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32This paper addresses two basic issues related to technological innovation and climate stabilization objectives:

33can innovation policies be effective in stabilizing climate? To what extent can innovation policies complement

34carbon pricing (taxes or permit trading) and improve the economic efficiency of a mitigation policy package?

35To answer these questions, we use an integrated assessment model with multiple externalities and an

36endogenous representation of the technical progress in the energy sector. We evaluate a range of innovation

37policies, both as stand-alone and in combination with other mitigation policies. Our analysis indicates that

38innovation policies alone are unlikely to stabilize global concentration and temperature. As for the benefits of

39combining climate and innovation policies, we find efficiency gains of 10% (6 USD Trillions in net present

40value terms) for a stringent climate policy, and 30% (3 USD Trillions) for a milder one. However, such gains are

41reduced when more plausible (sub-optimal) global innovation policy arrangements are considered.

42© 2011 Elsevier B.V. All rights reserved.
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45

46

47 1. Introduction

48 The issue of the role and potential effectiveness of technological

49 change for mitigating climate change has gained momentum in both

50 the literature and the political debate over the past decade. Despite

51 the many uncertainties around the magnitude of the impacts of

52 technological change on mitigation costs, there is now broad

53 agreement that innovation will be required to foster the needed

54 decarbonisation of the economy. Furthermore, in the presence of

55 both environmental and innovation externalities, the optimal set of

56 climate policy instruments should include explicit R&D and possibly

57technology diffusion policies, in addition to carbon pricing policies

58that stimulate new technology purely as a side effect of internalising

59the environmental externality (Jaffe et al., 2005; Bennear and

60Stavins, 2007). On the other hand, relying on R&D alone might be

61not sufficient to achieve stringent targets and/or to minimise

62mitigation costs, because such an approach would provide no direct

63incentives for the adoption of new technologies and, by focusing on

64the long term, would miss near-term opportunities for cost-effective

65emissions reductions (Philibert, 2003; Sandén and Azar, 2005;

66Fischer, 2008).

67Against this background, innovation and technology policies have

68received considerable attention from policy makers in the past few

69years. Proposals of international technology agreements have been

70put forward, that would encompass domestic and international

71policies to foster R&D and knowledge-sharing (Newell, 2008).

72Innovation strategies have also been analysed in the context of

73climate coalition formation, suggesting that they are indispensable for

74improving the robustness of international agreements to control

75climate change (Barrett, 2003). On the policy side, some climate-

76related scientific and technology agreements have emerged, including
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77 the Carbon Sequestration Leadership Forum, the Asia Pacific Partner-

78 ship on Clean Development and Climate, and the International

79 Partnership for a Hydrogen Economy. Most recently, the accord

80 signed in Copenhagen at COP15 envisages a network of “Climate

81 Innovation Centres” to facilitate collaboration on clean technologies

82 between developed and developing nations.

83 Despite the growing interest for climate-related technological

84 change, there is so far limited quantitative evidence on the role that

85 innovation policies should play in a climate stabilisation policy

86 package, as well as on the particular R&D areas that should be

87 targeted. Popp (2006) has shown that combining carbon pricing and

88 R&D policies can yield welfare gains, but that these are modest with

89 respect to the optimal carbon tax case. Fischer and Newell (2008)

90 find that an optimal portfolio of policies that includes, among

91 others, emissions pricing and R&D can achieve significant efficiency

92 gains.

93 Energy-economy-climate models used to evaluate mitigation

94 policies have incorporated innovation mechanisms such as R&D

95 investments only to a limited extent. This is a drawback, since the

96 optimal policy mix is likely to depend on the returns to scale of energy

97 technologies that are subject to learning (Gerlagh and van der Zwaan,

98 2006), and that are determined by the evolution of the whole energy

99 system. Also, the limited analysis available of R&D investments

100 required to comply with climate stabilisation objectives (Schock et al.,

101 1999; Davis and Owens, 2003; Nemet and Kammen, 2007) has been

102 carried out mostly outside the realm of general equilibrium models.

103 The main objective of this paper is to bring innovative input to the

104 debate on the role of technology policy for climate change mitigation,

105 focusing on the interplay between innovation and carbon pricing

106 policies using the rich set-up allowed by integrated assessment

107 models. To this end, we investigate several potential intervention

108 strategies, with technology policies being used either as a substitute

109 or as a complement to carbon pricing.

110 The rest of this paper is organised as follows. Section 2 provides a

111 brief overview of themodel used in this paper,WITCH, focusing on the

112 various channels of endogenous technological change featured in the

113 model and the types of innovation policies that can be assessed.

114 Section 3 looks at the climate effectiveness of innovation policies, i.e.

115 at the extent to which such policies alone can bring about emission

116 reductions. Section 4 then turns to the economic effectiveness of

117 innovation policies, i.e. the extent to which they can lower the

118 economic costs of a climate policy package aimed at meeting a given

119 climate change mitigation target. We assess the potential economic

120 efficiency gains from hybrid innovation/carbon pricing policies

121 relative to a pure carbon-pricing approach, and compare these

122 potential efficiency gains to those achievable in practice when

123 considering politically more realistic – but sub – optimal – policy

124 combinations. Section 5 concludes the paper by summarising its main

125 results.

126 2. Endogenous technological change and innovation policy options

127 in WITCH

128 The analysis presented in the paper is carried out using the World

129 Induced Technical Change Hybrid (WITCH) model, an energy-

130 economy-climate model developed by the climate change group at

131 FEEM. The model has been used extensively for economic analysis of

132 climate change policies.1

133 WITCH is a computable macro-economic model with an in-built

134 representation of the energy sector, thus belonging to the class of fully

135 integrated (hard link) hybrid models. The economy follows an

136 optimal growth model in which the regions that populate the world

137 (12 macro-regions in the present paper) maximize welfare –

138measured as a function of consumption – intertemporally over a

139long horizon (the model is run here until 2150).2 The model tracks

140investments and expenditures for the main carbon mitigation

141technologies and carriers, selecting the portfolio which is dynamically

142optimal given perfect foresight. Production is represented via nested

143constant elasticity of substitution functions, which allows to track the

144greenhouse gas emissions generated by burning fossil fuels or by

145using land. A simplified climate model computes the greenhouse gas

146radiative forcing associated with these emissions. Additional model

147description can be found in the Appendix to this paper.

148WITCH has two main distinguishing features that are especially

149relevant in the context of the present analysis. The first one is a

150representation of endogenous technical change in the energy sector.

151Advancements in a range of carbon mitigation technologies are

152described by both innovation and diffusion processes. Learning-by-

153Researching (LbR) and Learning-by-Doing (LbD) shape the optimal

154R&D and technology deployment responses to given climate policies.

155Specifically, the investment costs of renewable power generation and

156breakthrough low-carbon technologies are lowered by investments in

157dedicated R&D and technology deployment via a two-factor learning

158curve (see Appendix). R&D investments also increase the energy

159efficiency of the overall production function by contributing to the

160accumulation of knowledge capital that substitutes for energy

161demand.

162In terms of innovation market failures, energy-related knowledge

163in a country depends not only on the country's own R&D investments

164but also on those made by others, via international spillovers. For a

165given region, the magnitude of such spillovers depends on the

166distance of its R&D knowledge stock (cumulative past R&D) to the

167frontier, but also on its absorptive capacity which depends positively

168on its knowledge stock. This gives rise to a bell-shaped relationship

169between a country's R&D knowledge stock and spillovers, with the

170latter being lowest when the former is either very low (weak

171absorptive capacity) or very high (small distance to technological

172frontier) (for details, see Bosetti et al., 2008 and the Appendix of this

173paper). In turn, these international R&D spillovers provide a case for

174international R&D policies.

175WITCH accounts for higher social returns from R&D by calibrating

176a higher marginal price of capital but on the other hand assumes an

177exogenous crowding out of other forms of R&D. Thus, the implications

178of biased technical change are not considered here, but they have

179been evaluated in applications of WITCH on the direction and pace of

180technical progress (Carraro et al., 2009a) and on human capital

181formation (Carraro et al., 2009b). Nevertheless, it should be noted that

182important additional R&D externalities, such as appropriability and

183knowledge protection issues, are not captured due to the aggregated

184structure of the model.

185The second relevant modelling feature is the game-theoretic set up.

186WITCH is able to produce two different solutions. The first is the so-

187called globally optimal solution, which assumes that countries fully

188cooperate on global externalities. This is achieved by jointly

189optimizing the global welfare (using Negishi weights to equalize

190marginal utilities across regions). The second type of solution is a

191decentralised one that is strategically optimal for each given region

192(or coalition of regions) in response to all other regions' choices, and

193corresponds to a Nash equilibrium. This is achieved through an

194iteration procedures in which each region (or coalition of regions)

195maximizes its own welfare, taken as given global variables which are

196computed offline the optimization. This modelling feature allows

197accounting for externalities due to all global public goods (CO2,

198international knowledge spillovers, energy markets, etc.…), making it

1 See www.witchmodel.org for a list of applications and papers.

2 The dynamic nature of the model naturally raises the question of the choice of the

discount rate. In the model, the social time preference starts at 3%, declining over time.

However, since most of the analysis is undertaken in a cost-effective framework rather

than a cost-benefit one, the effect of discounting on results is negligible.
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199 possible to model free-riding incentives and to internalize one or

200 more externality. This allows exploring the potential interactions

201 between different policies aimed at internalising the technological

202 externality and/or the climate externality.

203 Three types of R&D policies summarised in Table 1 are considered

204 in this paper, which differ in the type of R&D they subsidise:

205 i) Energy efficiency enhancing R&D investments (E.E.). The model

206 assumes that an energy efficiency capital stock can be built

207 through dedicated R&D investments, which is a substitute for

208 physical energy (via a constant elasticity of substitution

209 production function) in producing final energy demand.

210 ii) Wind, solar andCarbonCapture andStorageR&D investments (W+S

211 &CCS). Theproductivityofwind, solar andCCS canbedecreasedby

212 R&D investments, through a learning curve formulation for which

213 every given relative increase in the knowledge capital translates

214 into a constant decrease in investment costs.

215 iii) Breakthrough technologies R&D investments (Advanced Techs).

216 As with wind, solar and CCS, R&D decreases the cost of two

217 non-commercial, advanced carbon-free technologies. These

218 technologies can substitute for existing ones in the electricity

219 and non-electricity sectors, respectively.

220 It is important to emphasize that there exists considerable

221 uncertainty surrounding the appropriate way of modelling and

222 calibrating the drivers of technological change. In essence, there is

223 both specification and parameter uncertainty. Specification uncer-

224 tainty relates in particular to the modelling of R&D returns. The issue

225 of whether aggregate marginal returns to R&D are decreasing or

226 constant or even increasing is still being debated in the growth

227 literature. In WITCH, all three types of R&D expenditures mentioned

228 above display decreasing marginal returns. This is consistent with

229 available empirical evidence for low-carbon technologies such as

230 wind and solar power as well as for energy-saving innovation in the

231 United States (Popp, 2002). Diminishing returns to R&D in reducing

232 the costs of clean technologies is also justified by the fact that these

233 technologies (including renewable) rely on inputs, such as raw

234 materials or human capital, whose supply costs are constant or even

235 increase in deployment. These scarcities limit the ability of R&D to

236 keep increasing the efficiency of clean energy capital. Regarding

237 parameter uncertainty, in previous analysis (Bosetti et al., 2009b), we

238 have performed extensive sensitivity analysis on the key parameters,

239 both on those regulating diffusion and innovation. Themain finding of

240 that assessment, which is still relevant for the analysis of this paper, is

241 that essentially only the specification of backstop technologies has a

242 significant bearing on projected carbon prices and mitigation policy

243 costs.

244 With this tool in hand, we aspire to assess the three types of

245 innovation policies described in Table 1 in terms of both their

246 potential carbon emission abatement potential if used as stand-alone

247 policies, and the economic efficiency gains they can generate when

248 combined with an explicit climate stabilisation policy.

249 3. Climate effectiveness of innovation policies

250 We start by analysing the environmental effectiveness of standa-

251 lone innovation policies, looking at their impact on carbon emission

252 and concentration trajectories over the century. We simulate

253 innovation policies assuming global R&D funds of various sizes are

254used to subsidize the three categories of Table 1. As a central value, we

255use a fund size equal to 0.08% of Global World Product (GWP). This

256share is consistent with the optimal R&D investments needed to

257comply with a stringent climate stabilisation policy in the WITCH

258model (Bosetti et al., 2009a), and is in linewith the peak level of public

259energy R&D expenditures achieved across the OECD area in the early

2601980s. Similar values have also been suggested in other recent

261analyses (IEA, 2008, 2010). For robustness check, and in order to

262assess themaximumworld emission reduction that could be achieved

263through a stand-alone innovation policy, we pursue additional

264experiments with incrementally larger funds amounting to up to 2%

265of GWP. The international R&D fund is assumed to be financed by

266contributions fromOECD regions that are proportional to their GDP. In

267turn, each world region receives from the international R&D fund a

268subsidy which adds to its own regional R&D investments in

269innovation. The fund is distributed across regions on an equal per

270capita basis, although alternative distribution rules were also tested to

271check for robustness.

272Figs. 1 and 2 report CO2 emissions and concentrations for the 4

273innovation policies, as well as for the reference (BAU, no policy) and a

274climate stabilisation pathway at 450 CO2 (about 535 CO2-e) ppmv.

275The main result is that all innovation policies fall short of generating

276the mitigation action needed to stabilise carbon concentrations. In all

277cases, the atmospheric stock of CO2 keeps increasing and so does the

278global temperature, which remains rather close to the baseline case.

279There are differences across innovation policies, however. The

280“Advanced Techs” R&D policy, under which two advanced technologies

281become competitive via R&D investments, yields the higher mitigation

282and manages to stabilise carbon emissions— albeit not concentrations.

283Given the improvements needed and commercialisation lags, these

284technologies become effectively available around mid-century, leading

285to some emission reductions afterwards. The “W+S & CCS” R&D policy

286achieves somewhat smaller reductions relative to BAU, and with a

287different time profile. Unlike new breakthrough technologies, wind,

288solar and CCS can quickly penetrate the market if supported by R&D

289subsidies, allowing some emission reductions during the first half of the

290century.

291However, in the long term returns to R&D investments in both

292technologies are somewhat counteracted by the costs due to

293intermittency (for Wind and Solar) and storage repository (for CCS).

294The last option, namely R&D dedicated to energy efficiency (E.E.), is

295almost ineffective for two reasons. First, some decline in energy

296intensity is already embedded in baseline scenarios, consistent with

297the dynamics of the last 50 years. As a consequence, achieving

298additional energy efficiency improvements via R&D is fairly expensive

Table 1t1:1

The three types of innovation policies considered in this paper.

t1:2

t1:3 Acronym Innovation policy features

t1:4 E.E. R&D for energy efficiency enhancement

t1:5 W+S and CCS R&D to improve productivity of wind, solar and CCS

t1:6 Advanced techs R&D for advanced, breakthrough technologies
Fig. 1. Fossil fuel emission paths under alternative innovation policies, compared with

emission paths in the baseline and 450 ppm CO2 only stabilisation cases.
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299 at the margin. Second, efforts to decarbonise the economy will

300 ultimately be crucial to make a dent in emissions. This cannot be

301 achieved through improvements in energy efficiency alone, and

302 rather requires the progressive phasing-out of fossil-fuel-based

303 energy technologies.

304 While the above simulations assume sizeable R&D spending,

305 roughly four times higher than current public energy-related

306 expenditures, one open question is whether even higher spending

307 might overturn our conclusions. Likewise, mixed strategies combining

308 all three types of R&D could in principle deliver higher returns,

309 especially since alternative options differ in the time profile and long-

310 run potential of the emission reductions they can achieve. We have

311 therefore carried out a number of sensitivity analyses, varying the size

312 and allocation of the technology fund. A very robust finding across all

313 simulations is that the largest achievable reduction in emissions with

314 respect to the baseline is in the order of 13%–14% in cumulated terms

315 throughout the century, in the range of the “Advanced Techs” case

316 discussed above. In particular, while a larger international R&D fund

317 induces larger emission reductions over the medium term, its long-

318 term impact is limited by decliningmarginal returns to R&D, as well as

319to a lesser extent by the positive counteracting impact of the fund on

320world GDP and emissions.

321This is illustrated in Fig. 3 through a comparison between two

322funds amounting to 2% of GWP and 0.2% respectively, both of which

323are assumed to subsidise equally all three types of R&D. Although the

324larger fund implies lower emissions in themedium term, by the end of

325the century the two innovation policies result in similar and growing

326emissions, due to the reallocation of consumption from earlier to later

327periods in time. Furthermore, themedium-term impact of a large R&D

328fund is insufficient to put world emissions, even for the first few

329decades, on a path consistent with long-run stabilisation of carbon

330concentrations at safe levels. These results reflect to a good extent the

331assumption of diminishing returns to R&D already discussed above.

332Moreover, rebound effects are also at play, with the increased

333productivity fostering more growth and thus energy demand, not all

334of which can be met by clean sources.

3354. Economic efficiency gains fromhybrid innovation/carbon pricing

336policies

337Although the simulation results from the previous section clearly

338point to the lack of environmental effectiveness of R&D as a stand-

339alone policy, R&Dmay still contribute to reducing the cost of a climate

340policy package when used as a complement to carbon pricing policies.

341The main reason is illustrated in Fig. 4, which shows the economic

342gains from a fund amounting to 0.08% of GWP used as a stand-alone

343policy. By internalising international technological externalities and

344forcing higher innovation investments in earlier periods, innovation

345policies deliver some welfare gains during the second half of the

346century, at the expenses of initial losses. While these gains are small

347under the “W+S & CCS” and “EE” innovation policies, they are

348sizeable in the “Advanced Techs” case, which as discussed before also

349achieves the largest emission reductions. Thus, R&D programs meant

350to facilitate the development of breakthrough technologies that can

351help decarbonise sectors such as transport appear to hold the largest

352emission-reduction and cost-reduction potential.

353It should be noted, however, that such policies still impose an

354economic cost in the first decades of the century, albeit a fairly small

355one in this case. Funds of larger sizes generate higher early penalties;

356for example, a fund of 2% of GWP as shown in Fig. 3 would yield

357consumption losses of 2 to 3% and benefits only after 2060.

358The next sections assess the economic efficiency gains from hybrid

359carbon pricing/innovation policies in two steps. In a first step, we

360illustrate the innovation effects and economic impacts of a world

361carbon price alone under a 450 ppm CO2 only (535 CO2 eq) carbon

Fig. 2. CO2 concentration paths under alternative innovation policies, compared with

emission paths in the baseline and 450 ppm CO2 only stabilisation cases.

Fig. 3. Fossil fuel emission paths for different sizes of a mixed innovation policy.

Fig. 4. Economic benefits (% difference of global consumption with BAU) of stand-alone

innovation policies, for an R&D fund equal to 0.08% of GWP.
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362 concentration stabilisation target.3 In a second step, we estimate the

363 economic gains from incorporating an R&D policy on top of that world

364 carbon price.

365 4.1. Innovation and economic costs under a climate stabilisation policy

366 alone

367 We begin by analysing the optimal investments in innovation

368 when a stringent climate stabilisation policy is considered.4 A policy of

369 this kind, although probably not sufficient to maintain the global

370 temperature increase below the 2° Celsius threshold, does require an

371 immediate and rapid decarbonisation trajectory, for which currently

372 available mitigation options need to be supplemented with innova-

373 tion in low carbon technologies, especially in the transportation

374 sector. The resulting carbon price path is shown in Fig. 5. Themarginal

375 cost of CO2 increases throughout the century with the stringency of

376 the emission cuts, and is shown to be rather high in the second half of

377 the century.

378 The prospect of high carbon prices induces significant increases in

379 R&D. For example, as shown in Fig. 6, public R&D expenditures are

380 found to quadruple with respect to baseline and, as a share of GDP, to

381 approach the peak levels of the early 1980s. Most of the R&D

382 undertaken is dedicated to the two backstop technologies, i.e. to

383 decarbonisation to both electricity and non-electricity, while R&D

384 dedicated to energy efficiency improvements is comparatively

385 smaller.

386 Similar level of investments and their repartition have been

387 recently suggested by other studies using different (mostly bottom-

388 up) approaches (IEA, 2009, 2010). These results depend on the

389 specification of the R&D process, which as noted before has been

390 calibrated on empirical data. However, given the uncertainty

391 regarding the effectiveness of the R&D process across technologies,

392 we have also performed some sensitivity analysis to test the

393 robustness of the R&D investment path to the learning rates of the

394 breakthrough R&Ds (which are the most important ones). Fig. 7

395 shows the R&D investments for the central learning case, contrasted

396 with a high and low cases. The high learning rate has been set at 18%,

397 which represents the highest rate observed in the literature for the

398case of combined cycle gas turbines during the 1980s (Jamasab, 2007).

399The lowest rate was set at 8%, to ensure a mean preserving spread

400around the central case (set at 13%). Results indicate that upward

401trends in energy R&D are optimally induced by the climate policy

402irrespective of the magnitude of the learning rate, though differences

403can be observed in the timing of the investment profile. In particular,

404when the productivity of R&D is higher, investments are anticipated,

405but eventually fall to lower levels, thanks to the higher effectiveness of

406the innovation. The opposite behaviour is observed for the low

407learning rate case, in which investments are deterred by roughly

40810 year, but are eventually increased to make up for the lower

409effectiveness of R&D.

410The observed response of R&D and technological change to carbon

411pricing, in particular the emergence of the advanced technologies,

412plays a major role in containing the costs of a climate stabilisation

413policy. This is illustrated in Fig. 8, which compares the costs of the

414climate policy under alternative assumptions regarding investment

415possibilities in advanced technologies. One extreme scenario assumes

416that the possibility to invest in such breakthrough technologies is

417foregone altogether, while an intermediate scenario assumes that

418R&D investment is still possible in the non-electricity technology.

419Allowing R&D investments in the advanced technologies greatly

420reduces mitigation costs at distant horizons, especially beyond mid-

421century, at the cost of higher losses in the first decades, due to the

422large increase in R&D effort needed to bring about the breakthroughs.

3 We assume the existence of an international carbon market that equalizes

marginal abatement costs. Emission allowances are allocated on an equal per capita

basis.
4 We thus assume global cooperation in an international climate agreement, thus

abstracting from issues such as international carbon leakage or supply side response

from oil producers.
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423 A strong carbon price signal would still be needed in the short term

424 (in the order of 100$/tCO2 in 2030) to foster the large investments

425 needed in both the available abatement opportunities and in the

426 advanced technology R&D programs.

427 The development of carbon-free technologies is especially impor-

428 tant in the non-electricity sector, where the marginal costs of

429 abatement are particularly high, a result which is also in line with

430 bottom-up analysis (IEA, 2010). Comparedwith a scenariowhere R&D

431 investments can be made in both advanced technologies, a simulation

432 where only the non-electricity carbon-free technology is available

433 leads to a small increase in mitigation costs. These results highlight

434 the importance of developing carbon-free technologies in the non-

435 electricity sector, notably in transport, where currently commercially

436 available mitigation options have only limited abatement potential.

437 Also, the electric sector already possesses a fairly rich technology

438 portfolio needed to achieve a stringent climate target, provided that

439 nuclear, CCS and renewables can be deployed on a sufficiently large

440 scale. This lowers the gains at the margin from investing in new

441 advanced technologies in that sector.

442 4.2. Economic efficiency gains from optimal hybrid innovation/carbon

443 pricing policies

444 Having shown that a carbon pricing approach would already

445 induce sizeable increases in overall R&D spending, which as a result

446 would significantly reduce mitigation costs, we now assess the

447 economic efficiency gains of incorporating a global R&D policy on

448 top of the market based climate policy. From a policy standpoint, it is

449 reasonable to expect that if countries are willing to cooperate on

450 climate, they might also do so on innovation. However, these two

451 types of cooperation are normally not assessed together, and in what

452 follows our aim is to evaluate what benefits this joint strategy can

453 accrue.

454 In order to do so,we compare two cooperative solutions of theWITCH

455 model, namely one featuring cooperation on both climate and R&D

456 policies– i.e. combining aworld carbonprice andaglobal R&D investment

457 strategy that internalises all international knowledge spillovers – and

458 another assuming cooperation on climate policy only — i.e. the climate

459 stabilisation policy considered in Section 4.1 above, which implicitly

460 assumes non-cooperative behaviour of each region in setting their R&D

461 spending.

462Comparedwith cooperation on climate policy only, we find that an

463optimal policy with cooperation on both innovation and climate

464would yield somewhat higher energy R&D expenditures. As shown in

465Table 2, on average global R&D investments increase by about 9 billion

466USD a year, or 9%. The largest increases occur in non-OECD countries:

467since these are far from the technological frontier, increased R&D

468spending enhances their ability to absorb the world knowledge pool.

469OECD countries also raise their innovation effort, although to a less

470extent, given their lower marginal returns to R&D investments. The

471highest change occurs during the initial periods, up to 2020.

472In economic terms, cooperation on both innovation and climate

473reduces the costs of climatemitigation, because it allows to internalize

474both the climate and innovation externalities. Global consumption

475losses overt the century (in net present value at 3% discount rate) are

476reduced from 1.92% to 1.74%, an efficiency gain of 10%, or equivalently

4776 trillion USD. These numbers confirm that combining carbon pricing

478and R&D policies can yield welfare gains, but that carbon pricing alone

479could go a long way in determining the optimal investment portfolio

480consistent with climate stabilisation (Popp, 2006).

4814.3. Economic efficiency gains from realistic hybrid innovation/carbon

482pricing policies

483The 10% potential reduction in climate change mitigation costs

484from a global R&D policy estimated in the previous version is largely

485theoretical. Indeed, while cooperation on climate change “merely”

486requires setting up a single world carbon price, in principle

487cooperation on R&D requires an omniscient world social planner

488that sets an optimal level of global R&D and allocates it optimally

489across time, regions and types of R&D. This is extremely unlikely to be

490achievable in the real world, and as such the 10% represents at best an

491upper bound.5

492It is therefore instructive to assess the economic efficiency gain

493that could be achieved by a more plausible global R&D policy, and to

494compare it with the maximum theoretical gain. To this end, we

495assume a global fund making a constant share of GWP, financed by

496OECD countries, allocated to each region on a per-capita basis, and

497spent only on breakthrough technologies, which we have shown have

498the largest cost-saving potential compared to alternatives. The results

499from such simulations in terms of efficiency gains carried out for a

500range of fund sizes are reported in Fig. 9.

501Compared to the optimal global R&D policy analysed in the

502previous paragraph, the “realistic” R&D fund would have a smaller

503impact on mitigation policy costs, reducing the global cost of meeting

504the stabilisation target by at most 3–3.5% relative to cooperation on

505climate policy only. This reduction in policy costs is found to be

506highest for a fund of about 0.07% of GWP, roughly in line with those

507analysed in the previous section of the paper. However, the gain is
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Fig. 8. Costs (% GWP difference with BAU) of a 450 ppm CO2 (550 ppm CO2eq)

concentration stabilisation policy under alternative assumptions regarding investment

possibilities in advanced technologies.

Table 2 t2:1

Investments in energy R&D (billion USD, average 2010–2050) for the two cases with

cooperation on only climate and on both climate and innovation. 450 CO2 policy.

t2:2

t2:3OECD NON-OECD WORLD

t2:4Climate policy 47.7 40.0 87.7

t2:5Optimal policy 49.3 46.3 95.6

t2:6% difference 3% 16% 9%

5 Leaving aside the non-internalization of international R&D spillovers when regions

do not cooperate on innovation policy, R&D is set and allocated optimally in the model.

This assumes away domestic information, agency and political economy problems

which make it difficult to select the good research programs and thereby reduce the

value of R&D in practice. From that perspective the simulated gains from R&D policies

should be seen as an upper bound. At the same time and as noted above, however, it

should be noted that the WITCH model's aggregate structure does not allow us to

model issues related to private underinvestment in R&D, which could in principle

increase the efficiency gains deriving from R&D policies.

6 V. Bosetti et al. / Energy Economics xxx (2011) xxx–xxx

Please cite this article as: Bosetti, V., et al., What should we expect from innovation? A model-based assessment of the environmental and
mitigation cost implications of climate-r..., Energy Econ. (2011), doi:10.1016/j.eneco.2011.02.010

strategy that internalises all international knowledge spilloversstrategy that internalises all international knowledge spillovers

i.e. the climatei.e. the climate

above, which implicitlyabove, which implicitly

9

476

es related to private underinvestment in R&D, which could in principlees related to private underinvestment in R&D, which could in principle



508 smaller than the one shown for the optimal case, given the different

509 regional repartition. Higher spending is not found to be efficient due

510 to decreasing marginal returns to R&D. Overall, the small cost

511 reduction achieved by the simple R&D fund compared with the

512 maximum achievable savings highlights the importance of allocating

513 spending optimally across time, regions and different types of R&D.

514 4.4. Economic efficiency gains from optimal hybrid innovation/carbon

515 pricing policies for a looser climate objective

516 Our results so far have indicated that innovation is a key ingredient

517 to climate stabilisation, and that substantial investments in energy-

518 related R&D are needed to bring about the productivity changes

519 required by low emission targets. As such, combining climate and

520 innovation policies yields additional benefits, but those would be

521 bounded by the high levels of investments already occurring in the

522 climate scenarios. Indeed, our estimates have suggested that for a

523 climate objective of 450 CO2 only (535 CO2-eq) the efficiency gains of

524 coupling innovation and climate policies would at best equal 10%.

525 However, the policy considered is a quite severe one, and one might

526 wonder how results would change if a looser climate objective were

527 considered.

528 As a final task, we investigate amilder climate objective of 550 CO2

529 only (about 650 CO2-eq) and again compare the case of cooperation

530 on climate only with that of cooperation on both climate and

531 innovation. Table 3 (the counterpart of Table 2) shows the R&D

532 investments in the two scenarios. Once again, the optimal policy

533 implies more investments in R&D than in the climate policy only.

534 However, the global increase in investment is now in the order of 20%,

535 twice as much as under the more stringent climate objective, and also

536 higher in levels (+12.6 billions/yr), despite the fact that overall R&D

537 investments are lower given the less ambitious climate target. The

538 largest increase again occurs in developing countries, but developed

539 ones also raise their investment levels.

540 In terms of macro-economic repercussions, the “full cooperation”

541 and “climate cooperation only” set-ups yield consumption losses of

542 0.3% and 0.39%, respectively. Thus, the relative efficiency gain is about

543 30%, significantly higher than under the more stringent climate policy

544 scenario. In levels, however, the gains from coupling climate and

545innovation policies are twice as small under the less stringent target

546as under the more stringent one, specifically 3 trillion USD compared

547to 6. The value of R&D in relative terms decreases with the stringency

548of the climate objective due to decreasing returns to innovation.

549However, since abatement costs are highly nonlinear, as exemplified

550by the steep path of carbon prices, the actual savings in dollar value

551from coupling climate and innovation policies are higher under more

552ambitious targets.

5535. Conclusion

554This paper has used WITCH, a global integrated assessment model

555featuring multiple externalities and endogenous technological

556change, to assess the potential for innovation policies to mitigate

557climate change or to lower the cost of doing so. Two main results

558stand out. First, innovation policies alone are unlikely to effectively

559control climate change. Even under large increases in global climate-

560related R&D spending, emissions can be at best stabilised above

561current levels and CO2 concentration be reduced by about 50 ppm

562relative to baseline by 2100 (from over 700 ppm to about 650 ppm, or

563over 750 ppm CO2eq). The decarbonisation of energy needed to meet

564stringent global emission reduction objectives has to be achieved at

565least partly by pricing carbon.

566Second, relative to cooperation on emission reduction alone

567(through global carbon pricing), international cooperation on R&D

568(through a global R&D policy that would internalise international

569knowledge spillovers) might bring about additional benefits, of about

57010% (or 6 USD Trillions) for a stringent climate policy and 30% (or 3

571USD Trillions) for a looser one. However, such an optimal global R&D

572policy is difficult to achieve in practice, and under more realistic

573assumptions about the allocation of spending across time, countries

574and types of R&D, the magnitude of efficiency gains are significantly

575reduced. This is because global carbon pricing alone is shown to have

576the potential to trigger substantial increases in R&D expenditures,

577which implies that further spending under a global R&D policy would

578run into decreasing marginal returns.

579These findings are qualitatively robust to sensitivity analysis on

580key model parameters, notably returns to R&D, learning rates and

581international knowledge spillovers in the various technological areas

582(see Bosetti et al., 2009b). At the same time, some limitations to our

583analysis should be acknowledged, which call for caution in interpret-

584ing our quantitative results. While assumed away in this paper,

585increasing returns to R&D cannot be fully ruled out, and the

586magnitude of international R&D spillovers – a key justification for

587global policy intervention in climate-related R&D – remains highly

588uncertain for lack of empirical evidence. Also, the model assumes

589away some domestic innovation failures that in practice might

590provide a stronger case for R&D policy intervention than found in

591this paper — although it also ignores the information, agency and

592political economy problems that often undermine the effectiveness of

593public R&D programs in practice. Such failures typically affect any

594type of innovation, but may bemagnified in the area of climate change

595mitigation, such as appropriability problems (lack of credibility of

596intellectual property rights on key mitigation technologies that might

597emerge in the future), lack of credibility of carbon pricing policies

598(due to the impossibility for current governments to commit credibly

599to a future carbon price path), or failures specific to the electricity

600sector (network effects and thereby entry barriers associated with

601already installed infrastructure, cumulative nature of knowledge, …

602etc.). It is however unclear whether the overall impact of credibility

603problems and lack of specific infrastructures would enhance or reduce

604R&D investments (different effects have sometimes opposite signs)

605and therefore would increase or reduce the effectiveness of technical

606change on climate change control. Further research is needed to

607explore these issues.

Table 3t3:1

Investments in energy R&D (billion USD, average 2010–2050) for the two policies with

cooperation on only climate and on both climate and innovation. 550 CO2 policy.

t3:2

t3:3 OECD Non-OECD World

t3:4 Climate policy 35.2 29.4 64.6

t3:5 Optimal policy 38.4 38.8 77.2

t3:6 % difference 9% 32% 20%
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Fig. 9. Economic efficiency gains (% difference in discounted consumption relative to

cooperation on climate policy only) from a global R&D fund dedicated to breakthrough

technologies, under a 450 ppm CO2 (535 ppm CO2eq) concentration stabilisation

constraint and for different fund sizes.
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608 6.Q6 Uncited reference

609 Fisher and Newell, 2008

610 Appendix A. Supplementary data

611 Supplementary data to this article can be found online at

612 doi:10.1016/j.eneco.2011.02.010.
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