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Abstract

This paper discusses policy instruments for redirecting technical change within the electricity sector to mitigate
climate change. First, we unravel the mechanism behind directed technical change, explaining why markets may
underprovide innovations in expensive renewable technologies in comparison to innovations in energy-efficient
fossil-fuel generators. Subsequently, we characterize technical change in electricity generation technologies,
stressing the heterogeneity of knowledge spillovers both within and between clean electricity generation
technologies. We argue that there exists a rationale for a portfolio approach to innovation in the electricity
sector, i.e., optimal innovation policies are neither fully generic nor fully specific; and they need to be adapted,
in response to new information learned by the government. The existing innovation literature does not, however,
provide a clear-cut answer for designing such a policy. We compare policy instruments and argue that public
R&D support to clean technologies, either in the form of subsidies or prizes, seems to be the prime candidate for

implementing non-generic innovation policy.
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1. Introduction

In the electricity sector, technology choice is the prime determinant of CO, emissions.* Therefore, reducing the
electricity sector’s carbon emission boils down to the substitution of technologies with high emission factors,
such as coal, by technologies with lower emission factors, such as natural gas or renewables.? Alternatively,
fossil fuel-fired capacity can be complemented by carbon capture and storage to lower emissions. Today, most
low-carbon alternatives are still considerably more expensive than the traditional fossil-fuel based technologies
(if we disregard energy-related taxes and subsidies), which stresses the need for cost-reducing innovation in

clean power-generating technologies (hereafter: ‘clean innovations”).

However, two market failures impede clean innovations (e.g., Jaffe et al., 2005). The first market failure is
associated with environmental pollution, and the second one is associated with the innovation and diffusion of
new technologies. As major reasons for the second market failure, Jaffe et al. (2005) stress externalities in
knowledge and adoption, and incomplete information. Although these externalities impede innovations in both
dirty and clean technologies, they have a larger impact on innovation in clean technology, because of the
interaction with the environmental market failure. As a result, clean technologies have historically been
developed less than dirty technologies. This path dependency in the direction of technical progress locks the

economy into the use of dirty technologies (Unruh, 2000 and 2002).

Acemoglu et al. (2012) formally relate the path dependency of technical change in the economy to policy
instrument choice. ® In their model, a final good is produced by combining inputs of two sectors: clean and dirty.
Path dependency arises because the knowledge accumulation process is sector-specific. Any clean (dirty)
innovation builds on the existing knowledge stock in the clean (dirty) sector and adds to this knowledge stock.
Since the economy has so far accumulated a larger knowledge stock on dirty technologies, innovation in dirty
technology is more profitable than innovation in clean technology. Hence, in the absence of an innovation
policy correcting for this ‘gap’ in innovators’ profits, research efforts will always be directed at dirty
technologies. Acemoglu et al. (2012) show that a combination of R&D subsidies to clean research and pollution
taxes is optimal for redirecting technical change towards the clean sector of the economy. Since recent empirical

work corroborates the theory of directed technical change for the electricity sector (see, for example, Hascic et

! This becomes immediately apparent by comparing the emission factors associated with the dominant electricity generation
technologies. For instance, according to IEA (2011), the implied emission factors from electricity and heat generation are
370 gram/kWh for natural gas, 610 gram/kWh for oil, and 840 gram/kWh for bituminous coal.

2 Additionally, carbon emissions will decrease if demand for energy decreases, e.g., because of increased energy-efficiency
of electric appliances. However, these energy-efficiency increases would then need to offset the overall increasing trend in
the use of these appliances. According to the projections by the IEA (2009), world electricity demand is expected to grow at
an annual rate of 2.5% until 2030, thus, there is still a need in reducing emissions in electricity production. The current paper
considers the effect of energy-efficiency increases in electricity generation, but leaves out energy-efficiency in consumption.
® There exists a substantial endogenous-growth literature that relates technological change to instrument choice by modeling
the innovation process in clean technology. See, e.g., Bovenberg and Smulders (1995, 1996); Goulder and Mathai (2000);
Van der Zwaan et al. (2002); Popp (2004); Gerlagh et al. (2009).
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al., 2009, Lanzi and Sue-Wing, 2010, and Noailly and Smeets, 2012), * we will use this theory as a starting point
for our analysis of policy instruments to spur clean innovations in this sector.

Notwithstanding the general characterization of optimal innovation policy by Acemoglu et al. (2012), the
practical question arises: how to apply the insights from this general theory in order to redirect technical change
in power-generating technologies efficiently? First, we need to extend the scope of the analysis to incorporate
multiple clean technologies, which are present in this sector. Secondly, Acemoglu et al. focuses on the case in
which all innovations in clean technology have identical knowledge spillovers to all other clean innovations,
which rules out differentiated R&D subsidies for different clean technologies. Therefore we need to discuss
what may happen if knowledge spillover patterns differ between clean technologies. Finally, we need to address
information issues. For example, bringing into consideration asymmetric information between the government
and firms makes the choice between ex ante subsidies and ex post rewards material (Wright, 1983). Our paper
contributes to the economic literature by highlighting the effect of these additional aspects that are present in
this sector and discussing how they may affect policy instrument choice. In doing this, we will also take into

account the global character of the clean-innovation problem in the context of climate change mitigation.®

While there is a large theoretical literature on environmental policy instruments for spurring clean innovation
and their adoption (e.g., emission and performance standards, emission taxes, or emission permits; see Requate,
2005), the most of this literature focuses either on particular instruments, or on the comparison of one such
instrument against another.® The instruments analyzed in this literature aim to reduce emissions, while spurring
innovations at the same time. Indeed, empirical studies confirm that (especially stringent) environmental
policies both reduce pollution and spur clean innovation (e.g., Vollebergh and van der Werf (2012) argue that
more stringent environmental standards spur more radical clean innovations). Complementary to these insights
about the composite effects of environmental policy instruments, there are also theoretical results suggesting
that it may be more efficient to address market failures in the clean research market by additional instruments,
such as R&D subsidies. These results show that combining an environmental policy instrument - for example,
an emission tax or permit - with such a subsidy can improve social welfare (Fisher and Newell, 2008,
Golombeck et al., 2010, and Montero, 2011). Our paper follows that line of research and compares three
compound policy options for spurring clean innovations. Each of these policy options will include a carbon tax
(at least at the level of the current marginal damage) and some level of patent protection, as a ‘basic policy’: the
carbon tax intends to solve the environmental market failure and the patent system solves the generic research

market failure. Furthermore, in order to deal with the path-dependency issue, the basic policy is extended in one

* Another closely related empirical paper is Aghion et al. (2011), which considers the automobile industry. It finds that
innovating firms build on their existing technology-specific knowledge stock to develop new innovations.

® Given that emissions in the power sector are linked to both climate change and air quality, there may be trade-offs and co-
benefits from reducing both greenhouse-gas emissions, which accumulation causes climate change on a global scale, and
local air pollutants. Here we mainly focus on global effects of climate policies. See Bollen et al. (2009) for the discussion of
co-benefits of climate policies for air pollution.

% For example, command-and-control instruments, such as technological, emission and performance standards, are compared

to market-based instruments, such as taxes and pollution permits.
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of the three alternative ways: (i) providing public R&D to clean innovation; (ii) strengthening patent protection;
or (iii) raising the carbon tax above the marginal emission damage level. It will be shown that - compared to the
options of modifying patent protection or raising carbon taxes above the marginal damage level - public R&D is

likely to be more suitable for spurring innovation in clean electricity generation technologies.

The paper proceeds as follows. Section 2 introduces a simple example to explain the essence of the problem that
arises with respect to clean innovations. The example explains why certain clean innovations in the electricity
sector are likely to be underprovided by the market. By means of this example, we stress the importance of
public support to innovations in emerging clean technologies, rather than innovations in energy-efficient fossil-
fuel technologies, and highlight the main challenges in policy design to achieve these innovations. Section 3
describes the context of the electricity sector in more detail. Since this sector produces a relatively homogeneous
product’ (except for the timing and location of generation), technical change in power-generating technologies
mainly aims to reduce production costs. However, it will be shown that notwithstanding this uniform ‘goal’,
technical change in the power sector displays considerable heterogeneity. This observation provides a rationale
for considering more technology-specific innovation policies in this sector, as discussed in Section 4.
Subsequently, Section 5 applies this insight to compare policy options for spurring clean innovations, providing
arguments in favor of public R&D-portfolio approach to spur innovations in clean electricity-generating

technologies. Section 6 concludes.

2.  Why do ‘clean’ technologies deserve additional support?

In a recent paper, Acemoglu et al. (2012) show that subsidies to clean research are an indispensable ingredient
to properly stimulate the development of clean technologies. These subsidies are indispensable in the sense that,
without them, the switch to developing clean technologies will either occur too late or will be too costly. An
important assumption driving their result is that knowledge spillovers in each technology type (clean and dirty)
are both sequential and complementary. Here, sequential means that each innovation builds on the preceding
innovation in the same technology type, i.e., innovators “stand on the shoulders of giants”, whereas
complementary means that knowledge spills over between firms within the same (either clean or dirty)
technology type, but not between these types. To be able to fully apprehend the implications of this assumption
for innovation policy, we present a simple example that explains why the current patent system provides
insufficient incentives for innovation in clean electricity generation technologies. Furthermore, we discuss

possible alternative policy measures.

Consider two periods, t = 1,2. In each period at most one firm, which is randomly drawn from a pool of
potential innovators, can innovate in a clean technology to reduce the production cost of this technology.

Examples of such technologies are solar PV, onshore wind, and carbon capture and storage (CCS). For the ease

" For the sake of simplicity, we ignore the effect of product differentiation in the power market in the main analysis of this
paper. Moraga-Gonzales and Pardon (2002) consider a model in which consumers differ in their valuation for the green
features of the product and show that a technological subsidization of green technologies is still welfare improving in this

case.
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of exposition, we assume that the randomly-drawn firm can only undertake one innovation, which is always
successful. The innovation takes place at the beginning of the period and gives the firm instantaneous access to a
new clean technology with a lower production cost, for which the firm obtains a perfectly-enforced, one-period
patent. After this patent has expired, the patent’s embodied knowledge spills over to the pool of potential
innovators, enabling any of them to do a follow-on clean innovation. Thus, we assume that the second
innovation builds on the first one and it can only be undertaken one period after the first innovation has been
undertaken; and the new knowledge added in the first period improves the starting position of all the potential

innovators in the second period.

The initial cost of the clean technology is c. Each innovation reduces this cost by &: the cost of clean energy
production decreases to ¢ — & after the first innovation; and to ¢ — 24§ after the second innovation. For
expositional purposes, we assume that the cost of the existing dirty technology equals zero and that the dirty
technology cannot be improved upon, i.e., there is no innovation in the dirty technology. The electricity market
is perfectly competitive, and the innovating firm can supply one unit of electricity in this period at the market
price. The marginal pollution damage in the first period is zero, whereas the marginal pollution damage in the
second period is above c. In other words, the clean technology will need to be employed in the second period,
even if its costs remain high. Furthermore, we assume that the second-period carbon tax t is set in accordance
with the marginal pollution damage in that period, hence t > c. However, the first-period carbon tax may be set
at or above the first-period marginal pollution damage. Figure 1 displays the costs of the clean technology in
both periods together with the respective carbon taxes at and t. Here, @ (0 < a < 1) denotes the level of the
carbon tax in the first period relative to that in the second period. Finally, we ignore discounting and to allow
innovation to be profitable; we also assume that the cost reduction § resulting from any innovation is larger than

the cost 6 to undertake the innovation, i.e., § > 6.

Figure 1 Innovation in clean technologies
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The social welfare is expressed as the difference between the total benefits (including the avoided environmental
damage) and the total costs of clean innovation and production over the two periods. Its maximization shows
that it is socially optimal to innovate in both periods provided that the second period benefit after both
innovations, t — (¢ — 28), is larger than the cost of these innovations, 26.® Although the socially optimal
strategy requires innovating in both periods, it is not socially optimal to use the clean technology in the first
period because, in the first period, the cost of the improved clean technology is still larger than the marginal
damage of pollution, ¢ — § > at. In contrast, under a one-period patent, a private firm would only innovate in
the first period if it could yield a positive profit, i.e., if c — § + 8 < at. This disparity between the social and
private incentives to invest results from the inability of (one-period) patents to internalize knowledge spillovers
from innovations that are not (almost) immediately used. So, our simple example suggests that clean
technologies deserve additional policy support not because they are ‘clean’, but because they are too expensive
to be used in the first period, while it is efficient to start to develop them in the first period in order to use them
at a low cost in the second period. Since the incentives under patent protection depend crucially on the actual
use of a technology during the lifetime of a patent, patents will provide insufficient incentives in this case. Thus,
our example points out that relatively more expensive renewable technologies, such as solar PV, are more likely
to suffer from this lack of incentives than relatively less expensive technologies, such as onshore wind.
Moreover, it also suggests that incentives for innovation in highly-efficient coal and gas power plants are
sufficient, as first-period profits will be positive for these innovations. This is intuitive, since the profitability of

innovations in the first period depends primarily on energy prices instead of carbon taxes.

Table 1 lists three policy options that could be used by the government to internalize the knowledge spillovers
considered in our simple example. Here we assume that the first-period carbon tax is initially equal to zero to
capture the idea that the current damage level is relatively low. First, an R&D subsidy on clean research of at
least 6 will reimburse the innovation cost to the first-period innovator and, therefore, will fully internalize the
knowledge spillovers. Second, a two-period patent will create sufficient incentives for the first-period innovator.
To see this, notice that the total profit after two sequential innovations is positive: t — (¢ — 28) — 26 > 0. If the
first-period innovator has obtained a two-period patent, he can license the technology for an amount slightly
larger than 6 to the second-period innovator, giving both innovators strictly positive profits. Finally, a first-
period carbon tax of at least c — & + 8 will induce innovation by yielding the first-period innovator a sales profit

of c — 6 + 6 — (c — §) = 6, which is just sufficient to recoup the innovation cost.

Table 1 Polices that fully internalize knowledge spillovers (0=0)

Policy instrument “Minimum” size Welfare gain from clean innovation
Clean research subsidy 0 2(6 —0)

Extending patents at least two periods 2(6—6)

Carbon tax c—(6—-06) 26—60)—(c—9)

8 This follows from our assumptions on (i) the second-period carbon tax t > c; and (ii) the ‘profitability’ of the innovations

& > 6. From this it is easy to see that innovating twice achieves higher social welfare than innovating once or no innovation.
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Turning to optimal instrument choice, we observe from Table 1 that a “diffusion” instrument, such as carbon
taxes, that induces innovation by encouraging its diffusion, is associated with lower welfare levels than pure
“innovation” instruments, such as patents and research subsidies, that deal with the knowledge spillovers
directly (cf. Acemoglu et al., 2012). Thus, our example highlights the importance of current policies for the
development of clean technologies for the future. However, since our example has disregarded many of the
electricity market’s key characteristics, we cannot expect it to provide further reliable and robust insights into
the issue of instrument choice. For instance, it is well-known that policy instrument choice depends on the
pattern of knowledge spillovers between technologies (Acemoglu et al., 2012) and the presence of private
information (Wright, 1983). As we focus on the electricity sector, we now provide a short summary of its main

characteristics in terms of technologies, knowledge spillovers, and information problems.

3. Key characteristics of innovation in electricity generation technologies

We now turn to the key characteristics of innovation that, in our view, need to be considered in the design of
government innovation policy in the electricity sector. First, we discuss how the presence of multiple, and often
competing, electricity generation technologies influences the social value of innovations in these technologies.
Second, we discuss the extent of knowledge spillovers between electricity generation technologies. Third, we
address the role of information asymmetry between the government and innovating firms, and the extent of

uncertainty that they both face about the innovation process.

3.1 Multiple technologies

Electricity generation technologies are imperfect substitutes in power supply.? Consequently, innovations in one
technology decrease the value of other technologies, because the - now cheaper - technology gains market share
(or at least, the probability increases that this technology may gain market share in the future).’® Power
generating technologies are imperfect substitutes for both technical and economic reasons. On the technical side,
different electricity generation technologies exhibit a different ability to vary supply at short notice. At one
extreme, wind and solar capacity have no ability to vary their supply at all; at the other extreme, gas-fired and
modern coal-fired capacity have a relatively high ability to vary supply at short notice. As a consequence, wind
and solar will be imperfect substitutes for gas-fired and modern coal-fired capacity. On the economic side, many
electricity generation technologies tend to display decreasing returns, again implying that they are imperfect
substitutes. These decreasing returns to scale may arise either from the use of exhaustible resources, such as
natural gas, or the limited availability of ‘suitable’ locations, such as onshore locations where the wind is strong.
Finally, electricity generation technologies are characterized by a different mix of fixed over variable costs. For
example, although coal-fired generation is a perfect substitute for gas-fired generation for producing base load,

it is an imperfect substitute for producing peak load, because coal-fired generation incurs higher fixed costs.

° Two technologies, A and B, are substitutes whenever the demand for technology A increases in response to an increase of
technology B’s cost. Conversely, two technologies are complements whenever the demand for technology A decreases in
response to an increase of technology B’s cost.

19 1 addition, there may be also direct knowledge spillovers between technologies, which we discuss in Section 3.2.
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Figure 2 Example of (imperfect) substitute and complementary technologies

Complements

o Substitutes
Storage, smart Carbon capture
grids, gas, hydro and storage
Concen-
trated
Bio- solar Solar Wind Coal Gas
mass power PV

Notice that, although it is generally true that technologies in the power sector are imperfect substitutes, some
technologies are complements, implying that innovations in these technologies will increase the value of
innovations in other technologies (see Figure 2). For example, cheaper storage increases the value of the
intermittent electricity generation technologies, such as wind and solar.* In the same manner, innovations in
carbon capture and storage will increase the value of gas-fired and coal-fired generation. Finally, notice that,
depending on circumstances, two electricity generation technologies can either be (imperfect) substitutes or
complements. For instance, gas-fired and hydro capacity are substitutes for wind and solar capacity, whenever
these technologies replace wind and solar. However, if they are used as back-up capacity, gas-fired and hydro

capacity will be complementary to wind and solar capacity.

3.2 Knowledge spillovers

The empirical literature on energy patents shows that inventors ‘stand on the shoulders’ of their predecessors,
and the knowledge spillovers are larger in the early stages of technology development. In particular, Popp
(2002) finds clear evidence of significant within-technology knowledge spillovers for eleven different energy

technologies, as well as the evidence of diminishing returns to research in a given field, suggesting that it

11 Johnstone and Hascic (2010) find evidence that innovation in storage technologies increases innovation in intermittent
technologies, such as solar, wind, and ocean, more than innovation in dispatchable technologies, such as geothermal, hydro

and biomass.
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becomes increasingly difficult to add new innovations to the knowledge stock.'? More importantly, his evidence
suggests that the effect of existing knowledge stocks on patenting activity substantially exceeds the effect of
changes in energy prices: the change in patenting activity as a result of the average yearly change in energy
prices is ‘just’ 2.05 percent; while the change in patenting activity attributed to the average yearly changes in the
knowledge stock is 24.3 percent.

Figure 3 Citation types encountered in citing patents in the field of renewable energy
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Source: Noailly and Shestalova (2012). The underlying dataset covers patent
applications filed at 17 national patent offices of the EU-15 countries,
Switzerland and Norway over the period 1978-2006.

More recently, Noailly and Smeets (2012) confirm the conjecture that innovation in renewable energy
technologies builds to a large extent on previous research in renewables, and thus possesses the ‘standing on the
shoulders of giants’ feature. Moreover, Noailly and Shestalova (2012) show that the degree of path-dependency
differs across renewables. Using patents citations, they measure the relative size of knowledge spillovers by
counting the references to prior art included in patents. The analysis covers two broad knowledge fields:
‘renewables’ (REN) and ‘fossil-fuel” (FF). The REN-field includes solar, wind, hydro, marine, waste, biomass,
geothermal, and storage technologies,™ while the FF-field includes burners, furnaces, turbines, steam engine
plants, steam generation, fuel-gas production by carbureting air, and ignition. Figure 3 displays REN-
technologies. For each technology, the bars show the relative contribution of backward citations that occur (i)
within the same technology, i.e., intra-technology citations; (ii) from other REN or FF technologies, i.e., inter-
technology citations; and (iii) from other knowledge fields that are not included in REN or FF, i.e., external-
technology citations. We observe that REN-technologies mainly build on prior knowledge within the same field,
as well as on ‘external” knowledge, while there are comparatively few citations from other energy fields.
Although the intra-technology citation category is, on average, the largest of the three, its size substantially
differs across technologies. Furthermore, Noailly and Shestalova (2012) show that inter-technology citations in

patents of hydro and marine technologies typically come from REN-technologies, while inter-technology

2 These technologies are: coal liquefaction producing liquid fuels, coal gasification producing gaseous fuels, solar energy,
batteries for storing solar energy, fuel cells, using waste as fuel, recovery of waste heat for energy, heat exchange: general,
heat pumps, Stirling engines and continuous casting processing of metal.

B Storage (namely: batteries for electric storage) has been included because of its importance for the development of

intermittent energy sources.



citations in biomass and waste technologies typically come from FF-technologies. All this suggests that the

degree of path-dependency substantially differs across energy technologies.

3.3 Uncertainty and asymmetric information
Another important factor affecting policy choice in clean power-generating technologies relates to the degree of
information asymmetry between firms and governments, as well as to the degree of information uncertainty

faced by both these parties.

In particular, with respect to the information asymmetry between firms and governments, the common view in
the innovation literature is that innovating firms typically have superior information on both the expected costs
and benefits of innovations.* Although this common view remains unchallenged in many markets, we argue
here that the particulars of innovations in electricity generation technologies are such that the informational
disadvantage of the government, especially with respect to innovation benefits, is less than in some other sectors
of the economy. The reason for this is that most innovation in electricity generation is ultimately directed at
reducing the production cost of electricity, rather than at creating a new commodity. Indeed, the basic
commaodity for sale in the electricity market, a kwWh, has remained unchanged since the California Electric Light
Company in San Francisco started selling electricity to its customers in 1879. Although consumers differ in their
environmental awareness and may prefer one clean technology over another, this heterogeneity in consumer
tastes is unlikely to create a substantial informational advantage for the suppliers of particular technologies over
other suppliers and the government with respect to the expected market demand for different technologies.*
Besides, the benefits of clean technologies over dirty technologies depend largely on environmental policy
stringency worldwide. Consequently, both the private value of innovations in any particular electricity
generation technology will depend mainly on the price-cost advantage of that technology versus other
technologies. Concerning this type of information, firms innovating in a particular field may still have superior
information on their own innovation strategies and on the prospect for specific clean technologies. For example,
firms may have superior information regarding the prospect for cost decreases in solar PV vis-a-vis carbon
capture and storage. Notice, however, that this superior information on the prospect for a specific technology
may fail to ‘translate’ into superior information in terms of the private benefits of the innovation: firms may not
capture the gains of ‘early’ innovations in electricity generation technologies, because demand for these

innovations during the patent lifetime is negligible.

Another and perhaps even more important information problem in the energy sector concerns uncertainty (for
all parties) about potential price shocks that may affect specific power-generating technologies, as well as about

the potential for cost reductions in different technologies. Indeed, the IEA (20104, p.20) observes that it is

14 See, for example, Wright (1983) and the references cited there.

15 A niche of consumers may display preferences for a specific source of non-polluting electricity. For instance, some
consumers may still prefer solar electricity over the electricity generated from fossil-fuel, even if the latter technology
incorporates carbon capture and storage. In this article, we ignore such technology-specific preferences. However, our

conclusions will still hold as long as these groups are likely to be small.
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impossible to make ‘any generalization on costs above the regional level; but also within regions [...], and even
within large countries [...], there are large cost differences depending on local cost conditions [...].” Moreover,
the IEA (2010a, p.20) notes that the ‘cost for renewable energy technologies shows important variations from
country to country and, within each country, from location to location.” This suggests that some part of the
existing variation in cost estimates of electricity generation technologies can be attributed to fluctuations in
prices for plant components and key commodities, which may be unknown to firms as well.'® Hence, although
firms are likely to have some superior private information over the government (e.g., on local conditions or their
own capacity in inventing or adopting a new technology), yet, both firms and the government face uncertainty

attributable to unexpected price shocks and other market developments.

To learn what is known with respect to the information about the potential for cost reductions of power-
generating technologies, we can turn to the literature that estimated the relationship between costs and the
installed capacity (indicating learning by doing), R&D expenditures (indicating learning by research), or both.
This literature reveals that both learning-by-doing and learning-by-research contribute substantially towards the
cost decrease of electricity generation technologies over time.'” However, the estimated learning rates tend to
display substantial variation both between technologies and between studies.*® In part, this variation can be
explained by differences in the assumed geographical domain of learning (Lindman and Séderholm, 2011) as
well as by econometric methodology (S6derholm and Sundqvist, 2007). However, a substantial part of this
variation may also be genuine, simply reflecting the current, imperfect state of public knowledge about these
technologies of both firms and governments.

This raises the question whether the imperfect state of public knowledge represents a reflection of uncertainty or
of the fact that policy makers know less than private firms. To us, both ‘explanations’ seem to have at least
some merit: although innovating firms may have superior information regarding the near future of electricity
generation technologies (since they know more about their own research strategies), they are unlikely to have
superior information regarding more distant future of electricity generation technologies, or about undiscovered
breakthrough technologies, such as nuclear fission, which are unknown to all parties. Furthermore, as argued by

Smith (2008), even if all the technical information were available (or could be acquired), it would still be

18 Another illustration of the extent of cost fluctuations is provided by Davis (2011), who observes that overnight
construction costs (i.e., the present value cost that would have to be paid as a lump sum up front to completely pay for a
construction project) for nuclear seem to have risen with 26% within a single year, from 2009 to 2010.

7 In the discussion of relevant policy options in Section 4, we will mainly focus on learning-by-research for the reasons of
clarity; however, we do not intend to de-emphasize the importance of learning-by-doing in any way.

'8 Some notable contributions are: Klaassen et al. (2005) who estimate two-factor-learning curves for wind energy in
Denmark, Germany, and the United Kingdom; Ek and S6éderholm (2010) who estimate two-factor learning curves for wind
power using a panel data set for five European countries; and Kahouli (2011) who estimates a two-factor learning curve for
nuclear cost. Jamasb (2007) who estimates two-factor-learning curves for twelve fossil and non-fossil fuel technologies,
observes that learning rates display substantial variation between technologies. Furthermore, Jamash and Kéhler (2008),

Kahouli-Brahmi (2008), Lindman and Sdderholm (2011) discuss differences across studies.
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challenging to use it properly in the context of big environmental problems, because these problems feature

connected markets, feedback effects, and both price and non-price interactions.

All in all, this leads us to conclude that the design of innovation policy in the power sector is hampered by
information problems, notably by different types of uncertainty (e.g., technical, economic, and political) and to
some extent by information asymmetry. However, the extent of information asymmetry between the government
and innovating firms in this market is less than in some other markets. A firm’s private information concerns
mainly its own innovation strategy and its estimates of prospects of specific clean technologies. By itself, this
information advantage may be insufficient for yielding the firm a positive private value through innovation,

because demand for these innovations during the patent lifetime is negligible.

4.  From generic to more specific innovation policy

In this section, we discuss conditions under which a non-generic innovation policy may work better than generic
policy. We will use our observations from Sections 2 and 3 to argue that a generic innovation policy is unlikely
to be optimal for spurring innovations in clean power-generating technologies. However, we stress that the
proposed move towards a less generic innovation policy is not a move to an extreme picking-the-winner type of
policy either, because a certain amount of R&D diversification remains optimal, as long as electricity generation

technologies are imperfect substitutes and learning about these technologies’ costs is endogenous.

To fix ideas, let us think first about generic innovation policy, in which innovation in all electricity-generating
technologies receive equal public support, for example an R&D subsidy. An example of generic innovation
policy in the electricity market would be the situation in which the government would allocate the same level of
public R&D support to both dirty and clean technologies (see Figure 4). In order to understand under which
circumstances such a generic innovation policy may be suboptimal, we turn to Acemoglu et al. (2012), who

argue for allocating R&D subsidies to clean innovations only.

This recommendation of a more specific innovation policy originates from a combination of three assumptions.
First, innovators have the ability to direct innovation at a specific sector, i.e., the clean or the dirty sector.
Naturally, this ability to direct innovation is a crucial prerequisite for any non-generic innovation policy.
Second, the clean and dirty inputs are gross substitutes in the production process, ultimately allowing for the
replacement of dirty by clean inputs. Third, both the clean and dirty sectors are characterized by a sector-
specific knowledge accumulation process, which possesses the “standing on the shoulders of giants™ feature.
The latter means that advances in the clean sector make future advances in that sector more profitable or
effective, in comparison to the advances in the dirty sector, and vice versa. Combined, these three assumptions

imply the need for a non-generic R&D policy, differentiating between the clean sector and the dirty sector.
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Figure 4 Generic versus specific policies

Generic policy: Differentiation Additional
clean and dirty between differentiation
technology receive clean and dirty of clean
same support technology technologies
O O O >

Extending the reasoning by Acemoglu et al. to incorporate multiple renewable technologies as ‘sub sectors’
within the clean sector may move us beyond a policy that supports all clean research equally, if we assume that
the same three assumption will still hold for these sub sectors. In particular, let us make a further distinction
between clean technologies, such as solar, wind, and concentrated solar power; and suppose that each of them is
characterized by its own knowledge-accumulation process, building purely on the own technology-specific
knowledge stock. Therefore, there are neither knowledge spillovers between clean technologies nor between the
clean and dirty technologies (or these spillovers are negligible). Under these conditions, it may even be efficient
to move ‘beyond’ an innovation policy that supports all clean research equally: this would entail a move from

the second to the third point in Figure 4.

In the extreme, this logic could take us to an outright ‘picking the winner’ type of innovation policy, where all
public support is directed at one technology only. However, this will not occur, because the drive towards a
fully-specific innovation policy is counterbalanced by three factors. First, as stressed by Acemoglu et al. (2012),
the case for moving towards an innovation policy supporting only clean research becomes weaker if there are
(substantial) knowledge spillovers from dirty technologies to clean technologies. As shown by Figure 3,
innovations in solar and wind technology build mainly on earlier innovations in the same technology, whereas
innovations in waste and geothermal energy depend to a large degree on knowledge from other technologies.
Therefore, more technology-specific policy may be beneficial for the solar and wind technology, but not for
some other clean technologies. Second, imperfect substitution between electricity generation technologies
speaks in favor of diversification of the investment portfolio, and hence, more generic innovation policy, which
takes into account the uncertainty about potential cost reductions in alternative technologies (Blanford, 2009).
Given that the marginal return on innovation falls with increased funding, it will be optimal to move funds away
from (innovation in) technologies with low marginal returns to (innovation in) technologies with high marginal
returns. Notice, that in cases where two technologies, such as solar PV and storage, are complementary to each
other, diversification of the investment portfolio (and a more generic innovation policy) will be the natural
outcome. Finally, the possibility of active learning about the cost of clean technologies also speaks in favor of a
more generic innovation policy (Guo, 2011). Guo shows that the optimal R&D portfolio balances the benefits
and costs of experimenting with technologies, which recognizes ‘the informational return from experimental
investments, stressing the idea: the more you invest, the more you learn’ (Guo, 2011, p.42). The optimal

research portfolio will thus change over time, based on the revealed information about knowledge spillover and
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changes in the relative costs of clean technologies. Notice that, although the mechanism behind this result is
closely connected to the standard option-value recommendation of ‘wait-then-invest’ (Dixit and Pindyck, 1994),
its recommendation is diametrically reversed. Whereas traditional option value theory recommends postponing
investment until new information arrives, active learning requires investment in multiple technologies in order

to generate new information on their future cost.

Therefore, we conclude that although these factors increase the likelihood that all technologies should be
supported by innovation policy, they keep open the possibility that optimal innovation policy needs to be more
heavily concentrated at a few technologies only. Yet, more knowledge must be accumulated to enable a more
specific policy. Portfolio approach (i.e., a portfolio of technologies, see Pugh et al. (2011) for a description of
two analytical approaches to energy R&D portfolio) can help facilitate active learning about the costs of

technologies.

5. Alternative policy options for directing technical change in the power sector

In this section, we evaluate the potential of alternative innovation policy instruments for spurring clean
innovations. We limit the discussion to the three policy alternatives that we introduced in Section 2: (i)
providing public R&D to innovations in clean technologies; (ii) modifying patent protection; and (iii) raising the
price of carbon emissions above its first-best level. However, now we will analyze these policies in the presence
of the key characteristics of the electricity sector described in Section 3, because of which we keep open the
possibility of a more technology-specific policy. Furthermore, we discuss potential issues with respect to
practical implementation of these policies, such as their design issues and lack of international coordination of
these policies. Our extended analysis suggests that the first option - providing public R&D - has the largest

potential for spurring clean innovations.

5.1 Public R&D support

The possibility to realize a non-generic innovation policy depends crucially on the possibility to link policy
instruments to innovations in specific technologies. Public R&D allows for such differentiated support to
different technologies. Note that public R&D comprises different types of instruments, including both ex-ante
instruments (e.g., traditional R&D subsidies), ex-post rewards (e.g. discovery prizes), or other instruments (e.g.
matching mechanisms of allocating subsidies). So far, public R&D has been mainly applied in the form of
subsidies." The empirical evidence suggests that R&D subsidies are an effective instrument in spurring
innovation in electricity generation technologies. For example, based on a patent data of 25 countries over the
period of 1978-2003, Johnstone et al. (2010) find that technology-specific R&D subsidies have a significant and
sizeable effect on innovation in wind, solar, and geothermal. Extending the analysis of Johnstone et al. to
include fossil-fuel technologies, Hascic et al. (2009) find a positive effect of technology-specific R&D subsidies
targeted at different renewable and fossil-fuel technologies. Lanzi and Sue-Wing (2010) also find a positive
effect of public R&D on energy-technology patents. The productivity ratio between R&D funding devoted to

fossil energy and to renewable energy was estimated at 0.29, implying that clean R&D is relatively more

9 5ee IEA (2006) for an overview of energy R&D policy in IEA countries.
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productive. Furthermore, Dechezlepretre and Glachant (2011) find that public R&D directed at innovation in
wind technology is more efficient in inducing innovation than other environmental policies, such as feed-in

tariffs and standards.

So far, mainly R&D subsidies have been used as an instrument to allocate public R&D between firms. However,
at least in theory, governments may also use ex-post mechanisms (e.g. prizes) as an alternative to R&D
subsidies. This reduces the risk of government failure that may arise due to information asymmetry between
firms and the government, because prizes utilize private information on research cost or the probability of
success by conditioning the innovator’s remuneration on the information revealed ex post. To their
disadvantage, prizes may initiate a patent race among firms, thus, leading to excessive R&D spending.
However, given the current level of R&D expenditures on clean technologies (IEA, 2010b), this problem is
unlikely to be substantial in practice. Although prizes have not been used in the electricity sector, there is some
scarce evidence on their positive effects in other sectors.?’ A commonly heard objection to prizes is the
difficulty in specifying the goal or victory conditions. Notice, however, that this is less relevant for innovation in
electricity generating technologies: electricity is a relatively homogeneous product; therefore, the conditions that
need to be satisfied by contestants are relatively straightforward to define in technical terms. These technical
requirements include the maximum production costs of a new technology, its carbon-reducing potential, and its
flexibility in serving demand. This makes prizes to be a suitable instrument in this sector, provided their proper

design.?

Note that the empirical evidence on effects of public subsidies provided by national governments, which was
discussed in the beginning of this section, suggests that public R&D policies may be effective in spurring
innovations even without explicit international cooperation in setting-out these policies. However, given the
global nature of the climate problem, international cooperation on climate policy is likely to further increase
both patenting and diffusion of clean innovation (Volleberg and van der Werf, 2012). Therefore, as for any

policy instrument, international coordination of public R&D policies in the power sector may improve welfare.

Notwithstanding their suitability, public R&D, and especially non-generic R&D policy, raises a number of
design issues, such as the choice of the technological portfolio (see Section 4) and the standard agency problems
of moral hazard and adverse selection (Laffont and Tirole, 1993). More complex R&D policies may thus be
more prone to government failure.?? Therefore, governments should balance the benefits of non-generic R&D

support against the incurred costs of government failure. An important potential government failure

0 E g. Williams (2010) reports a positive effect of prizes on innovation in agriculture and pharmaceuticals.

2 \We refer to Newell and Wilson (2005) for a profound discussion of several other design issues for technology prizes,
including the determination of the financial award.

22| erner (2009) provides numerous examples of government failure in attempts to carry out specific innovation policy,
distilling two main reasons for the failure of government programs. First, governments can simply ‘get it wrong’, allocating
funds in a counterproductive manner; second, regulatory capture can derail a government program. With respect to wind
energy, Klaassen et al. (2005) show that inconsistency between policies intended to stimulate innovators and policies

directed at the adoption of these innovations may deter innovations.
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acknowledged in the economic literature relates to crowding out of private investment. For example, the
empirical evidence presented by Popp (2002) suggests that R&D polices before the Reagan Administration
resulted in crowding out of private R&D.? In theory, the crowding out effect can be decreased if the
government uses incentive-compatible ways of allocating R&D-subsidies, in order to reveal private information.
Examples of such incentive-compatible schemes are matching mechanisms, in which the size of R&D subsidies
depends on the firm’s own investment (Maurer and Scotchmer, 2004). In addition, the matching requirement
induces larger effort, as well as screens out less capable firms, for which the investment in innovation would
yield a smaller gain. Naturally, the use of matching mechanisms requires that innovation in electricity

generation technologies is privately profitable with the subsidy.

Based on the discussion in this section, we conclude that public R&D has several advantages that make it a
suitable policy instrument for spurring clean innovations. However, the risk of design errors is increasing when

policy becomes more specific, which requires a very careful consideration of the exact policy design.

5.2 Modifying patent protection

As a next step, we discuss the option of modifying the current patent system to internalize the knowledge
spillovers arising from innovation in clean electricity generation technologies. We will argue that this option
may not offer a practically-feasible solution to spurring clean innovations.

Let us first discuss what types of modifications are needed in order to implement a more specific innovation
policy. Since the positive externality is primarily on future innovators, an improved patent system would have to
involve a payment from future innovators in a particular technology, e.g. solar PV or wind, to the current
innovator. Acemoglu (2011, pp. 22) notes that current patents do not have this feature: ‘once a new product or
procedure is deemed to pass the originality requirement, it does not have to pay royalties to the innovators of the
previous leading-edge technology, let alone to all innovations that invented the technologies that preceded the
previous one.” In this setting, strengthening patent protection means that patents should be made sufficiently
broad and long.?* In particular, Green and Scotchmer (1995) show that the patent length and patent breadth play
different roles in rewarding sequential innovators: the length defines total profits accruing to innovators and the

patent breadth allocates these profits between them.?

Although stronger patent protection may in theory spur innovations (which was the case in our example in

Section 2), it may be insufficient for spurring innovations in practice. For example, strengthening patent

2% Another concern is the crowding out of R&D from other sectors. However, according to Popp and Newell (2012), who
analyze this effect, increases in energy R&D do not draw R&D resources away from sectors that do not perform energy
R&D; and despite an increase in alternative energy patents leads to a decrease in other types of patenting activity, this is due
to profit-maximizing changes in research effort, rather than financial constraints that limit the total amount of R&D possible.
2% Note that in Section 2 we have assumed that the second innovation is always infringing on the first innovation, therefore,
we focused only on the effect of patent length on innovation.

%% See Scotchmer (2004) for more detail on the current patent system and a summary of the theoretical literature.
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protection in Japan in the late 1980s has not resulted in an increase of R&D or innovations (Sakakibara and
Branstetter, 2001), and stronger patents in the U.S. software industry actually reduced R&D spending relative to
sales (Bessen and Hunt, 2004). This ‘paradoxical’ outcome is likely to be attributed to the role of patent
protection in knowledge transfer from early innovators to follow-on innovators. Therefore, the strength of patent
protection should be related to the possibility of licensing and/or the cooperation between firms (Scotchmer,
1991).%® For instance, without increased possibilities for licensing, stronger patents would encourage first
generation products, but might discourage second-generation products (which might then fire back and lead to
less first-generation innovations in cases where innovation is sequential). Bessen and Maskin (2009) argue that
licensing failure is likely to remain a problem if innovation is both sequential and complementary. In their
setting, ‘if patent holders are not well-informed about a rival’s potential future profit as the rival is himself, she
may have difficulty setting a mutually profitable license fee, and so, [...] licensing may fail’ (p.613). Notice
that licensing failure is likely to be a larger problem in rapidly developing industries (see e.g., Bessen and
Meurer (2008) on litigation problems in computers or semiconductors).

Another reason for licensing failure relates to the lack of coordination in the licensing behavior of the owners of
complementary basic innovations (so-called ‘research tools”). In particular, if complementary research tools are
needed as inputs for a follow-on innovation, uncoordinated actions of research-tool owners may result in too
high license prices, thereby reducing incentives for follow-on innovations. This problem is known as a ‘problem
of anti-commons’ (Shapiro, 2001). In theory, markets can solve the latter problem by means of a joint
ownership of basic research tools in the form of a patent pool, which is a consortium of at least two companies
agreeing to cross-license patents relating to a particular technology. However, patent pools may also discourage
innovations when they reduce the intensity of market competition (Lerner and Tirole, 2004). Moreover, the
evidence on patent pools that were formed in the 1930s (which was the last ‘golden age’ of patent pools before
the current period) shows that there was typically a decline in innovation activities after the formation of the
pool. Moreover, the decline was the strongest in industries where more than one pool member was an active
inventor before the creation of a pool (Lampe and Moser, 2011).%" Since the electricity industry is characterized
by multiple innovators in each technology, this finding casts doubt on the expectation of an improved innovation

prospect under patent pools.

Next to the increased adverse effect of license failure under stronger patent protection, another problem is that
the practical implementation of stronger patent protection would require international coordination. Indeed,
recent empirical evidence points to the presence of international spillover effects in the patent market (Dekker et
al., 2011). Because the market for innovations in electricity generating technologies is an international market,
changes in patent protection would need to be made internationally. Since national markets for innovations (or
even a European market) are relatively small in comparison to global markets, changing patent protection in a

single economy is ineffective for spurring domestic innovations in internationally tradable products and

% Besides, longer patents may also reduce knowledge diffusion to producers.

%" Based on evidence of patent pools in twenty industries formed in the period 1930-1938, including the power industry.
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technologies. For example, based on a dataset of 26 countries covering 1978 to 2002, Qian (2007) shows that

national patent protection has little effect on domestic innovative activities in pharmaceuticals. 22

Recognizing the complexity of theoretical issues and practical challenges arising with respect to reinforcing
patent protection at a national and an international level (see, e.g., OECD, 2004), we conclude that stronger

patent protection is unlikely to be an attractive option for implementing more specific innovation policy.

5.3 Raising carbon emission prices

As an alternative to providing public R&D support, governments might also raise carbon taxes above their
efficient, first-best level.”® In particular, empirical evidence shows that (especially high) carbon taxes spur
innovative activity in the electricity sector. * Notwithstanding the observed positive effect of higher taxes on
clean innovation, we will argue in this section that emission taxes are, by their very nature, an ill-suited

instrument for implementing non-generic innovation policy in the electricity sector.

First, we note that since carbon emission taxes reward clean innovations by increasing the price of electricity,
they internalize knowledge spillovers for ‘low-cost’ renewables (that are profitable under the carbon tax), but
not for ‘high-cost’ renewables (unprofitable under this tax). Secondly, carbon taxes are unable to reflect
differences in knowledge spillovers between innovations. Furthermore, besides their inability to efficiently
internalize knowledge spillovers, higher current carbon taxes would also create a greater reduction of current
production and consumption, thereby increasing the cost of climate policy. For the economy as a whole,
Acemoglu et al. (2012) suggest that the associated welfare loss of raising carbon taxes vis-a-vis the optimal

policy - a policy, which comprises efficient carbon taxes and subsidies to clean research - lies between 1.02 and

%8 Note the difference with the case of public R&D. A lack of international coordination does not hamper effective unilateral
changes in public R&D policies, although coordination of R&D policies would spur innovations.

% Here we focus on carbon taxes, and do not consider tradeoffs between taxes and other ways of increasing private costs of
emissions, such as tradable pollution permits, emission standards, or quota’s, can be considered instead. All these
mechanisms would be equivalent, if we ignored innovation, imperfect knowledge and uncertainty about the pollution costs
and benefits. However, under uncertainty, either price or quantity mechanisms may be preferable depending on the curvature
of costs and benefits (Weitzman, 1974). Similarly, these instruments are also inequivalent in the presence of innovation.
Theoretical papers considering innovations in the context of environmental policies (e.g., Laffont and Tirole, 1996, and
Montero, 2011) suggest that the relative ranking of carbon taxes and permits may also depend on the type of innovation
(pollution-free or pollution reducing) and the degree of the government commitment to these environmental policies. These
papers show that complementing taxes or permits with an additional innovation policy may be welfare improving.

% Popp (2002) shows that higher taxes induce more innovations in the energy sector. Moreover, recent empirical evidence
confirms that high taxes also shift patenting activity from energy-efficient fossil technologies towards clean technologies
(Aghion et al., 2011; Hascic et al., 2009; Lanzi and Sue-Wing, 2010; Noailly and Smeets, 2012). Furthermore, ample
empirical evidence confirms that higher taxes (and more stringent environmental policies in general) are indispensable for

the adoption of clean technologies (see Vollebergh, 2007 for a review).
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3.15 percent of GDP.* In the electricity sector, higher carbon taxes would imply a (too fast) forced write-down
of existing fossil-fuel generation capacity, which would be replaced by more expensive clean electricity

generation technologies too early.

In addition to creating welfare losses, spurring innovation by raising carbon taxes necessarily requires
cooperation between the world’s major polluters, as these economies are the world’s major markets for new
clean electricity generation technologies. Therefore, the economic advantage of clean technologies over dirty
technologies depends largely on environmental policy stringency worldwide, since it is the global carbon tax
that counts, not the carbon tax in the EU or any single country.® On the one side, more stringent environmental
policies by some countries impact knowledge flows, facilitating clean technology diffusion to other countries
(e.g., Lovely and Popp, 2011). On the other side, coordinating environmental policies spurs innovation itself
(see, for example Vollebergh and van der Werf (2012) on the effect of international standards on patenting
activities).* Otherwise, the market for clean generation technologies would remain relatively small, as would
the private value of early innovations in electricity generation technologies. Considering the current reluctance
of many governments to sign even a moderate environmental agreement, large increases of carbon taxes world-
wide are probably infeasible, especially in the short run. Therefore, the option of raising taxes above the

efficient level is probably infeasible as well.

This is not to say that we should ‘disregard’ taxes (and other environmental policies meant to internalize the
environmental damage by polluters) and the respective international environmental agreements. Ultimately, they
are needed to create the markets for clean electricity generation technologies, when the cost of these
technologies eventually decreases due to innovation policy. Therefore, efficient carbon emission taxes,
reflecting the marginal damage, should always be a part of the policy for clean innovations. We conclude that,
since the current taxes are often low or simply non-existent in a large part of the world, it would be optimal to
raise them to reflect the marginal damage. However, raising carbon taxes above that level is inefficient and

probably also infeasible, given the international dimension of the problem.

6.  Conclusion

In this paper, we have argued that generic innovation policy is likely to be suboptimal to spur innovation in
clean electricity generation technologies. This is the fundamental insight of the paper by Acemoglu et al. (2012).
The key underlying issue is that the existing cost differential between clean and dirty technologies, for
example, between solar PV and coal-fired generation, cannot be bridged within the lifetime of a patent. This

makes innovations in clean technology, such as solar PV, privately unprofitable. Hence, optimal R&D policy

*! The variation in these numbers is due to variations in both the utility discount rate (pure rate of time preference) and the
elasticity of substitution between dirty and clean technology.

%2 Dekker et al. (2011) show that both national and international pollution regulations have had significant effects on
patenting activities for SO2 patents.

* In addition to policy stringency, also the degree of government commitment to the policy is important for private value.
See, e.g., Boyer and Laffont (1999), Brunner et al. (2011), and Requate (2005).
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must - at least to some extent - differentiate between innovations in dirty and clean technologies, and perhaps
even between innovations in different clean technologies. Naturally, the lingering question is how to design such

non-generic innovation policies.

As a first step, we have characterized technical change in electricity generation technologies, stressing that there
exists considerable heterogeneity in knowledge spillovers within clean technologies. Whereas the share of
within-technology patent citations is almost 60 percent for wind and solar PV, this share is only 20 percent for
waste and geothermal. Moreover, we have argued that due to the absence of innovation in the electricity
commodity itself (i.e., in the kWh for sale), an important impediment for non-generic innovation policy is
absent in this sector, since the information advantage of innovating firms over the government with respect to
the market demand for clean electricity is limited. In addition, the private value of many patents in still
expensive, barely used technologies, such as concentrated solar power, is currently small, possibly, zero. This
means that the current patent protection is insufficient to spur innovations at least in some clean technologies
and stresses the need for additional policy support towards innovation in these technologies. This implies the
need for non-generic innovation policies in this sector, such as policies differentiating between clean and dirty

technologies and perhaps even between certain clean technologies.

Four factors counterbalance this drive towards more specific innovation policy. First, the presence of knowledge
spillovers between technologies may also weaken the case for more specific policy. The second factor relates to
the decreasing returns to scale and resource constraints of electricity generation technologies, which implies that
these technologies are imperfect substitutes. Given that the marginal return on innovation falls with increased
funding, it will be optimal to move funds away from (innovation in) technologies with low marginal returns to
(innovation in) technologies with high marginal returns. Notice, that in cases where two technologies, such as
solar PV and storage, are complementary to each other, diversification of the technology portfolio (i.e.
supporting both complementary technologies) and a more generic innovation policy will be the natural outcome.
The third factor is related to the necessity of active learning about the future cost of clean electricity generation
technologies. Diversification of the research policy delivers information on the potential for future cost
reductions in specific electricity generation technologies. As this information is valuable, it pays to invest in all
technologies, even if some of them have very low expected returns. Therefore, the optimal R&D portfolio
should recognize that: i) diversification is (at least to some extent) necessary; ii) knowledge spillovers differ
both within and between technologies; and iii) the payoff to R&D investments remains uncertain. Finally,
making innovation policy more specific increases the risk of government failure, including those related to
moral hazard and adverse selection. In part, the social costs related to government failure may be offset by
turning to incentive compatible instruments, such as prizes and matching (of subsidies). Alternatively, policy
makers may use menus of emission taxes and subsidies to reduce government failure (cf. Arguedas and Van
Soest, 2009). Notwithstanding these drawbacks of more specific innovation policy, we argued that public R&D,
in combination with carbon taxes set at the efficient level and standard patent protection, are the most suited
instruments for spurring innovations in the power sector: both stronger patents and higher carbon taxes will only
spur clean innovations if they are applied internationally, which will delay their implementation. While public

R&D policies would also benefit from international effort coordination, they are able to spur clean innovations
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even when applied only at (supra)national levels, thus, speeding up the development of clean technologies. In
addition, stronger patents are hampered by licensing failure and raising current carbon taxes lead to the

premature deployment of high cost electricity generation technologies, which reduces welfare.
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