seminal paper by Romer (1990), the
research sector productivity increases proportignaith the stock of knowledge cumulated in the
past, giving rise to endogenous growth. Strongrtateporal spillovers for the economy as a whole
are questioned by, among others, Jones (1995)jratite specific narrower scope of our analysis, by
Popp (2002), who finds that the energy R&D sectdrildts diminishing returns. Therefore, the

production of new ideas (n,t), in the Energy and Non-Energy sectors is modedeiolows:

11



Ze(nt) = alye(nt)"HE(,Y)®, 6)

Zu (1) = F1 4 () THKL(N,H)". (7)

where b+c<1 and g+h<1. We assume that obsolescence makes a fractiaf past ideas not

fruitful for the purpose of current innovation attly. As a consequence, the stocks of knowledge

evolve according to the following law of motion:
HE(n,t+1) = HE(N,t)(1-3) +Z, (n,t) (8)

HKL(n,t +1) = HKL(n,t)(1-3)+Z (n,t) 9)

The decision variables of the model are investminghysical capital (for all different technologie
in the energy sector and for the domestic capitalk3, the two types of R&D investments and fuel
expenditures for non-electric energy. As a consecgiehe decision to invest in Energy R&D and
Non-Energy R&D, and therefore total R&D, is endoges and determined in each country/region by
solving a dynamic open-loop game. Therefore, crogdiut effects are also endogenous. We will
indeed be able to compute the reaction of bothstyfeR&D investments to the introduction of

climate policy and to compute the resulting crovgaaut effect.

3. CALIBRATION

With respect to the standard version of the model,use here an elasticity of substitution
lower than unity for the final nest, in whi¢t. SandESare aggregated to produce final output. There
is still substantial uncertainty on the best nestatructure and the most appropriate elasticity of
substitution to describe the relationship betweapital, labor and energy demand. However, there
seems to be evidence in favor of a capital-labet tieat is subsequently aggregated to energy, with
an elasticity of substitution lower than one. Letprovide an overview of the empirical evidence to

shed some light on these issues.

As to the nesting structure, both van der Werf {308nd Kemfert and Welsch (2000) estimate
alternative nesting structure to select the mopt@piate onevan der Werf (2007) estimates a two
level CES production function for three combinasiaf capital (K), labor (L) and energy (E), for 12
OECD countries and 7 industries. He finds thatdtracture in which capital and labor are nested
together and then combined to energy fits the Hatter than the nesting structure in which capital

12



and energy are nested together and then combinledhdo. Nevertheless, van der Werf (2007) finds
that the null-hypothesis of a non-nested structimenot be rejected. Kemfert and Welsch (2000)
estimate a two-level CES function for Germany aetl mixed results: at national level the KE-L
structure fits data best, while at industry lewad &or 5 industries out of 7 the KL-E structures fitata
best.

Several studies focus on the estimation of thetieltiss of substitution between energy, capitad an
labor at industry level (Prywes, 1986; Manne andhBis, 1992; Chang, 1994; Kemfert, 1998;
Kemfert and Welsch, 2000, Okagawa and Ban 2008)ptr at national and industry level (van der
Werf, 2007). These studies use the definition afll“Elasticity” derived by Morishima, with the
exception of Prywes (1986), Chang (1994) and vanVderf (2007) that estimate the Allen partial
elasticities. The two measures differ and, as esiphd by Markandya and Pedroso-Galinato (2007),

the former is generally lower than the latter. Tiféerent estimates are shown in Table 1.

Table 1. Elasticities of Substitution in the Empircal Literature (Adapted from Markandya
and Pedroso Galinato, 2007)

KIL LE
0.88 Prywes (1986) 0.88" Prywes (1986)
0.82" Kemfert (1998) 0.35" Chang (1994)
0.793" Kemfert and Welsch (2000) 042" Kemfert (1998)
0.22410 0.616" van der Werf (2007) 0.167" Kemfert and Welsch (2000)
0.07t00.33 Okagawa and Ban (2008) 0517 t0 0.863" van der Werf (2007)
KIE KLE
0.87 Chang (1994) 0.4 Manne and Richels (1992)
0.65" Kemfert (1998) 042" Chang (1994)
0.871" Kemfert and Welsch (2000) 0.5 Kemfert (1998)
0.804 to 1.000" van der Werf (2007) 0.698 Kemfert and Welsch (2000)
0.04 to 0.45 Okagawa and Ban (2008) 014710 0.622" van der Werf (2007)
0.00t0 0.64 Okagawa and Ban (2008)
KE/L
0.681 0 1.169" van der Werf (2007)
0.00t0 0.94 Okagawa and Ban (2008)

Aand M superscripts denote Allen and Morishima elasticities of substitutions, respectively.
As for technological change, van der Werf (200 Qvehthat the rates of factor-specific technological

change differ significantly across factors, thupmarting our choice to introduce directed technical
change in WITCH.
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In the version of WITCH proposed in this paper, tasticity between energy and capital-labor
services,o, , is set equal to 0.5. This choice is in line witiodels that aggregate capital, labor and
energy analogously (see Table 1 and Manne et @90;1Whalley and Wigle, 1990). We adopt an

elasticity of substitution between labor and cdpita, , equal to 0.8 for all regions but China and
South Asia, for which we allow for a greater eleisfi of substitution ¢,, equal to 0.85). In previous

versions of the WITCH model, a unit elasticity Haekn assumed. The value chosen here fits better

with the empirical estimates found in the literat(see Table 1).

We calibrate energy R&D as in Popp (2004). Pararsaiethe CES function between energy and
knowledge and of the innovation possibility frontége chosen to be consistent with historical evel
to reproduce the elasticity of Energy R&D to enepgiges and to achieve a return four times the one
of physical capital, thus taking into account thesifive externality of knowledge creation. The

elasticity of substitution between energy and epé&rpwledge,o.,, is accordingly set equal to 1.67
and the same is assumed for the elasticity betwagpital-labor and non-energy knowledge,, ..

R&D investments in the non-energy sector are atsurmed to yield a return four times higher than
the interest rate. The initial stock of Non-Enekypwledge is calibrated to obtain R&D investments
in the initial time period which are about 2% of BDa figure very close to the historical one (see
Figure 1).

The calibration of the Non-Energy R&D innovation sgibility frontier and the elasticity of
substitution between the Non-Energy knowledge stoukthe capital-labor aggregate is based on the
model performance in terms of output elasticityR&D investments (as detailed in Table 2), for

which a sufficient empirical evidence is available.

Table 2. Elasticity of Output with respect to Non-Eergy R&D

2002 2022 2042 2062 2082 2102
USA 0.09 0.09 0.09 0.10 0.10 0.10
OLDEURO 0.07 0.07 0.07 0.07 0.07 0.08
NEWEURO 0.03 0.03 0.04 0.04 0.05 0.05
KOSAU 0.07 0.07 0.07 0.08 0.08 0.09
CAJAZ 0.09 0.09 0.09 0.10 0.10 0.10
TE 0.04 0.04 0.05 0.05 0.06 0.06
MENA 0.03 0.03 0.03 0.04 0.04 0.04
SSA 0.00 0.00 0.00 0.00 0.00 0.00
SASIA 0.03 0.03 0.04 0.04 0.04 0.05
CHINA 0.04 0.04 0.05 0.05 0.06 0.06
EASIA 0.02 0.02 0.02 0.02 0.03 0.03
LACA 0.02 0.03 0.03 0.03 0.03 0.03
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Cross-section econometric studies that use firmnadustry- level data to estimate the elasticity of
specific industries’ output with respect to privik&D, find a range of values between 0.05 and 0.60,
with a central tendency around 0.10 and 0.20. Edémfrom studies that use economy-wide data to
measure GDP elasticity with respect to private R&B not many and find elasticities from 0 to 0.60,
with a central tendency around 0.10. Coe and Hetp(h895) find a value of 0.23 for G7 countries
and a value of 0.08 for non-G7 OECD countries. taoberg (1992) finds the elasticity to be equal to
0.07 when poorer economies are included in the Eani@able 2 displays the elasticity of gross
output with respect to R&D in the Non-Energy sedtmrall WITCH countries/regions, at different
time intervals. Base-year values are generally istere with the central tendencies of the empirical
literature briefly summarized abo¥eMost interestingly, we are able to replicate tliecence of
elasticities between high- and low- income cousfrigions and the model endogenously displays a
(mild) degree of convergence of elasticities actisg, in line with output per capita convergence

rates.

4. BASELINE SCENARIO

From the baseline scenario — which correspondedmbn-cooperative Nash equilibrium of
the WITCH model under the assumption of no mitigatipolicy — we obtain the equilibrium
investment trajectories, together with the equiilibr R&D investments, GWP and consumption path.
Table 3 summarizes baseline trends of major vasabhd indicators of interest. GWP increases over
the whole century, starting from 34 trillions in@)to 246 ftrillions in 2102. Population grows at a
declining rate and eventually stabilizes at abaé6t l8llions at the end of the century. Income per
capita expands five-fold. Interestingly, while taeergy intensity of the world economy decreases,
coherently with historical observations, the carlmtensity of energy slightly increases, showing a
preference for cheap coal based electricity geimgrah the BaU. The gains in energy efficiency
explain the reduction of emissions per unit of attpvhich is another desirable property of our BaU;
however, the strong expansion of output offsetsetfltiency gains and overall carbon emissions

increase throughout the century, leading to a dogldf CQ, concentrations in the atmosphere.

While investments in final good capital and in #mergy sector decline as a share of GWP, the model
yields a rather constant path of R&D expenditureshare of GWP. As a result, the fraction of

investment devoted to knowledge creation is indngas’he model yields a slightly declining path of

* See the review in Congressional Budget Office 5200
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Energy R&D as share of GWP, a first increasing #veh declining path of Non-Energy R&D as

share of GWP, and a declining rate of Energy to-Horrgy R&D investments.

Table 3. Baseline Trend of Major Variables
2002 2022 2042 2062 2082 2102

GWP (Trillions, 1995 USD) 34 64 106 153 200 246

World Population (billions) 6.2 7.6 8.5 9.0 9.3 9.5

GWP Growth Rate (20 years average) 3.2% 2.5% 1.8% 1.4% 1.1%

Population Growth Rate (20 years average) 1.0% 0.6% 0.3% 0.2% 0.1%

Carbon Intensity of Energy (Ton C/ Toe) 0.691 0.710 0.728 0.737 0.733 0.716
Energy Intensity (Toe / USD) 0.287 0.239 0.198 0.164 0.139 0.121
Carbon Intensity of Output (Ton C / USD) 0.198 0.170 0.144 0.121 0.102 0.087
CO, concentrations in the atmosphere (ppm) 369 421 511 593 673 749

Investment in final good capital (Trillions, 1995 USD) 7.6 13.0 19.6 26.5 333 39.9
Investment in R&D (Trillions, 1995 USD) 0.84 1.70 2.89 4.26 551 6.14

Investment in Energy Sector (Trillions, 1995 USD) 0.36 0.59 0.78 0.95 111 1.27

Investment in Final Good Capital (% GWP) 22.29% 20.25%  18.50% 17.36%  16.68%  16.19%
Investment in Energy Sector (% GWP) 1.07% 0.91% 0.74% 0.62% 0.55% 0.52%
R&D expenditure (% GWP) 2476%  2.656% 2.730%  2.790%  2.761%  2.492%
Non-Energy R&D (% GWP) 2.454%  2.636% 2.711%  2.772% @ 2.742%  2.475%
Energy R&D (% GWP) 0.022%  0.019%  0.019% 0.019% 0.019%  0.017%
Energy R&D (% Total investment in R&D) 0.884% 0.734% 0.684% 0.671% 0.670%  0.679%

Non-Energy R&D knowledge stock per worker (index)  1.00 0.89 1.03 1.37 1.83 2.35
Energy R&D knowledge stock per worker (index) 1.00 1.00 1.16 141 1.70 1.97

Table 4 and 5 show output-growth accounting foe¢hrepresentative countries/regions: the high
income USA, the fast growing CHINA and the leastatted Sub-Saharan Africa (SSA). Table 4
shows how raw inputs, labor, capital and Non-EngRfD contribute to the growth rate of the
“capital-labor services” aggregate (KLS). Table Spthys the same exercise for the aggregate
“energy services” (ES). In italics, for each coyfrggion, we report the growth rate of KLS and EN;
immediately below the average yearly contributidreach input to the growth rate of the sectoral

output is computed. Averages are calculated oventyvyear time periods.
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Table 4. Contribution of Raw Inputs to the Growth Rate of Capital-Labor Services (Average
Annual Growth Rates)

2002-2021 2022-2041 2042-2061 2062-2081 2082-2102

USA

capital-labor services 1.14% 0.68% 0.42% 0.29% 0.22%
labor 0.39% 0.20% 0.06% 0.01% 0.00%
capital for final good production 0.73% 0.39% 0.26% 0.18% 0.13%
non-energy R&D knowledge stock 0.02% 0.09% 0.11% 0.11% 0.08%
CHINA

capital-labor services 2.20% 1.47% 0.73% 0.43% 0.29%
labor 0.40% 0.08% -0.08% -0.09% -0.04%
capital for final good production 1.68% 1.18% 0.60% 0.34% 0.21%
non-energy R&D knowledge stock 0.12% 0.21% 0.21% 0.17% 0.13%

Sub Saharan Africa (SSA)

capital-labor services 3.51% 2.47% 1.67% 1.17% 0.90%
labor 1.42% 1.01% 0.64% 0.40% 0.28%
capital for final good production 2.07% 1.44% 1.01% 0.76% 0.60%
non-energy R&D knowledge stock 0.02% 0.02% 0.01% 0.01% 0.01%

Table 5. Contribution of Raw Inputs to the Growth Rate of Energy Services (Average Annual
Growth Rates)

2002-2021 2022-2041 2042-2061 2062-2081 2082-2102

USA

energy services 1.50% 0.63% 0.22% 0.10% 0.06%
energy 1.51% 0.62% 0.21% 0.08% 0.04%
energy R&D knowledge stock 0.00% 0.01% 0.01% 0.01% 0.01%
CHINA

energy services 3.88% 2.30% 1.00% 0.47% 0.24%
energy 3.83% 2.27% 0.98% 0.45% 0.22%
energy R&D knowledge stock 0.05% 0.03% 0.02% 0.02% 0.01%

Sub Saharan Africa (SSA)

energy services 4.10% 2.62% 1.81% 1.45% 1.29%
energy 4.07% 2.60% 1.80% 1.44% 1.29%
energy R&D knowledge stock 0.04% 0.02% 0.01% 0.01% 0.01%

As displayed in the table, in both USA and CHINAwgth becomes more and more (Non-Energy)
R&D driven? Population growth and capital investments remagteiad a major source of growth of

the capital-labor services aggregate in Sub-Sahafdaca, while R&D plays only a minor role in

® A negative value, in this and in the following logus tables, means that the input has a decgptisie-
trend. In table 4.2, the population of China isuassd to stabilize at about mid-century and theslightly
decline.
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explaining growth throughout the century in thisdeadvanced economy. Table 5 shows that, in the
BaU, Energy R&D knowledge plays only a minor rateeixplaining growth of energy services in all
three countries/regions. Increasing energy-demanthainly satisfied by increases in the energy
input.

WITCH's equilibrium R&D investment trajectories dreline with historical trends of both aggregate
R&D and Energy R&D expenditures, as shown in Figurend Figure 2. Figure 1 shows both the
historical levels of total R&D over GDP for the OBQountries and the equilibrium values of the
same ratio as determined in the baseline scendiiorical data show a slightly increasing trend
over the past 25 years, starting from 1.9% in 188d reaching 2.25% in 2005. The same trend is
predicted in the baseline scenario, with total R&er GDP increasing from 2.55% in 2007 to

almost 2.8% after 70 years, and then decreasi@cth at the end of the century.

Figure 1. R&D as Percentage of GDP
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Figure 2 shows the historical values of energy R&@r total R&D for OECD countries. The trend is
decreasing, starting from 1.7% in 1992 and droppind.1% in 2005. A decreasing trend is also
derived under our baseline scenario as shown irsdinee figure 2. Energy R&D as percentage of
total R&D slowly decreases across the century fatout 0.9% to 0.7% in 2102. Technical change is
therefore mainly capital-labor augmenting and tread is even reinforced across the century because

wages, endogenously determined, increase fastewetialibrium fuel prices.
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Figure 2. Energy R&D as Percentage of Total R&D
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Most interestingly, capital-labor augmenting tedahichange is energy-biased in our model. This
means that R&D investments are mainly directed tdwahe capital-labor aggregate, but they
increase the productivity of the energy input ietato the productivity of the capital-labor aggaés

This emerges clearly from the analysis of equatid}), in which we derive the ratio of the marginal

products of energy (EN) and capital-labor (KL):

MR, (1=t ()1 aeo) eclHER 55 + - )ENmy s
MR

A, et
ses EN(NE)ES (10)

Ay
ALs KL(n,t)7s

ay (n)(l_ a KLS(n)) a KLS(n)H KI(n,t) ks + (1_ a KLS(n))KL(n: f)kLs

As discussed above, the elasticity of substituietweenKLS andESis lower than the elasticity of
substitution between KL and HKL in the model, i.p, <p,. For this reason capital-labor

augmenting technical change increases the relatieginal product oEN. Thus, KL-augmenting
technical change ignergybiased. In other word¥L-augmenting technical change p®llution
biased and knowledge advancemeyds seare not necessarily good for the environment. Tédsilt
derives from the assumption of complementarity petwtheKLS nest ancESintermediate inputs in
the final output nest and the high elasticity of tNon-energy knowledge stock with respect to
capital-labor input: any increase in the produtfiaf KL increases the demand BN more than the
demand foKL.
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5. STABILIZATION POLICY
5.1 Gross World Product, Consumption and Total Invetments.

We use the WITCH model to study how an ambitioushate policy might affect the
direction and pace of technical change. Let usmsasthat world countries agree to stabilize ,CO
concentrations at 450 pptrlLet us also assume that they agree to introduglelzal cap and trade
scheme as main climate policy tool. Initial alldoas are grandfathered according to an equal per
capital allocation rule. This is a simplified pglischeme, but useful to analyze the optimal reastio

in terms of R&D investments and thus the direcod pace of technical change.

For an easy comparison between the stabilizatidrbaseline scenarios, Tables 6, 7 and 8 display the
same variables and indicators already portrayehbles 3, 4 and 5. According to WITCH, the £O
stabilization policy just briefly described reducé€soss World Product (GWP) over the whole
optimization interval 2002-2102. Discounted costseasured as reductions of net GDPs and
aggregated over regions, are 3.9% of baseline gisged GWP. Investments in capital, with respect
to the baseline scenario, decline in absolute tantsas share of GWP; investments in the energy

sector absorb instead a higher share of GWP.

Table 6. Stabilization Trends of Major Variables

2002 2022 2042 2062 2082 2102
GWP (Trillions, 1995 USD) 34 63 103 143 183 225
World Population (billions) 6.2 7.6 8.5 9.0 9.3 9.5
GWP Growth Rate (20 years average) 3.2% 2.5% 1.7% 1.2% 1.0%
Population Growth Rate (20 years average) 1.0% 0.6% 0.3% 0.2% 0.1%
Carbon Intensity of Energy (Ton C/ Toe) 0.690 0.550 0.419 0.306 0.246 0.173
Energy Intensity (Toe / USD) 0.286 0.178 0.118 0.085 0.073 0.082
Carbon Intensity of Output (Ton C / USD) 0.197 0.098 0.049 0.026 0.018 0.014
CO, concentrations in the atmosphere (ppm) 369 408 431 441 444 447
Investment in final good capital (Trillions, 1995 USD) 7.5 12.5 18.2 23.1 28.3 34.2
Investment in R&D (Trillions, 1995 USD) 0.84 1.65 2.68 3.69 4.58 5.07
Investment in Energy Sector (Trillions, 1995 USD) 0.32 0.59 0.82 1.10 1.45 1.85
Investment in Final Good Capital (% GWP) 22.18%  19.78%  17.67%  16.16%  15.46%  15.21%
Investment in Energy Sector (% GWP) 0.94% 0.93% 0.79% 0.77% 0.79% 0.83%
R&D expenditure (% GWP) 2.47% 2.60% 2.60% 2.58% 2.50% 2.26%
Non-Energy R&D (% GWP) 2.43% 2.55% 2.53% 2.49% 2.41% 2.18%
Energy R&D (% GWP) 0.04% 0.05% 0.07% 0.09% 0.09% 0.08%
Energy R&D (% Total investment in R&D) 1.43% 1.85% 2.66% 3.46% 3.77% 3.64%
Non-Energy R&D knowledge stock per worker (index) 1.0 0.9 1.0 13 1.6 2.0
Energy R&D knowledge stock per worker (index) 100.00% 111.38% 148.34% 206.27% 272.33% 332.02%

® This target is approximately equivalent to stakilall GHG concentrations at 550 ppm.
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Table 7. Contribution of Raw Inputs to the Growth Rate of Capital-Labor Services (Average
Annual Growth Rates)

2002-2021 2022-2041 2042-2061 2062-2081 2082-2102

USA

capital-labor services 1.12% 0.64% 0.34% 0.19% 0.15%
labor 0.39% 0.20% 0.06% 0.01% 0.00%
capital for final good production 0.71% 0.36% 0.19% 0.11% 0.10%
non-energy R&D knowledge stock 0.02% 0.08% 0.09% 0.08% 0.06%
CHINA

capital-labor services 2.11% 1.43% 0.66% 0.35% 0.25%
labor 0.40% 0.08%  -0.08%  -0.09%  -0.04%
capital for final good production 1.59% 1.14% 0.54% 0.28% 0.18%
non-energy R&D knowledge stock 0.11% 0.20% 0.19% 0.15% 0.11%

Sub Saharan Africa (SSA)

capital-labor services 3.18% 2.48% 1.65% 1.26% 1.00%
labor 1.41% 1.00% 0.63% 0.40% 0.28%
capital for final good production 1.76% 1.46% 1.01% 0.85% 0.71%
non-energy R&D knowledge stock 0.01% 0.01% 0.01% 0.01% 0.01%

Table 8. Contribution of Raw Inputs to the Growth Rate of Energy Services (Average Annual
Growth Rates)

2002-2021 2022-2041 2042-2061 2062-2081 2082-2102

USA

energy services 040% -079%  -165%  -0.84%  -0.23%
energy 038%  -082% -1.70%  -0.89%  -0.27%
energy R&D knowledge stock 0.02% 0.03% 0.05% 0.05% 0.04%
CHINA

energy services 2.18% 087%  -0.83% -042%  -0.02%
energy 2.13% 0.82%  -0.88%  -046%  -0.05%
energy R&D knowledge stock 0.06% 0.05% 0.05% 0.04% 0.03%

Sub Saharan Africa (SSA)

energy services 2.23% 097%  -0.16% 0.75% 1.27%
energy 2.18% 094%  -0.18% 0.73% 1.25%
energy R&D knowledge stock 0.04% 0.03% 0.03% 0.02% 0.02%

Energy R&D investments increase substantially tprowe energy efficiency. However, equilibrium
Non-Energy R&D investments are found to be lowantin the baseline scenario. The contraction of

knowledge generation in the Non-Energy sector tffgecreased knowledge creation in the Energy
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sector. As a total R&D investments are lower anel pace of knowledge accumulation is slowed
down as displayed in Table 6. This determines atosontribution of R&D investments to capital-
labor services growth with respect to the basaoenario, as Table 7 clearly shows. The contributio

of the Energy knowledge stock to Energy servicesvgt increases instead, as shown in Table 8.

Let us now examine the R&D equilibrium paths inthttie baseline and stabilization scenarios in

greater detail.

5.2 Energy and Non-Energy Investments

As specified above (Equation 1), gross output itaioled from a combination of energy
services produced by the Energy Sector and cdpltak services produced in the Non-Energy sector.
Investments in the Energy Sector include all invesits in electricity generation technologies,
operation and maintenance expenditures for povaantpl(as well as nuclear waste management and
transportation costs for captured carbon emissj@m) investments in Energy R&D. Investments in
the Non-Energy sector are allocated between NomggnB&D and the overall economy capital

stock, which is combined with labor.

The ratio of Energy to Non-Energy investments daediin the Baseline scenario, while it increases
when a stabilization policy is implemented (seeuFég3). The reason is that resources devoted to
investment are diverted towards the energy sectdiuild capital-intensive and O&M demanding

carbon-free electricity generation capacity, andincrease energy efficiency by augmenting the

energy R&D capital stock.

Figure 3. Energy to Non-Energy Investment Ratio
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In the Non-Energy Sector, we can distinguish betw@estments to increase the stock of Non-
Energy R&D and general capital investments. In BaJ scenario, the ratio between the two
increases substantially and the economy becomes ammt more knowledge- intensive. Under a
stringent stabilization policy, we find that the udidprium ratio between Non-Energy R&D

investments and general investments in the cagitedk is increasing as well, but the time path is
lower with respect to an economy without a carbomnstraint (see Figure 4.). This result is explained
by the exogenous population dynamics, which keéprldorce unchanged under the stabilization
scenario, and a weak substitutability between ahpitd labof. Climate policy induces a contraction

of economic activity and exerts a pressure to redagestments in the Non-Energy sector. However,
labor force cannot adjust and cannot be easilytdutesl by capital. As a result the downward
pressure in the Non-Energy sector is accommodaged proportionally greater reduction of Non-

Energy knowledge, and thus by a contraction of Hoergy R&D investments.

Figure 4. Ratio between Non-Energy R&D Investmentad Capital Investments
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5.3 Energy R&D and Non-Energy R&D Investments.

Energy R&D investments increase substantially uniderCQ stabilization policy, as shown
in Figure 5. The need to increase energy efficiemogifies the equilibrium ratio of Energy R&D to
Non-Energy R&D investments from a declining pattemthe century, to a rising one. Contrary to
what found by Goulder and Schneider (1999) and ®ireg (2003), we find that climate policy

strongly re-directs investments to Energy R&D amdhie energy sector in general. Therefore, in an

" For a full description of population dynamics Sasetti, Massetti and Tavoni (2007).
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unconstrained economy (without a stabilization ¢argnd the related climate policy), R&D is
directed to augment the productivity of the cagldor aggregate, which becomes relatively scarcer
with respect to energy, as population growth slalesvn worldwide. In a carbon constrained
economy, instead, the price of the energy inputvgrtaster than the price of the Non-Energy input,
and thus R&D resources are directed to increaseygmdéficiency.

Nonetheless, the drop in Non-Energy R&D is largemtthe sharp increase in Energy R&D. As a
consequence, at the equilibrium, overall expendifar R&D decreases, as illustrated in Figure 6.
This result confirms what found by Goulder and Sstier (1999) and Sue Wing (2003).

Figure 5. Energy R&D Investments
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There are two driving forces behind this resultsfias emphasized above, the level of economic
activity is lower when a carbon constraint is idiwoed and Non-Energy R&D is therefore
accordingly reduced. Second, as shown in Figuréhd,equilibrium ratio of Non-Energy R&D
investments to capital investments is lower in fiiesence of a stabilization target than without

climate policy.
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Figure 6. Total Investments in R&D
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A wide concern has been expressed in the literghatthe increase in Energy R&D induced by
climate policy might come at the expenses — i.eowd out” — of other types of knowledge

investments (Nordhaus, 2002; Popp, 2004). As aemuence, the benefits of induced technical
change should be evaluated net of the costs arfeimg a lower knowledge accumulation in other
sectors of the economy. By modeling two R&D secteesare now in a good stance to explore this

issue with greater transparency than in previoadyans.

We define the Energy R&D crowding-out effect on Nemergy R&D as the reduction in investments
in the latter, directly or indirectly caused byiaarease of investments in the former. Our defnitis
straightforwardly borrowed from macroeconomic theomwhere the crowding out effect of
government expenditure on private investmentsagl&established result (see, for example, Mankiw
2003). Following closely the macroeconomic apprdaactihhe crowding out issue, we say that Energy
R&D crowds-out Non-Energy R&D if the higher expetude for increasing energy efficienaygteris
paribus has the effect to increase the opportunity costapital and thus to reduce investments in

Non-energy R&D (as well as all other types of irtwent)®

8 A narrower approach is sometimes employed to dscrnowding out effects in the climate changediiere.
According to this view, the amount of resourcesilalée to invest for the development of new teclogas is

in large part fixed and the expansion of some #igs/must necessarily come, at least for a siggnifi fraction,

at the expense of some others. This is indeed anegfigible issue in the short- and medium-term, as
emphasized by Goolsbee (1998). However, when Igo&irithe long-term, as in all climate policy analysit is
unclear why economies should not be able to megt@ease in the demand of R&D investments. Theghim
be a conflict between R&D resources and other tyf@avestments, but hardly a close competitionveein
different forms of R&D themselves. In our analysige determine equilibrium R&D investments when
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In our set-up, we investigate R&D investments assgrthat economies are free to optimally allocate
resources among sectors. Sector-specific knowlexstgeks are not interchangeable, but R&D
investments are. It is thus possible, in principdeexpand Energy R&D investments without reducing
Non Energy R&D expenditures, until the long terrmuiggrium ratio between the two knowledge

stocks is reached.

However, we find that mitigation policy reduces tirewth rate of Non-Energy R&D investments, as
pictured in Figure 7.What are the economic forces behind this result@sthis contraction result

from a crowding out effect of increased investmarEnergy R&D?

Figure 7. Growth Rate of Investments in Non-EnergyR&D
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Let us start exploring this issue from a theoréfEspective. To this purpose, we built a simetfi
version of the model (described in Appendix B inaile from which we can derive the following

Proposition 1:

Proposition 1 At each time t, the conditions characterizing thguikbrium trade-off between
knowledge accumulation in the energy sector andswmption, and knowledge accumulation in the

capital-labor sector and consumption are:

oY(t) oHE(®) , 1.() -3 c(t)
OHE(t) a1l (t-1) 1,.(-1) " c(t-1)

economies are free to optimally allocate investsenider a climate policy. We thus rule out the Goeé type
crowding out effect.
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OY(t) OHKL () . 1 (1) e c(t)
OHKL (t) ol (t-1) 1, (t-1) " clt-12)

Proof : See Appendix B.

From the two conditions above we can easily derive:

L () 1e(t) L OY(t) oHER) _ av() oHKL() (12)
e (t-1)  14e(t-1) OHE() a1, (t-1) OHKL() Al 1y, (t-1)

Equation (12) allows us to identify the differettatinels through which mitigation policy affects the
rate of growth of investments in Non-Energy R&DrsEi from equation (12) we can rule out any
“direct’ crowding out effect by Energy R&D. The positivegis of the first term on the RHS (A)
shows instead that an increase in Energy R&D imvests has a direct positive effect on the growth
rate of investments in Non-Energy R&D. However, tféect of an increase in Energy R&D
investments also depends on the magnitude of thegehof the marginal product of Energy R&D
investments and of the marginal product of Non-BypeR&D investments, the seconB)(and the

third (C) term on the RHS of equation (12), respectively.

To isolate the total effect of an increase in EpdR&D, we have performed an exercise in which, in
the BaU scenario, we impose an Energy R&D experaipath equal to the equilibrium path in the
stabilization scenario. This exercise is desigoedéntify the amount of non-energy R&D that would
be displaced by an exogenous increase in energy,R& virtually no price effect. We must
emphasize that, in running our test, we do not make additional restriction to the other choice
variables in the model whose equilibrium path sstladjusted to the new assumptions in the R&D
sector. Simulation results show that Non-Energy Ri&estments respond positively to an increase
in Energy R&D, revealing a (mild) degree of compéatarity between the two knowledge stocks.

In addition, using equation (12) and numerical itissiiom simulations in the stabilization scenario,
we can provide an explanation for the reductionthaf rate of investments in Energy R&D that
depends on the structure of the economy, as pedraythe model, and not on the “crowding out”
hypothesis usually proposed in the literature. diberease in the rate of investments in Non-Energy

R&D can indeed be explained by the effect of miiiya policy on the marginal product of Energy
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R&D investments and on the marginal product of Nmergy R&D investments, the secorg) and
the third term C) on the RHS of equation (12), respectively.

As to the marginal product of investments in EneR&D, since the mitigation policy increases
investments to achieve higher energy efficiencyiaddces a substitution from Energy Services (ES)
to Capital-Labor services (KLS), the equilibriuntipaetermined in the stabilization scenario shows

that 0HE/dl ¢ is always lower than in the BaU scenario ai/oHE is instead always higher

because of a higher KLS/ES ratio. The combinatibthe two effects results in a contractionBin
the first 60 years (due to the strong effort in ilggeR&D investments) and in an expansion in thé las
40 years of the century (due to a marked shift afr@y energy in the outer nest), with respect ® th

BaU scenatrio.

As to the marginal product of investment in Non-EjyeR&D, C on the RHS, its absolute value is

always higher than in the BaU scenario because &1 /ol ,,, and 0Y/oHKL increase. The first

term increases because of the reduction of Nonggn®&D investments, the latter increases
because, as discussed in Section 4, our modelrésatunergy-biased technical change — i.e. higher
investments in Non-Energy R&D trigger higher demah@nergy services (ES). Therefore, when an
ambitious climate policy is implemented, energy dachcan be reduced by slowing down the pace
of accumulation of the pollution augmenting Non-Eyye knowledge stock, thus increasing its
marginal product.

5.4 Induced Technical Change and the Cost of ClimatPolicy.

In this section we compare the cost of the stadiilin policy under alternative assumptions

about induced technical change (ITC). We consider &lternative scenarios.

In the first one, we assume that it is not posdiblehange the Non-Energy knowledge stock and we
exogenously set it equal to its equilibrium BaUé€kvin the second scenario, we maintain the
assumption that Non-Energy knowledge stock is enogsly set at its BaU level, and we make the
additional assumption that investments in EnergyDRgartly crowd out Non-energy R&D (we
assume a 50% crowding out as in Popp, 2004). Inhihe: scenario, we assume that it is not possible
to adjust the Energy knowledge stock, which is exagisly set equal to its BaU level. In the fourth
scenario, we assume that both knowledge stockaxagenously set at their BaU level.

For each scenario, we compare the effect of thelizition policy on the price of carbon permitdan
on discounted climate policy costs, measured asdtice between net discounted GWP losses and the
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net discounted GWP in the BaU scenario. Both indisaare widely used to assess the implications

of alternative scenarios of ITC on climate poliosts.

Table 9. Percentage change of permit prices undeitarnative scenarios

2002 22 042 262 08 2@
NoITC HKL 031% Q036% 063N 114% 19% 012%
Qonding-out -031% Q28% Q5% Q9% 125% 011%
NoITC He 062 Q6% Q9% 14% 18%  015%
NoITC 000%  109%  161% 24%% 33%  02%

As to the price of emission permits, we find thBElalways lowers the equilibrium profile of carbon
prices, as shown in Table 9. It is interestingdtiae that omitting ITC in the Energy Sector letals

higher overestimate of carbon prices than in tlemado where Non-Energy ITC is excluded.

Finally, let us focus on global GWP losses. The tmageresting conclusion is as follows. If
pollution-augmenting technical change is omittede tcost of stabilizing C©O concentrations
decreases. Therefore, by focusing only on energp R&e cost of climate policy isnderestimated
(from 3.9% to 3.6% of global GWP in our model).

Therefore, neglecting ITC tends to overestimatetthtal cost of climate policy. However, if only

Energy R&D is endogenized and can be induced Inyaté policy, the total cost is underestimated.

A sensitivity analysis of the main results reportedhis section is contained in Appendix C. Our
sensitivity analysis, performed with respect to trues of the main elasticities of substitution

assumed in this paper, confirms our results.

6. CONCLUSIONS

To improve our understanding of the effects of alienpolicy on technological change, we
have introduced directed technical change in WIT@i this new version of the model, R&D
expenditures, and therefore knowledge accumulatiom factor- specific and can be directed either
towards increasing energy-efficiency or towardseéasing the productivity of Non-Energy inputs,

namely capital and labor.
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By explicitly modeling the equilibrium dynamics ¢ivo R&D capital stocks, we avoid making
implicit assumptions on energy R&D crowding-outdame can study how mitigation policies change

the direction and the magnitude of technical change

Then, we analyzed the implications of a climatéqyolvhose target is to stabilize G€oncentrations

in the atmosphere at 450ppmv at the end of theugenSimulation results show that this policy
induces an increase of Energy R&D investments,x@eaed. More specifically, the stabilization
target requires enhanced energy efficiency andghitshes the ratio of Energy R&D to Non-Energy

R&D investments from a declining path to a risingeo

Therefore, contrary to findings in Goulder and Sstlar (1999) and Sue Wing (2003), we obtain that
climate policy strongly re-directs investments toeEgy R&D, and to the energy sector in general.
However, the contraction in Non-Energy R&D is gezathan the substantial increase in Energy
R&D. Therefore, the equilibrium total R&D expendiuis smaller in the stabilization scenario than
in the BaU scenario. This latter result was alsdGioulder and Schneider (1999) and Sue Wing
(2003).

We also find that there is no direct competitionween the Energy and Non-Energy R&D (no
crowding out), despite the contraction of Non-EgyeRg&D investments. The decline of this latter
variable can be explained as follows. First, a mamuse of the Non-Energy R&D investments
reduction is output contraction induced by the ifitatiion policy, which in turn induces a lower
demand of capital-labor services and a lower imaest in Non-Energy R&D. Second, technical
change is mainly capital-labor augmenting and enbigsed in our baseline. This implies that Non-
Energy R&D investments amollution-biased and are therefore strongly discouragedrucideate
policy.

Therefore, our results suggest that a greater ekjpea on energy R&D under a stabilization policy
might not lead to a lesser effort on other typesR&D, and thus to negative macroeconomic

consequences. Output contraction is the reasamarltotal R&D investments, and not vice-versa.

Finally, sensitivity analysis on key elasticitielssoibstitution has shown that our results are rotmus

a wide range of key elasticities’ values.

Our results challenge the widespread intuition thdbw-carbon world would be a world with a
higher rate of technological innovation. By usidg tWITCH model, we have shown that R&D
efforts to increase energy efficiency and to dédgaize the energy sector will increase enormoudsly i
a stringent climate policy is implemented. Howewsnce they represent a small fraction of overall

R&D expenditure, this expansion of knowledge carain the energy sector might be not sufficient
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to compensate for the contraction of R&D expenditir other sectors, induced by a lower level of

economic activity.

Finally, it is clear that when energy and otheruitspare complements — as suggested by many
empirical studies — any capital-labor augmentirpécal change is fundamentallyallution-biased

technical change and is thus discouraged by pigrels induced by climate policy.

The consequence for studies that aim at assegwngconomic cost of climate policy is as follows.
The role of technical change to achieve GHG comatiah stabilization targets is crucial. If a study
neglects the impact of climate stabilization onhtécal change, it will overestimate the cost of
climate policy, as clearly shown in Edenhofer (2006owever, if a study considers the impact of
climate policy only on energy-related and carbaefrechnical change, the cost of climate policy wil
be underestimated. A proper assessment of theofodimate policy must take into account the

contrasting effects induced on both Energy and Bioergy R&D and related consequentes.

° A proper assessment of the cost of climate palfuyuld also take into account several other factarging
from technological availability to delayed partiatipn of developing countries. Some preliminarytssare in
Bosetti, Carraro and Tavoni, 2008.
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Appendix A: Model Equations and List of Variables

In this Appendix, we reproduce the main equatiohthe WITCH model. For a full description of the ded
please refer to Bosetti, Massetti and Tavoni (200 list of variables is reported at the enchedf Appendix.

In each region, indexed by a social planner maximises the following utilityction:

w(n) = > u[cn,), L )R =D Ln.t{log[c(n]}R(), (A1)
t t
wheret represents 5-year time spans and the pure tinfierpnee discount factor is given by:
t
R®) = |‘! [+ )] ®, (A2)
V=i
where the pure rate of time preferenxe) is assumed to decline over time. Moreove(n,t) :% is per
n!
capita consumption.
Economic module
The budget constraint defines consumption as rnptibless investments:
C(n’t) = Y(n!t) —lc (n’t)_ I R&D,EN (n’t) =1 R&D,KL (n’t) (A3)

_Zj I rep. | (n’t)_zj I (n,t)—zj Oo&M J.(n,t)

Wherej is an index identifying different energy technatxy Output is produced via a nested CES functiab t
combines a capital-labor aggregate and energytatawid labor are obtained from a CES function. dlmate

damageQ) reduces gross output. To obtain net output wesalbtract the fuel costsand the costs of CCS:

Y(nt)= TEp{n, ), (0 KLS” +0—a () ESfut) [
Q(n,t)
_Zf (Pf (n,t)X f ,extr(n’t)+ Pfint (t)x f ,netimp(n't)) . (A4)
_Pccs(n,t)CCE(n,t)

Total factor productivityTFP(n,t) evolves exogenously with time. Energy servicesaaraggregate of energy
and a stock of knowledge combined with a CES fancti

ES(nt)= [a'HE(n)HE(n,t)pES + crEN(n)EN(n,t)"ES]“pES . (A5)

Energy is a combination of electric and non-eleariergy:
EN(n.t) = |arg EL(n, )" + @ NEL(n, t) P | V2o (AB)

Each factor is further decomposed into severalcaubponents. Factors are aggregated using CESy meh
Leontief production functions. Capital-labor seedcare obtained aggregating a capital-labor inpot a
knowledge stock with a CES function:

]]JpKL

KLS(n,t)= [aHKL (N)HKL(n,t)Pes +a (n)KL(n, 1) (A7)
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The capital-labor input is a CES combination ofitmand labor. Labor is assumed to be equal tafaipn
and evolves exogenously.

KL(n,t) = [O'K (n)Kc (N~ +a, (n)L(n,t)PKL ]1/,0KL (A8)

Final good capital accumulates following the stadqeerpetual rule:

Ke(nt+1) = Ke(nt)1-3:)+1c (nt) (A9)

New ideas which contribute to the stock of enenggvidedge, z,. (n,t), are produced using R&D investments,
| ren.en (nt), together with the previously cumulated knowledtgek HE (n,t) :

Z.(nt) = al (nt)°HE(n,t)° O (A10)
Similarly, new ideas in the non-energy sector amegated as follows:
Zu (1) = F 1 (0D THKL(N,H" (Al11)

The two knowledge stocks evolve as follows:

HE(nt+1) = HE(n,t)1-3) +Z,e(n,t) (A12)
HKL(n,t +1) = HKL(N,t)(1-3) + Zy, (1) (A13)

For illustrative purposes, we show how electriddyproduced via capital, operation and maintenaaoe
resource use through a zero-elasticity Leontiefegate:

EL, (n,t)= min{,um K; (n,t);rnij&M j (n,t);cj Xj,EL(n,t)}. (A14)

Capital for electricity generation technologieswanalates as follows:
I.(n,t

K,(nt+1)=K,(nt)(1-5,)+ iy (A15)
SC (n,t)

where, for selected technologies, the new capitadstment cosBC(n,t)decreases with the world cumulated
installed capacity by means of Learning-by-Doing:

sC (nt)=B;(M>. > K;(nt) " **™. (A16)

Operation and maintenance is treated as an invastthat fully depreciates every year. The resources
employed in electricity production are subtractednf output in equation A3 and A4. Their prices are
calculated endogenously using a reduced-form ewsttibn that allows for non-linearity in both thepdietion
effect and in the rate of extraction:

P (n.t)= x; (n) + 77 (n) [Qf (nt _1)/6f (n,t)] w0 (A17)
whereQ; is cumulative extraction of fuél
Qs (n't_l):Qf (n'0)+z;;1oxf,extr(nis)' (A18)

Each country covers consumption of fliel X (n,t), by either domestic extraction or imporfx,f’neﬁmp(n,t),

or by a combination of both. If the country is & eeporter, X ; ,netimp(n’t) is negative.
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xf (ﬂ,t) = xf,extr(nit)+ Xf,netimp(n’t) (A19)

Climate Module

GHGs emissions from combustion of fossil fuelsdegved by applying stoichiometric coefficientstie total
amount of fossil fuels minus the amount of &Bquestered:

CO,(nt)= " @ co, Xt (nt)-CCYn,t). (A20)

When a cap on emission (CAP) is included we havadalitional equation, constraining emissions, githemn
possibility to sell and buy permits:

CO,(n,t) = CAP(n,t) + NIP(n,t) (A21)
In addition, carbon permits revenues/expenses dmdrsudget constraint:
C(n’t) = Y(n,t) -l (n’t) ~lRreDEN (n,t) ~lrep KL (n,t)

(A3)
—Zj lrep,j(nt) - Zj 1 (n,t)- Zj 0&M | (n,t) - p(t)NIP(n,t)
The damage function impacting output varies wittbgl temperature:
Q(n,t) = 1 . (A22)
1+(6,T()+6,,T)?)
Temperature increases through augmented radiatiom§ F(t):
T(t+2) =T +0oi F(t+D - AT(®) = [T () ~Tio ()]} (A23)
which in turn depends on G@oncentrations:
F(t) =7 log[M a7 (t)/ M £} |- log@}+O(0), (A24)
caused by emissions from fuel combustion and laedchange:
Mar(t+) = > [CO,(n1)+ LU O]+ @M ar () + B:Mup (1), (A25)
n
Myp(t+1) = ¢,Myp (t) + @M a7 () +¢3M (1) (A26)
Mot +D = ¢M o (t) + &sMyp(t) - (A27)

Model variables are denoted with the following syisb

W = welfare

U = instantaneous utility

C = consumption

C = per-capita consumption
L = population

R = discount factor
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Y = production

/=investment in final good

lrep, EN=iNvVestment in energy R&D

lrep kL.=investment in non-energy R&D
/=investment in technology j
O&M=investment in operation and maintenance
TFP=total factor productivity

K=final good stock of capital
ES=energy services

KLS=capital-labor services
KL=capital-labor aggregate

Zye=flow of new energy knowledge

Zy =flow of new non-energy knowledge
Q= damage

P,= fossil fuel prices

X;= fuel resources

Pccs price of CCS

CCS=CO; sequestered

HE=energy knowledge

EN=energy

EL=electric energy

NEL=non-electric energy

Ki= stock of capital of technology j
SG=investment cost

CO,= emissions from combustion of fossil fuels
NIP = Net import of carbon permits

p = Price of carbon permits

Mat = atmospheric C&concentrations

LU = land-use carbon emissions

Mup = upper oceans/biosphere £€ncentrations
M, o = lower oceans C{roncentrations

F = radiative forcing

T= temperature level
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Appendix B: Simplified WITCH model and Proof of Proposition 1

In this Appendix, we use a simplified version oé tWITCH model, in which we omit some features susHhador
inputs, operation and maintenance costs and thagkamost of climate change, to prove Propositiowé.focus our
analysis on the outer nest of the model, thusa@isitting the detailed description of the energyt@ed-or clarity’s sake,
let us skip the regional indeXhe list of variables is reported in the previougeadn the simplified WITCH model, a
social planner maximizes the following utility furan:

w =3 {logle]}8
subject to:
ct) =Y(t)+ 1o @)+ 1)+, )+ 1, @)+ p, X, (t)
Ke(t+1)= @-0.)Kc(t)+1c ()
EN(t+1) = E(l g (t) X, (t))
HE(t +1) = HE(t) + | .2 ()" HE(t)®
HKL(t +1) = HKL(t) + 1, (t)° HKL()"
v(t) = TFP(t)[KLSE)> + Est) [
ES(t) = [HE@®)* + EN(t)»=] "
]1/pKLs

KLS{t) = [HKL(®) % + KL(t)*

Let L be the Lagrangian :

L:tzzo(uic) +Zoqq1( L) =1 ()= 1 () py X, () + 0= S)K, (1) - K. (t +1))
+§‘/¥2( Eleu ) X, (1))~ EN(t+1))+l:zoqq3(HE(t)+IHE(t)bHE(t)°—HE(t+1))

* iﬂ“ (HKL(t) 1 e ©THKLE)" — HKL( +1))

The associated first order conditions are:

oL _ B

o)~ c() =0 (B1)
oL _ oo(EM)_ ;_

ol ()_ﬂ2 H0) q=0 (B2)
a| () = bl (t) " HE(t) -4 =0 (B3)
al aL(t) :ﬂ4g|HKL(t)g_lHEh(t)—¢{1 =0 (B4)
oo _ »9(ER)

x0T ox, ) PO (85)
aKa L(t) =4 aiY(()f(l“’)# ~4.=0 (B6)
oL _ , av(t)

ORI (®7)
a:é(t):#aHE(()) @1+ @+ gl () HET(t) = 0 (B8)
0H?<LL(t):#aliYK(Lz) A+ + il (1) HE™ (1) =0 (B9)
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We can now prove Proposition 1. By replacing (B39 i(B8), we obtain:

b1y ey OY(t) b i) - B B10
bl (t)"*HE (t)aHE(t)+1+cIHE(t)HE (t)—ﬂg (B10)
Which re-arranged yields

b1 ymefy OY() | AHE([+1) &y B11
bl t)"" HE (t)aHE(t)+ AHE() & (BLY
Since:

o _ P laecf 1) A = B12
oD = el =) HE 1)t =0 (B12)
From (B3) and (B12), we have:

@ _ @ bl () THE(t) (B13)

d o bl (-1 HE (t-1)
Replacing (B13) into (B11) yields:
bl (t 1) HE®(t _1)bl (1) HES () aY(t) . bl (t —1)°HE(t -2) AHE(t +1) _ ﬁwhich can be re-arranged as:
bl (t) " HESR) ™ TOHE(t) bl (t)*HES() AHE(R) &
ov(t) oHER) , l.(t) 4, (B14)
OHE('[) ol HE(t_l) IHE(t_l) ﬂl
Finally, from (B1) and (B14), we have:
oY(t) oHE() ., 1.() _ 2 c(t)
OHE[) 0l (t-1) 1,c(t-2) " cft-1)
And, similarly, from (B1), (B4) and (B9), we obtain

oY(t) OHKL() , N () _ 2 ct) (B15)
OHKL(t) Ol e (t-1) 1o -2 T clt-1)

Which proves Proposition 1.
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Appendix C: Sensitivity Analysis

In this Appendix, let us present the results ofg@esitivity analysis on key elasticities of sulosibn designed to check
the robustness of the findings discussed in theique section. Specifically, we concentrate thdyaigon the effects of
assuming different values for the elasticity of ithtion between capital-labor services (KLS) amargy services
(ES), between the capital-labor aggregate (KL) aedctpital-labor R&D knowledge stock (HKL) and betwespital
(K) and labor (L). For each elasticity of substibutj keeping the others unchanged, we have selecteds in a
reasonable range around the value previously asigihe model has been re-calibrated each timeptodace thdase
year’® BaU and stabilization policy runs have been pertaifor each set of parameters and then comparesvssi.

We first consider the elasticity of substitutionthe top Y nest (see equation 1), which associdtes to ES with
elasticity of substitution equal to 0.5. The limitedbstitutability between energy and capital-labervices induces a
weak substitution effect when climate policy makeergy relatively more expensive than capital-lagmwices. Since
production decreases in the stabilization scenthedemand of capital-labor services shrinks. Tridsices a reduction
of R&D directed to increase the productivity of tepital-labor aggregate. The contraction is suabffset the increase
in R&D directed to the energy sector for any of #tasticity values tested, as shown in Figure 8aTgveater (lower)
value of the elasticity of substitution correspoadewer (greater) reduction of R&D investments.

Figure 8. Sensitivity Analysis: Elasticity of Substution, Y. Ratio of R&D Investments under Stabilizaion to
R&D Investments in Baseline
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We then reset the elasticity of substitution in theger nest Y to 0.5 and we test different valumstlie elasticity of
substitution between KL and HKL, in the KLS nest (segiation 3). Figure 9 shows that the effect of éasing
(decreasing) the substitutability between inputei®rsed with respect to the outer nest Y. To atgr€lower) elasticity
of substitution between KL and HKL corresponds a tgre@ower) reduction of R&D investments.

The downward shift of capital-labor services indubgctlimate policy (quite strong with a low elagtjcof substitution
in the outer nest Y), is entirely absorbed by timuts K and HKL alone, since labor demand is, aetiglibrium, equal
to population, which is fixed. Accordingly, withgaven elasticity of substitution between capitatl dabor, the greater
(lower) the substitutability between knowledge dhd capital-labor aggregate, the greater (loweg)dhportunity to
convey the reduction of KLS towards Non-Energy Krexge, and thus the lower (greater) the investmemian-
Energy R&D.

Figure 9. Sensitivity Analysis: Elasticity of Substution, KLS. Ratio of R&D Investments under Stabilization to
R&D Investments in Baseline

9 Dynamic calibration, however, has not been peréatmAccordingly, baselines may differ among thewesl The objeive «
sensitivity analysis is not to check the effectaiew modelling feature on optimal investments,rather to verify how aggregze
changes when a stabilization policy is implementgdier different values of key elasticities of gitbgon.
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Similar results are obtained when performing thesgiwity analysis on the KL nest, which aggregatepital (K) and
labor (L). Figure 10 shows that the lower (greatt® substitutability between K and L, the lower &ez) the
contraction of Non-Energy R&D when a climate polisyenforced.

Figure 10. Sensitivity Analysis: Elasticity of Substution, KL. Ratio of R&D Investments under Stabilization to
R&D Investments in Baseline
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As discussed above, this result is explained byixieel supply of labor which reduces the possiletitto contract output
from the KL nest. The lower (greater) the possibitdysubstitute capital to labor, the lower (greatee possibility to

convey the contraction of KLS towards the capitatkt(K), for a given elasticity of substitution the KLS nest. As a
result, the greater (smaller) the elasticity betweapital and labor, the smaller (greater) the remtion of Non-Energy
R&D investments.

Figure 11 shows sensitivity results for the ES niastyhich Energy is combined with Energy knowledgee(squation
2). As expected, the lower (greater) the substitlita between the two inputs, the greater (lon# contraction of
R&D investments in a stabilization scenario.

Figure 11. Sensitivity Analysis: Elasticity of Substution, ES. Ratio of R&D Investments under Stabilzation to
R&D Investments in Baseline

39



105 - T T T T T
1.00 ~
0.95 ~
0.90
0.85
0.80
0.75
0.70 ~
0.65

0.60 T T T T T T T T T T T 1
2002 2022 2042 2062 2082 2102

Years

Ratio

To conclude, the sensitivity analysis presentetiimAppendix confirms the main conclusions readhe8ection 5.
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