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Overview

Concerns over climate change have led society to seek alternatives to reduce carbon emissions. To this end, many call for a shift in energy production from fossil fuels toward renewables. Although renewable energy is available as a clean source of electricity, fossil fuels still account for the vast majority of the world's electricity generation. Electricity generation is currently the single largest carbon emitter globally, and with rapid growth in energy demand, driven by growth in developing countries, innovation in the electricity sector can be an important channel for reduced carbon emissions. While R\&D efforts have resulted in new and improved clean technologies, efficient energy storage is often mentioned as the key innovation challenge for meeting renewable goals. With large-scale energy storage solutions, intermittent renewable energy sources can increase their share in the future grid mix.

The capacity of storing electricity is the key component that links electricity generation to its delivery. An important feature of electricity markets is the requirement for grid balance at all times. Hence, given the intermittency of renewable energy sources, renewable and nonrenewable electricity sources are not perfect substitutes unless we have access to cheap, large-scale storage solutions. Only then can intermittent renewable energy sources be as flexible as traditional nonrenewable sources in balancing the grid. Demand fluctuations, such as daily or weekly patterns in consumption, represent another key challenge related to variability in electricity markets. With respect to this type of variability, storage enhances the flexibility to meet demand regardless of the energy type. Therefore, storage can be a double-edged sword. The ability to store electricity efficiently allows us to take full advantage of intermittent energy sources; we can simply produce as much electricity as the sun and the wind offer, store it, and dispatch to the grid when needed.  However, more efficient storage technologies also creates more arbitrage possibilities for other electricity producers, including fossil-fuel fired power plants, as they can produce anytime, store, and dispatch during peak periods.
In this study, our goal is twofold. First, we investigate the determinants of technical innovation in electricity storage. Second, we study to what extent storage technologies affect the direction of innovation in electricity generation from nonrenewable to renewable energy. To address these questions, we first develop a theoretical model of directed technological change where energy storage plays a key role. Next, we test our theoretical predictions using a global database of patents related to electricity generation and storage.
Methods

We start by analyzing what drives innovation in electricity storage, and its role in the transition from nonrenewable to renewable electricity generation. We build a theoretical model of innovation in the electricity sector. Our basic framework differs from previous work in several respects (e.g. Noailly & Smeets, 2012; Aghion et al., 2012; Acemoglu et al., 2012). First, we explicitly model electricity storage. We do so by letting innovation in storage endogenously affect the substitutability between renewable and nonrenewable electricity. Second, we model three types of innovation: innovation in renewable and nonrenewable electricity generation, and innovation in electricity storage. While innovation in electricity generation yields higher efficiency, and thus cost savings, innovation in storage improves the substitutability between renewable and nonrenewable electricity inputs in the grid. The possibility to affect the degree of substitution by developing better electricity storage technologies, is the key modeling feature differentiating our paper from the existing literature.
To conduct our empirical analysis, we build a global firm-level database of patents related to electricity storage and generation. Our database combines information on patent families from the OECD Triadic Patent Database, firm-level information from the OECD HAN database, energy prices from the IEA database, and economic data from the Penn World Tables. Building on Aghion et al. (2012) we estimate a reduced form of our theoretical model that captures how a firm's past innovations in renewable, nonrenewable, and storage technologies, as well as knowledge spillovers from other firms, affect the probability to make new innovations.
Results

Our theoretical analysis shows that the effect of storage technologies on innovation in renewable and nonrenewable technologies depends critically on the current substitutability between renewable and nonrenewable electricity. If renewable and nonrenewable electricity are complements, better storage solutions reduce innovation in both types of generation technologies. If they are substitutes, better storage solutions increase innovation in renewable and nonrenewable technologies. We also show how innovation in storage depends on current electricity generation technologies, and how the price of fossil fuels affects innovation in all three technologies. However, to learn whether renewable and nonrenewable electricity are complements or substitutes in production, and more importantly, whether the effect of better storage solutions is stronger for renewable than for nonrenewable innovation, we need to investigate the data. 
Our empirical results show that innovations in storage significantly affect how likely firms are to innovate in renewable and nonrenewable technologies. Hence, electricity storage can affect the direction of technological change and should therefore be accounted for when evaluating environmental policies aimed at accelerating the shift toward renewable electricity sources. More specifically, our results show that both a firm's own past stock of innovations in storage, and spillovers from other firms knowledge, increase the firm's propensity to patent in both renewable and storage technologies. However, we do not find a similar effect for innovation in nonrenewable technologies. We thus find that electricity storage affects both the direction and speed of technological change in the electricity sector. 
Conclusions
Our results show that storage affects both the speed and direction of technological change in the electricity sector. More specifically, storage has a significant positive effect on renewable innovation, and better renewable technologies fosters more innovation in storage. However, better storage technologies have little or no impact on innovation in nonrenewable technologies. Finally, we find that the fossil fuel price plays a critical role for innovation in both renewable and nonrenewable generation technologies. Contrary to what we expected, we find that with current storage technologies, higher fossil fuel prices reduce innovation in both renewable and nonrenewable technologies.
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