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Abstract The objective of this article is to provide a succinct review of the main devel-
opments in the field of research on the economics of growth, innovation, diffusion and the
environment. We focus on the last fifteen to twenty years of scientific advances in the field as
this corresponds to: (i) the consensus on the theoretical side on endogenous economic growth
modelling, and (ii) the growing empirical work on innovation and diffusion due to the devel-
opment of patent data. As very good reviews already exist in the literature, we only provide
a brief and non-exhaustive discussion aiming at taking stock of some recent developments
and charting new issues for a future research agenda.
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1 Introduction

Asearly as in the nineteenth century, classical economistsThomasMalthus andDavidRicardo
had raised the question of the sustainability of economic growth beyond a certain limit given
thefiniteness and scarcity of resources. Fast forward, in the 1970s, a similar argument basedon
population growth, diminishing returns to labor andfixed supply of landwasmade by theClub
of Rome in its publication “The Limits to Growth” (Meadows et al. 1972). The authors argued
that given a growing world population and finite resources, human society will eventually
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run out of resources, which will put a physical limit to growth. One major weakness of the
limits to growth argument, however, is that it was based on models that ignore any feedback
within the economy, or any technological response to increasing scarcities. Those models are
at odds with the history of the industrialization of western economies, which demonstrates
substantial amounts of technological change and productivity improvements in the face of
resource depletion. Without technological progress indeed, additional units of capital would
yield a decreasing marginal product as natural resources deplete. However, as Nordhaus
et al. (1992) argue, technological progress can, under some conditions, overcome resource
constraints and diminishing returns to capital. In fact, the increasing scarcity of a resource
may provide incentives to search for new technologies (”backstop technologies”) that will
rely upon less scarce inputs (Dasgupta and Heal 1974). That is, investments in technological
change will compensate for increasing scarcity, and move the economy toward techniques
that are less reliant upon increasingly scarce natural resources. Under this optimistic and
broadly accepted view, many economists, climate scientists and policy makers alike (e.g.,
the Intergovernmental Panel on Climate Change (Metz et al. 2007) and the Stern Review on
the Economics of Climate Change (Stern et al. 2006)) express their belief that innovations are
not only crucial for development; they also have the potential to direct an economy towards
a greener and more sustainable future (Bretschger 2015).

Over the last decades, economicmodels linking the engine of growth—namely innovation
and diffusion—and the environment, have considerably evolved. Twenty years ago, technol-
ogy was still often modelled as an exogeneous and autonomous process and empirical work
on measuring technical progress, as initiated by Griliches (1990), was still in its infancy.
Much has been achieved over this period and the objective of this article is to provide a
succinct overview of the main developments in this field of research. As very good reviews
already exist in the literature (Jaffe et al. 2003; Popp et al. 2009; Popp 2015), we only pro-
vide here a brief and non-exhaustive overview aiming at taking stock of the current literature
and charting issues for a future research agenda. In Sect. 2, we briefly review some of the
main theoretical developments. In Sect. 3, we provide a summary of the empirical work
highlighting current gaps in metrics and knowledge. Section 4 concludes.

2 The Theory of Growth and the Environment: The Role of Technological
Change in Climate Policy

2.1 Induced Innovation Takes Centre Stage

Innovations have become central to climate change policy discourse (Metz et al. 2007), and
are increasingly regarded as a solution to overcome the conundrum between economic devel-
opment and environment protection (Aronsson et al. 2010; Gerlagh and Kuik 2014; Grubb
2000; Hübler et al. 2012; Bretschger 2015). Technological progress is indeed often perceived
as a silver bullet that has the capacity to, not only spur economic growth but also reduce
environmental externalities, thus enabling countries to produce more while economizing on
resources and energy. To overcome the trade-off between development and environmental
protection, two policy instruments addressing the two prevailing market failures (the envi-
ronmental externalities and the public good nature of innovation) are usually prescribed. The
former involves the pricing of carbon to induce emitters to internalize environmental external-
ities through carbon taxation; while the latter involves the provision of incentive mechanisms
that include direct subsidies to R&D, cost savings from tax or permit avoidance, prizes and
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patents. State intervention plays therefore a critical role in providing the correct incentives
for optimal investments in R&D and innovation, and the correct incentives for abating GHG
emissions. However, what the actual mix of regulatory instruments should contain to address
these dual market failures is not straightforward. Although the theoretical literature often
points to the importance of pricing carbon through a carbon tax, R&D subsidies prove to be
themore popular instrument in practice becausemore politically acceptable (Popp 2006). In a
recent paper, Acemoglu et al. (2012a) analyze the impact of different types of environmental
regulations on the direction of technical change. They conclude that a two-prong strategy
based on carbon taxation and research subsidies is superior to a policy based solely on a
carbon tax. This study corroborates findings by Popp (2006) that combining optimal carbon
tax and R&D subsidies yields the largest welfare gain compared with either separate policy.

Whether technology policy is needed in addition to carbon pricing to tackle climate change
efficiently has been a subject for debate among economists (Kalkuhl et al. 2012). Proponents
of such intervention argue that an additional instrument is required to address the additional
market failure due to innovation spillovers (Fischer and Preonas 2010). Its critics however,
hold the view that technology-unspecific instruments such as generic patents and research
subsidies will provide sufficient incentives for innovations in the energy sector (Nordhaus
2011), while obviating the possible rent-seeking, transaction costs and information problems
that would result from technology-specific policies.

In any eventuality, in climate change policy models, government is typically able to alter
the direction of technological change toward carbon-saving technologies by inducing policies
[the so-called induced technological change (ITC)] that seek to align technological change
with improved environmental quality (Gillingham et al. 2008) through mainly three chan-
nels: energy prices (Jacoby et al. 2006), learning-by-doing (Goulder and Mathai 2000), or
research and development (R&D) activities (Goulder and Mathai 2000; Smulders and Nooij
2003; Acemoglu et al. 2012a). The price-based channel implies that an increase in relative
energy prices may spur innovation by providing firms the incentive to substitute more expen-
sive inputs (e.g., energy) in accordance with the Hicks-induced innovation hypothesis. The
learning-by-doing (LBD) channel fosters innovation by enabling reductions in production
costs through accumulated production experience. Learning-by-doing proves to be a pop-
ular channel for endogenizing technological change because of its tractability, particularly
in disaggregated “bottom-up” models; this, despite being often modelled in an ad hoc and
reduced-form fashion, or despite ignoring the general equilibrium effects of learning induced
productivity improvements (Sue Wing 2001). Finally, the R&D channel stimulates innova-
tion through investment (accumulation) in knowledge capital stock which alters the rate and
direction of technological change (Popp 2004, 2006a; SueWing 2003; Buonanno et al. 2003;
Smulders and Nooij 2003; Goulder and Mathai 2000; Goulder and Schneider 1999; Grubb
et al. 1995). This contrasts sharply with exogenous assumptions about the rate of overall
and carbon-saving technological change, which are unresponsive to policy (Gillingham et al.
2008).

The move towards endogenizing technological change (via environmental policies) is,
in our view, one of the major advances in this field over the past two decades. It builds on
advances in growth theory (Romer 1990; Grossman and Helpman 1991; Aghion and Howitt
1992) that provide mechanisms through which economic growth is spurred by endogenous
technological progress resulting from investment in research and development (R&D) or
accumulated knowledge rather thanby an exogenous process. In thosemodels (bothRomerian
and Schumpeterian), the direction and extent of technological change is driven by incentive
mechanisms that enable the appropriation of innovation rents. Two key distinctive features
characterize induced innovation models in climate policy: (i) the role of substitution or com-
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plementarity between investment in energy-saving R&D (clean technology) and investment
in other R&D sectors (dirty technology); and (ii) the extent and role of spillover effects in
R&D. The substitution assumption typically results in crowding out effects that may in some
cases cancel the benefits of environmental policy (Nordhaus 2002), while the assumption
of complementarity enables firms to ignore the usual trade-off between output generation
and environmental protection because greater savings can be achieved while increasing out-
put through greater productivity (Buonanno et al. 2003). Interestingly, recent developments
in the empirical literature (Verdolini et al. 2016) provide some evidence suggesting strong
complementarity of investments in different generation technologies (renewable vs. fossil
electricity generation capacity) for a successful decarbonization process.

The presence of spillovers signals the existence of market imperfection in the production
of knowledge in that the social returns to R&D are relatively high with respect to the private
returns. Individual firms are typically unable to appropriate the social value of their inno-
vation, which reduces their incentive to invest in R&D. On the other hand, the presence of
spillovers tends to reduce the cost of environmental policy because it partially corrects the
R&D market imperfection (Gillingham et al. 2008).

2.2 Effect of ITC on the Cost of Environmental Policy

That induced technical change reduces the cost of environmental policy through a decrease
in the marginal cost of abatement has been one the main findings of the literature. Much of
the debates focused initially on shedding light on the magnitude of the cost savings resulting
from induced technological change which has ranged from large to insignificant (Popp 2004,
2006a, b). It has been shown that this magnitude critically depends on the opportunity cost of
investing in energy efficient or clean technologies as opposed to investing in other potentially
productivity-enhancing (albeit dirty) technologies (Sue Wing 2003; Nordhaus 2002; Popp
2004, 2006a, b). However the early consensus about the cost-saving effect of ITC has been
recently questioned as it appears that policy interventions that promote climate-friendly
technological change may yield unexpected outcomes, be they in the form of increased cost
of climate policy or unintended consequences such as the so-called green paradox.

Recent studies suggest that the shift in the marginal abatement cost (MAC) resulting from
technological change, need not translate in a reduction in the MAC. If indeed, the usual
assumption that environmental policy necessarily reduces the marginal cost of abatement
is relaxed (Perino and Requate 2012; Brechet and Meunier 2014; Smulders and Di Maria
2012), the effect of innovation through environmental policy may be to increase rather than
to reduce pollution. Smulders and Di Maria (2012) argue that as new technology is devel-
oped, technological change may instead increase the productivity of polluting inputs, and
thus the marginal abatement costs. To the very least, changes in technologies induced by
environmental regulation may (partially) offset the benefits of the policy itself, and as a
result ITC potentially makes environmental policy less effective or more costly (Smulders
and Di Maria 2012). This would typically be the case if environmental regulation incen-
tivizes innovation in dirty technologies since they have the effect of increasing the marginal
abatement cost and ultimately the total cost of abatement and the total emissions levels. For
example, while numerous technological breakthroughs (e.g., internal combustion engines,
petrochemical plastics and fertilizers, or intercontinental flights) did enhance firms’ profits
and social welfare, they also resulted in unprecedented increases in pollution because of their
over-reliance on fossil fuels.

Another channel that leads to environmental cost increase pertains to the crowding-out
effect of climate policy on innovation mentioned earlier. In fact, while policy intervention is
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likely to induce an increase in R&D investment in energy-intensive industries, overall inno-
vation could be depressed because of reduced R&D investment in other industries (Smulders
and Nooij 2003).

Finally, the implementation of an environmental policy aimed at encouraging renewable
resources may have unintended consequences, one of which is the green paradox, a phenom-
enon that has attracted much attention in recent years. By acting as a backstop technology
for exhaustible resources such as fossil fuel, environmental policy may have countervailing
effects: it could precipitate the end of exploitation of the fossil fuel in question but could also
accelerate its extraction (Sinn 2008). The former effect is welfare-increasing with respect
to the environment while the latter is welfare-reducing. Which effect dominates is a priori
ambiguous. A green paradox occurs whenever the latter effect dominates (Ploeg and With-
agen 2012; Eichner and Pethig 2011); for instance, when the introduction of a subsidy on
green technology induces an overall increase in harmful CO2 emissions.

Thus, as noted by Smulders and Di Maria (2012), ambitious environmental policy efforts
that rely on significant shifts in the existing technological paradigm need to be complemented
by carefully designed measures to ensure that the incentives that emerge for investors are not
misaligned relative to those of the social planner.

2.3 Effect of ITC on the Path of Environmental Policy and Path Dependence

Besides the question of the cost of climate policy, the implications of induced innovation for
optimal climate policy (optimal path of environmental tax and abatement effort) has attracted
much attention, but little consensus. The diverging conclusions on this issue are due to two
crucial assumptions: (i) the assumption of perfection versus imperfection of the knowledge
market; and (ii) the form of induced innovation, i.e., R&D-based or learning-by-doing-based.
In the case of a carbon tax, Goulder andMathai (2000) show that, in the absence of knowledge
market imperfection (i.e., no R&D spillover), the path of carbon tax required given induced
technological change is lower than the path resulting from an exogenous technical change.
In the presence of knowledge market imperfection however, the carbon tax level should be
greater than that originating from an exogenous technical change. In particular, the carbon
tax should be set above the Pigouvian tax (Gerlagh et al. 2009; Hart 2008).

In the case of abatement effort too, the literature is inconclusive.Whether abatement efforts
should be delayed into the distant future, or whether they should be undertaken in the near
term rather than postponed, critically depends on the form of technological change, i.e., R&D
or learning-by-doing. ForR&D-based ITC, delaying abatement efforts seems to be an optimal
strategy (Manne and Richels 1997) because of the reduction in the marginal abatement cost
resulting from greater investment in R&D. The direction of the path of abatement is however
ambiguous for learning-by-doing-based ITC because of two countervailing forces (Goulder
and Mathai 2000; Manne and Richels 2004). On the one hand, cost reductions through
learning provide an incentive to undertake abatement efforts earlier. On the other hand,
abatement efforts could increase over time because, in the presence of learning-by-doing, it
may be optimal to postpone abatement effort given the firm will benefit from lower costs in
the future. Which of these two forces dominates cannot be determined a priori.

Environmental policies that induce delayed abatement as described above are potentially
costly from a social point of view given the likely path dependency in the direction of
technological change. For instance both Acemoglu et al. (2012a) and Kalkuhl et al. (2012)
show that firms specialized in dirty technology find it more profitable to continue to innovate
in dirty technology. As a result, such firms become locked in the carbon-intensive technology
because they have invested somassively in it that transitioning out of this technology becomes
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too costly. Thus, although clean technologies may be welfare-enhancing, their deployment
could be stifled because the costs of switching to such technologies are prohibitively high.
In their recent contribution, Aghion et al. (2016) provide empirical evidence from the auto
industry supporting these theoretical results. They find that firms’ innovation decision is
path dependent in that it depends on their own innovation history. In such a case, imposing
increased levels of carbon tax helps direct innovation towards clean technologies. Developing
models that incorporate the possibility of path dependence is therefore crucial to reflect the
exact costs and benefits of climate policy.

2.4 Modelling Uncertainty in the ITC Framework

For all these advances, most models of induced technological change often ignore the role
of uncertainty in climate policy. This is surprising given the pervasive nature of uncertainty
regarding climate damages and technology, let alone uncertainty regarding the ecological
dimensions of the climate problem (Bretschger 2015). Notable exceptions include recent
contributions (addressing the issue of uncertainty in an induced innovation framework) such
as Bosetti and Tavoni (2009), Goeschl and Perino (2007), Goeschl and Perino (2009), Blan-
ford (2009), Baker (2009), Bosetti and Drouet (2005) and Baker and Adu-Bonnah (2008).

One of the major question this emerging literature addresses is how uncertainty (primarily
about technology and/or damages of climate change) affects optimal abatement and optimal
R&D investment. Although a definitive picture is yet to emerge (Baker and Shittu 2008),
one fairly robust finding thus far is that the presence of uncertainty tends to make climate
policies more stringent because firms are willing to incur greater costs to reduce uncertainty
when they are risk averse. For instance, in analysing the effect of uncertain returns to R&D
in a backstop technology, Bosetti and Tavoni (2009) show that risk-averse investors invest
more in R&D than they would in a deterministic world. This behaviour suggests indeed
a hedging strategy against the eventuality that R&D has only slim chances of delivering a
cost-effective backstop technology. Besides, the existence of uncertainty about the successful
development of a carbon-saving technology increases economy-wide technical change and
welfare because firms are less likely to postpone abatement and innovation (Löschel and Otto
2009). However, the effect of technology uncertainty on the diversification of the technology
portfolio remains an open question. While uncertainty in climate change damages increases
the benefits of diversification, uncertainty in technological outcomes seem to lead to less
diversification in the near term. A definitive picture is yet to emerge (Baker and Shittu 2008).

2.5 Conclusion and New Directions

Modelling technological progress as an endogenous process that can be induced by envi-
ronmental policy has brought about greater understanding and insight into the dynamic of
climate policy. However, results are often not robust and hinge on the manner in which tech-
nical change is modelled. This suggests that empirical evidence regarding the representations
of technical change, path dependence or uncertainty should be used more systematically to
refine existing models. The importance of such an approach can be appreciated when con-
sidering the critical assumption about the substitutability versus complementarity between
brown and clean technologies. Recent evidence seems to suggest that these technologies
could well be complements rather than substitutes (Verdolini et al. 2016). If such empirical
findings become robust or at least if it is possible to determine the conditions under which
these findings are robust, this could provide useful restrictions for modelling purposes given
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the importance of this assumption in driving the modelling outcomes, as we have discussed
earlier.

Incorporating uncertainty into current models more systematically, although essential, is
challenging because it can substantially increase their complexity and render them intractable
or at least less tractable. In doing so, one typically trades analytical tractability and clarity for
a more complex and accurate reality. For this reason, numerical simulation models have been
particularly useful to analyze the dynamics and incidence of climate policies under uncer-
tainty (Bretschger 2015). The downside of those simulation models is that they do not easily
lend themselves to a clear understanding of the factors that drive differing results. To gain
further insights about the central mechanisms at work, developing climate economic models
that provide thorough solutions for future growth and optimum climate policy including all
aspects of uncertainty remains particularly important (Bretschger 2015).

3 Empirical Evidence on Environmental Innovation and Diffusion: Where
do We Stand?

The last two decades have also witnessed a flourishing empirical literature on environmental
innovation, mainly due to significant advances in the metrics and measurement of techno-
logical change. We start our review by a discussion of the data available for measuring the
various steps of technological change (Sect. 3.1) and continue with a discussion of some
knowledge gaps that we think are worth addressing in future work (Sects. 3.2–3.4).

3.1 Metrics

Since the pioneering work of Griliches (1990), economists have been concerned with how
to measure valuable improvements in technology and environmental economists with iden-
tifying and measuring progress in technologies that lead to significant improvements of the
environment.

The first approach of measuring R&D inputs, such as R&D investments in environmental
technologies, has proved challenging, with cross-country data (e.g. GBAORD) being too
generic and firm-level surveys being too scarce and difficult to harmonize across countries
(OECD 2015; Rennings and Rexhäuser 2011; Lanoie et al. 2011). Future developments in
innovation surveys are nonetheless worth following, in particular as the coverage is extended
to developing countries.

By contrast, measuring innovation output, such as scientific publications and patents in
particular, has proved much easier and most of the recent advances in empirical work is due
to the increasing availability of patent data. Sizeable progress has been made in identifying
relevant classification codes and a large set of technologies has now been identified, ranging
from electricity generation, pollution control, transportation, buildings, and some adaptation
technologies (Dechezlepretre et al. 2011; Popp 2002; Johnstone et al. 2010; Noailly 2012;
Conway et al. 2015). Accessing and searching patent databases has become easier over the
years, as new methodologies now cover the entire population of patents and researchers have
become familiar with the limits and advantages of working with patent data (Hascic andMig-
otto 2015). Most recent and promising work in the area of environmental patents exploits
the possibility to link the innovation activities of firms to other types of microdata, such as
firms’ financial data or firms’ inspection status (Dechezlepretre and Calel 2016; Noailly and
Smeets 2015;Klemetsen et al. 2016). Beside patents, another approach tomeasure innovation
output looks at bibliometric data. Popp (2016) examines for instance publication counts in
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solar, wind, biofuels and energy efficiency. Although scientific advances embodied in publi-
cations may reflect more basic research than patent data, bibliometric data on environmental
technologies have been so far largely unexploited and could lead to new research questions.

As invention and innovation are only the initial steps of technological change, othermetrics
are needed to measure the actual adoption and diffusion of technologies. Here again, a large
body of empirical research has focused on exploiting information from patents. The literature
has measured cross-country technology transfers through (i) multiple patent filings across
countries (Dekker et al. 2012; Dechezlepretre et al. 2013)1 or (ii) the geography of patent
citations (Jaffe and Trajtenberg 1999; Wu and Mathews 2012). More recent developments
exploit disaggregated information on the geographic location of inventors as extracted from
patent inventors’ addresses to examine the global collaboration of co-invention teams (Hascic
et al. 2012a; Noailly and Ryfisch 2015; Cantner et al. 2016; Kerr and Kerr 2015). As new
patent datasets make it increasingly possible to uniquely identify inventors, a future avenue of
research is to investigate how the diffusion of environmental technologies operates through
the channel of the mobility of scientific personnel (Luo et al. 2013; Akcigit et al. 2016).

Beside these promising developments, patents data are ill-suited to study one of the most
pressing environmental concern which is the question of technology transfers of environ-
mental technologies to developing countries. Today, technological developments are highly
concentrated in developed countries, in particular in Japan, Germany and the US, while the
African continent for instance only account for 0.4% of all global environmental patents
(Hascic et al. 2012).2 Due to the incremental or adaptive nature of innovation in the develop-
ingworld, the lack of innovation abilities and the large share of small andmedium enterprises,
developing countries often score low on patent indicators. A few papers have analysed envi-
ronmental technology transfers via the Clean DevelopmentMechanisms (CDMs), but CDMs
cover only a few sectors and the results from these studies remain mainly anecdotal (Popp
2011). In the growth and development literature, technology transfers to developing coun-
tries have traditionally been measured by trade and FDI data (Keller 2004). Yet, building
these types of indicators for environmental goods and services present important challenges
as standard sectoral codes (ISIC, NACE; NAICS) do not lend themselves to a breakdown of
commodity of product classification representing environmental technologies except in very
specific areas (Sawhney and Kahn 2011). One potential avenue for future work could be to
exploit recently developed concordance tables that make a link between patents and sectoral
classifications (Lybbert and Zolas 2014;Wurlod and Noailly 2016) as this can prove useful to
identify sectors—and thus trade data—that are most likely to embody environmental techni-
cal change. Overall, measuring the diffusion of environmental technologies would be greatly
facilitated by the availability of detailed sales data, some of which are slowly becoming avail-
able. For now, some papers have used installed capacity to measure diffusion in renewable
energy at the country level (Popp et al. 2011), while in the automobile industry some authors
have used model-level sales, including characteristics on fuel-efficiency or weight (Howell
2016).

1 The underlying ideas is that if a firm files a patent abroad it is an indication that the firm has the intention
to use the technology in this country and the technology is thus transferred to the local host country. There is
evidence that patents can be used as a measure of transfer as applying for a patent is costly, both in terms of
procedures and in terms of administrative costs and fees associated with the filing procedure and these costs
matter when deciding to protect an invention in multiple markets, so inventors are likely to only patent in
another market when there is a potential for commercialization. Yet, this indicator is subject to controversies
as patents filings abroad can also be used as a strategic tool to block products or competitors in international
markets (Cohen et al. 2000).
2 With South Africa accounting for 84% of all African patents.
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3.2 Policy Incentives for Environmental Innovation and Diffusion

As discussed in Sect. 2, a large body of theoretical work has been concerned with optimal
policies for encouraging environmental innovations, leading to a consensus on the need to
combine instruments from both environmental policy (with a preference for market-based
approach such as carbon pricing) and technology policy (such as research subsidy) (Ace-
moglu et al. 2012a). Empirical evidence over the last two decades has largely confirmed that
environmental policies are effective in providing incentives to develop environmental tech-
nologies (see Popp et al. 2009 for a review of this literature). Several studies have looked at the
role of some form of carbon pricing on environmental innovation (Popp 2002; Dechezlepretre
and Calel 2016). Johnstone et al. (2010) find that price-based policies, such as feed-in tariffs,
can effectively increase innovative activities in the more costly renewable technologies, such
as solar power. Other studies have looked at the role of direct regulation and have found per-
formance standards to be also effective to stimulate environmental innovation and diffusion
(Popp 2006; Dekker et al. 2012; Lee et al. 2011; Noailly 2012; Vollebergh and Werf 2014;
Dechezlepretre et al. 2015).

In line with theoretical questions, this work on policy evaluation could be extended in
three fruitful directions. First, while most of the studies have focused on the stringency of
environmental regulation, there is a need for more insights on the specific design of public
policies.Hascic et al. (2010)find for instance that uncertain andunstable environmental policy
can serve as a brake on innovation. The role of policy (in)stability on investments in clean
energy technologies has been mainly studied in the real-option framework (Merton 1998)
and simulations models of energy markets generally predict a negative relationship between
policy uncertainty and clean investments (Yang et al. 2008). Developing new methodologies
to measure the complexity and uncertainty of environmental policies (Baker et al. 2016;
Botta and Kozluk 2014) could bring new insights on how these aspects impact technological
change.

A second avenue for future work is to investigate in more detail the role of technology
policy on environmental innovation. Theoretical work emphasizes the need to complement
environmental policy with instruments from technology policy, such as research subsidies.
Yet, little is known empirically on the effectiveness of various technology policy instruments,
such as targeted innovation prizes or R&D tax credits, and most studies only focus on the
impact of government energy R&D spending on environmental innovation (Popp 2016). The
lack of empirical evidence is also due to the fact that most policies have so far focused on
technology deployment rather than R&D.

Finally, we need to better understand which policy instruments are effective in the context
of developing countries. We have limited knowledge about how public policies can encour-
age ‘adaptive’ R&D. Such policies might need to focus more on local content requirement
or applied research than on encouraging radical innovation. In addition, developing coun-
tries face several challenges such as corruption and compliance issues, which likely affect
the effectiveness of regulations. In addition, while there is some evidence that multinational
firms transfer technologies to their foreign affiliates in the developing world (Branstetter
et al. 2006), more research should investigate the impact of local environmental policies on
the adoption of foreign technologies. Recent evidence by Howell (2016) shows for instance
that the stringent 2009 fuel-efficiency standards implemented in China were not effective
in transferring foreign technologies to domestic producers in the automobile industry. Joint
ventures mandates resulted in lower incentives for technology upgrading by Chinese pro-
ducers, as competing with foreign partner would cannibalize the domestic firm’s share of
foreign brands profits. As a result, domestic producers did not acquire foreign technologies
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on fuel-efficient powertrain and chose instead to produce small, light-weight and low-quality
cars to meet the standards.

3.3 Firm Dynamics

Another avenue of research in empirical studies of innovation, diffusion and the environment
relates to firm dynamics and market structure. Achieving a technological transition implies
a shift from current technologies (e.g. fossil-fuel energy) that are mainly developed by large
incumbent firms, to often radically new types of technologies (e.g. renewable energy), which
may be developed by new entrants challenging the established organisation and structure
of the market (van der Ploeg 2016; Noailly and Smeets 2015). The innovation and growth
literature provides useful insights to understand how technological transitions can take place
via innovation fromheterogeneousfirms (Klette andKortum2004;Acemoglu andCao2010)3

and documents some key stylized facts about innovating firms, namely: (i) the distribution of
R&D intensity among firms tend to be highly skewed; (ii) large established firms innovate a
lot but tend to focus on improving existing technologies (Cohen and Klepper 1992; Akcigit
and Kerr 2010); (iii) small firms and new entrants are often believed to be the source of
more major and radical innovations than large firms (Akcigit 2011; Kamien and Schwartz
1975). Applying these insights to the electricity generation sector, Noailly and Smeets (2015)
find that the reduction in the aggregate technology gap between fossil-fuel and renewable
patenting activities observed in recent years has been mainly induced by increased entry
of small firms specialized in renewable innovation. Large incumbent firms instead have
remained locked-in in fossil-fuel technologies, due to path-dependent processes in innovation.
Regarding technology adoption, Linn (2008) also finds that entrants have greater flexibility
in adopting new energy-efficient technologies than incumbents. More research is needed
to understand the forces that shape firm dynamics and create entry, whether these are new
technological opportunities, new market demand or easier access to external finance. In
addition, the findings that new entrants aremore likely to innovate and adopt new technologies
may have implications for developing countries where we know that firm dynamics tend to
be weak (Akcigit et al. 2014). Finally, this is not to say that the role of incumbents should
be ignored: incumbents may be better able to use the existing knowledge and may play a
key role in adopting and scaling up new technologies due to their active role in mergers and
acquisitions. The question ismore about the right balance of competition between incumbents
and entrants.

In general, there are reasons to believe that firm dynamics may be different for envi-
ronmental technologies than for other technologies. There is for instance some preliminary
evidence that entry could be more difficult for firms innovating in renewable technologies as
they tend to be more financially constrained than firms innovating in fossil-fuel technologies
(Noailly and Smeets 2016), other things being equal. Theoretically, investments in clean
technologies tend to have an unattractive risk/return profile compared to other types of tech-
nologies mainly because these technologies are heavily dependent on public support - and
the risk that policies supporting clean technologies are subject to unexpected and sudden
changes makes it particularly challenging for investors (Nanda et al. 2015; Criscuolo and
Menon 2015).

3 See Acemoglu et al. (2012b) for a first application to clean technology transition.
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3.4 Impact of Innovation and Diffusion

Finally, a strand of empirical work has been concerned with measuring the outcomes of tech-
nological progress in environmental technologies. Clean technologies can provide benefits to
various segments of society, in terms of reduced carbon emissions, energy-efficiency (Popp
2001; Wurlod and Noailly 2016), improved health, but also possibly lower costs of resource
use, higher productivity and economic growth. It is important to quantify and understand
further the value of these impacts and future work should aim to enhance our knowledge on
these issues.

First, we have little understanding on the impact of environmental R&Don cost reductions
in technologies. Such cost reductions are important to achieve a sizeable scale of technology
adoption. Past research has focused on learning-by-doing to explain technology cost reduc-
tion, namely learning through experience of production. Yet, Nemet (2006) finds for instance
that learning from experience only weakly explains the decline in capital costs of solar PV
modules, which was reduced by a factor of nearly 100 since the 1950s. Instead, the effect of
knowledge acquired by R&D on technology costs may be substantial.

Second, the ability of environmental innovations to improve firms’ profitability has been
examined in the literature on the Porter hypothesis (Porter and Linde 1995; Lanoie et al.
2011; Kozluk and Zipperer 2015), but much of the empirical work on the strong version of
the hypothesis—innovation productivity gains can offset the costs of regulation—remains
inconclusive. More studies are needed to complement this line of research. Since the link
between environmental technologies (and thus costly policies), productivity and economic
growth is a critical question for policymakers, empirics can greatly serve theory on these
issues.

Subsequently, as the welfare impact of environmental technologies depends on the relative
size of the social benefits coming from knowledge spillovers, future work should continue
to explore how spillovers from clean technologies differ from other technologies. Using
patent citations, Dechezlepretre et al. (2014) find that clean technologies generate larger
knowledge spillovers, i.e. have broader applications through society, than dirty technologies.
The authors also find that spillovers from clean technologies are more economically valuable
as measured by firms’ stock value. This is important as it implies that directed technical
change towards clean technologies could help offset the costs of climate change and thereby
encourage economic growth.

4 Conclusion

This brief article discussed some of the current trends in the field of technological change and
the environment and identified several avenues of research and new directions. This list of
research priorities is, however, by nomeans comprehensive. In September 2015,we organized
a conference entitled “Economics of innovation, diffusion, growth and the environment”
held at the Royal Society of Arts in London4 combining theoretical and empirical work with
the objective of producing new models and new data to advance current understanding of
the economics of growth and the environment. In this special issue, a selection of papers
presented at the conference and reflecting on the issues discussed here have been assembled.
We thereby hope to provide readers with a snapshot of recent work that will inspire future

4 See http://www.lse.ac.uk/GranthamInstitute/event/innovationconference/.
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work—in which the theoretical foundations of policy-relevant questions will continue to be
enriched by data-intensive empirical work.
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