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Figure 24.1 shows a roadmap of Chapter 24 . After the introduction Figure 24.1 | Roadmap of Chapter 24 ( Section 24.1 ), Chapter 24 moves to the assessment of ETIS, which consists of three main parts.
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Figure 24.2 | The Evolution of Thinking on Innovation ProcessesIn contrast to Schumpeter’s emphasis on radical “breakthrough” innovations, the importance of the compounded effects of numerous, smaller (incremental) innovations is also now widely recognized. Concepts formulated by Vannevar Bush in his 1945 report to the US president, Science the Endless Frontier , were influential on early models of innovation (Bush, 1945). These are often referred to as “linear” models. These models emphasize the role of basic, 3 largely publicly funded science in a linear innovation process from basic research to applied development, demonstration, and concluding with the diffusion process (see the upper part of Figure 24.2 ). In truth, it is well understood that the innovation process is neither linear nor unidirectional (Mowery and Rosenberg, 1979; Landau and Rosenberg, 1986; Freeman, 1994). Rather, the stages of the innovation process are linked, with feedbacks between each stage, giving rise to the term “chain-linked” model (Kline and Rosenberg, 1986; Brooks, 1995). This is illustrated in the lower part of Figure 24.2 . The linear knowledge flow direction from basic science to applied technology as implied by the old “linear” model is now recognized to be more complex because it can also go in the opposite direction, with applied technologies enabling breakthroughs in basic science. 4 Likewise, research has identified the importance of knowledge spillovers and networks in collective learning processes, as there is no quasi-automatic “trickle down” from basic scientific knowledge to industrial applications of that knowledge.
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Figure 24.3 | R&D intensity (expenditures per value added, in percent) for selected sectors and OECD countries in 2002. Source: The OECD Research and Development Expenditure in Industry database and STAN Database.Whereas the first three goals can be considered endogenous for the energy system, the goal of improved social and environmental performance has historically been triggered by regulation. R&D intensity (R&D expenditures per unit of value added) in the energy sector is strongly differentiated between energy supply (e.g., electric utilities) and energy demand (e.g., manufacturing of electricity using equipment such as TVs or computers) industries. At least in developed countries, energy supply industries have lower R&D intensity levels than the manufacturing average, similarly low as in the textile industry (see Figure 24.3 ). Conversely, electrical machinery, transport equipment and motor vehicles exhibit higher than average R&D intensities, although no information is available to differentiate their R&D into energy- and non-energy-related components (e.g., more fuel efficient engines versus safety improvements in motor vehicles).
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Figure 24.4 | Increasing unit of scale of energy technologies, average (top) and scale frontier (bottom). Unit scales are expressed as MW capacities and plotted on log-scale y-axes. For details, see: Wilson, 2009.Figure 24.4 illustrates the increasing unit scales of energy technologies over the twentieth century (for other graphical examples, see Smil, 1994; 2008). The graph on the top shows average unit capacities; the one on the bottom shows unit scale frontiers (maximum size of units produced/ installed) with characteristically concentrated periods of scaling up (note the log-scale y-axis on both graphs). Increases in unit scales have been a pervasive phenomenon for energy technologies throughout the twentieth century.
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Figure 24.5 | Stylized life cycle of a new technology over time (Phases I to IV, top) and corresponding build up of the technology’s innovation system and the seven key processes involved (circles) and their interactions (arrows) (bottom). See Table 24.6 for a definition of the key processes.Finally, a “market motor” may emerge once market formation has taken place and a technology has started to diffuse with a concomitant build up of production capacity. Overcoming resistance to change and guidance of the search now become less important. The succession of these four motors of innovation is represented stylistically in Figure 24.5 (bottom panel), alongside the S-shaped curve describing a technology’s life cycle (top panel). The build up of the innovation system can be measured in terms of the number of actors involved, the extent and complexity of the networks between these actors, and the specific institutions aligned with the innovation. However, such indicators are specific to individual technologies and innovation system contexts and cannot be generalized. Figure 24.5 shows how the innovation processes (represented as circles) and the interactions between them (represented as arrows) increase through the formative phase prior to the technology’s diffusion into the market (Phases I-II). As market diffusion accelerates (Phase III), the innovation system grows to its maximum (Phase IV).
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Figure 24.6 | Diffusion rate or Δ t – time to grow from 10–90% of installed cumulative  capacity – between innovating Core regions and later adopting rim (graduated between  Rim1 and Rim2 ) and Periphery regions for a range of energy technologies (CFLs denoting compact fluorescent light bulbs). Note that the geographical diffusion categorization is based on technology adoption rates rather than country aggregates. Source: Wilson, 2009.Figure 24.6 illustrates one possible outcome of ETIS in terms of accelerated diffusion of new energy technologies in later adopting regions via spillover and learning effects ( Scaling Dynamics case study).
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Figure 24.7 | Diffusion of automotive technologies during implementation of US Fuel Efficiency (CAFE) standards. Source: Lutsey and Sperling, 2005. c National Academy of Sciences. Reproduced with permission of the Transportation Research Board. Figure 24.7 illustrates the response to policy, in this case the introduction of the Corporate Average Fuel Economy (CAFE) standard in the United States, in terms of diffusion of the induced technological innovations in the automotive sector (US Vehicle Efficiency case study).
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Figure 24.8 | Decomposition of cost components and their improvements for Brazilian ethanol (cane production only). Source: van den Wall Bake et al., 2009.Figure 24.8 illustrates the components in cost reductions of sugarcane production in the Brazilian ethanol industry as a twin example of an analytical opening up the “black box” of technology cost improvements and an example of technology responsiveness to an exemplary decades-long sustained public policy effort ( Brazilian Ethanol case study).
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Figure 24.9 | Causal link model diagram for cost reductions and technical improvements in early solar thermal electricity generation in the United States, 1982–1992. Source: Solar Thermal case study. Note: R&D = Research & Development, LbD = Learning by Doing.Figure 24.9 shows cost reductions and technical improvements in early solar thermal electricity generation in the United States, from 1982– 1992. A virtuous cycle (i.e., a positive, self-reinforcing feedback loop) of unfolding of ETIS came abruptly to an end with the discontinuation of policy support, illustrating the pitfalls of erratic policies and the keyimportance of continuous policy support ( Solar Thermal case study).
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Figure 24.10 | Japan subsidies and applications for rooftop PV systems versus average3 kW module price. The 2005 data correspond to specifi c investment costs of US 2005 $5816/kW and the 2.6 billion yen subsidy to US 2005 $23 million. Source: based on Jaeger-Waldau, 2006.Figure 24.10 shows the declining cost of PV associated with the Japanese subsidy program from 1994–2004 and provides the positive example of the responsiveness of ETIS outputs to a sustained and predictable policy environment ( Solar PV case study).
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Figure 24.11 | Chapter 24 Case Studies summarized: Cost trends of selected non-fossil energy technologies (US 2005 $/KW installed capacity) versus cumulative deployment (cumulative GW installed). Source: Chapter 24 case studies.Figure 24.11 summarizes the cost trends of non-fossil energy technologies analyzed in the Chapter 24 case studies. These data have been updated with most recent cost trends (2010) available in the literature for PV Si Modules (IPCC SRREN, 2011) and US onshore wind turbines (Wiser and Bolinger, 2011). Note that the summary illustrates comparative cost trends only and is not suitable for direct economic comparison of different energy technologies due to important differences between the economics of technology components (e.g., PV modules or heat pumps [only]) versus total systems installed, cost versus price data, and also differences in load factors across technologies (e.g., nuclear’s electricity output per kW installed is between a factor three to five larger than that of PV or wind turbine systems).
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Figure 24.12 | Overview of policies for innovation systems.Direct policies for innovation vary according to their target and theirtiming during the innovation process. Policy is needed at each stageof this process (see the top of Figure 24.12 for examples). The role ofgovernment is typically viewed as being most evident at the earlieststage of basic science and research.
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Figure 24.13 | Examples of international technology cooperation via IEA agreements, by participating countries (IEA members and non-members), number of agreements covered (left panel) and number of participating countries (right panel). Note in particular the relative sparse participation from developing countries, which is less surprising considering the exclusive OECD membership of IEA. Source: based on IEA, 2010.Perhaps the most prominent example of international energy technology collaboration among governments is the implementing agreements of the IEA. The IEA provides support for numerous international cooperation and collaboration agreements in energy technology R&D, deployment, and information dissemination (IEA, 2010). These agreements cover a broad range of technologies, but they strongly differ in the scope, stage, and level of commitment of the R&D process. Moreover, many are not really R&D collaboration projects, but simply institutional arrangements for information exchange or standardization. While non-member countries and international organizations may participate, OECD members’ presence dominates (see Figure 24.13 below). There are other examples of government-supported international collaboration (e.g., the fusion reactor project ITER, or the Carbon Sequestration Leadership Forum), but their effectiveness remains to be assessed.
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Figure 24.14 | OECD public R&D expenditures (US 2000 $ PPP) versus public sectorenergy R&DD in IEA countries (us 2008 $ PPP). Note the factor of 10 difference in thescale of the two expenditure categories and the opposing time trends since 1985.Source: Doornbosch and Upton, 2006 (in US 2000 $ PPP); IEA, 2009a (in US 2008 $ PPP).Figure 24.14 summarizes the trends in public sector energy RD&D since 1974 in IEA member countries and contrasts it with total public RD&D expenditures. While total reported energy technology RD&D expenditures by definition include demonstration investments in addition to R&D expenditures, little detailed data are available. IEA (2009b) reports atotal of some $550 million 17 at purchasing power parities (PPP) for seven countries for which such data are available. The United States represents the bulk of this figure, with approximately $444 million development expenditures, corresponding to some 4% of total public energy technology RD&D in all the IEA member countries in 2008. Hence, it is fair to say that public energy RD&D expenditures are in fact mostly R&D expenditures with little expenditure on technology demonstration proper
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Figure 24.15 | Public sector energy RD&D in IEA member countries by major technology group 1974–2008 (in US 2000 $ million PPP). Source: data based on IEA, 2009a.Figure 24.15 summarizes the historical evolution of IEA member country energy RD&D by broad technology class, illustrating a third area of concern: asymmetries in public energy RD&D portfolios (see Box 24.7 on RD&D Portfolios). Total public sector RD&D in IEA member countries in 2008 amounted to some $12.7 billion (PPP). Close to $5 billion was spent on nuclear (fission and fusion), $3 billion on “other” energy technologies (hydrogen; electric power outside renewables, fossils, and nuclear; electricity transport and distribution; as well as basic energy research), and about $1.5 billion on fossil fuels and energy efficiency, respectively (for a tabular overview for IEA countries see Box 24.7 . For BRIMCS countries, see overview in Section 24.7.7 ).
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Figure 24.16 | Distribution of past (1974–2008) and current (2008) public sector energy technology R&D portfolios in member countries of the IEA (right) versus portfolios of future GHG mitigation needs (min/mean/max, left) derived from an extensive scenario uncertainty analysis. Source: adapted from Grubler and Riahi, 2010.The calculated aggregated technology specific GHG mitigation “wedges” are summarized in Figure 24.16 , showing mean as well as minima/maxima across all scenarios explored. The ranking of different mitigation options is quite robust across the scenarios explored, with energy efficiency and conservation being the single most important option with typically >50% contribution and nuclear with a typical 10% contribution to cumulative 2000–2100 emission reduction. The results are representative of other modeling studies, e.g., as reported by the Energy Modeling Forum (EMF-22) where the maximum share of nuclear energy ranges between 11–12% (Calvin et al., 2009) to 9–14% (Gurney et al., 2009) by the end of the 21st century.
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Figure 24.17 | Trends in US public and private energy RD&D (billion us 2002 $ 20 ). Source: Nemet and Kammen, 2007.There is evidence from the United States that private sector energy RD&D appears to follow comparable trends as public R&D ( Figure 24.17 ), as both are influenced by rising and falling oil prices. One interpretation of these joint trends is “that the signal of commitment that a large government initiative sends to private investors outweighs any crowding-out effects associated with competition over funding or retention of scientists and engineers” (Nemet and Kammen, 2007).
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Figure 24.18 | Investments into sustainable energy in 2008. Data source: SEFI/UNEP/NEF, 2009.Figure 24.18 shows a breakdown of the US$223 billion in investment transactions in 2008 for sustainable energy as tracked by UNEP/SEFI/NEF, 24 and maps them against thecategories of RD&D and market formation used in this chapter. By doing so, a clearer picture of the scale of input investments into the sustainable energy technology system emerges. Technology-specific (as opposed to ownership changes represented by some US$67 billion for mergers and acquisitions) investments amounted to a total of some US$ 2008 160 billion. RD&D (public and private) made up US$18 billion, with the bulk of the investments (US$141 billion) classified as market formation investments into sustainable energy technologies.
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Figure 24.19 | Yearly investments in market-formation for sustainable energy technologies2004–2008 (total transaction/year in billion US 2008 $). The total market formationinvestments in 2008 exclude US$8 billion in Brazilian ethanol (classified here as diffusion investments) from the total of US$141 billion reported in Figure 24.18.Source: O’Rourke, 2009; UNEP/SEFI/NEF, 2009; bloomberg new energy finance database(courtesy of ERD3 Project Harvard; NEF/SEFI, 2009).
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Figure 24.20 | Total amounts of VC/PE in energy by year and region (in 1000 US 2008 $).Sources: O’Rourke, 2009; Bloomberg New Energy Finance database (courtesy of ERD3project harvard; NEF/SEFI, 2009); Thomson Reuters Venturexpert Database (ThomsonFinancial, 2009).
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Figure 24.21 | VC/PE investments in energy technologies by technology cluster between 2002–2008 in billion US 2008 $. (“Biofuels” category excludes investments made intoBrazilian ethanol companies, accounted for diffusion investments in Section 24.6.3 below.) Source: O’Rourke, 2009; Bloomberg New Energy Finance database (courtesy ofERD3 Project Harvard; NEF/SEFI, 2009); Thomson Reuters Venturexpert Data Base (Thomson Financial, 2009).
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Figure 24.22 | Declining investments (as share of revenues) in the US electricity sector,1925–2000. Source: modified from EPRI, 2003.Evidence regarding the time trend of supply-side energy investments is scarce in the literature. An intriguing empirical finding from the United States, however, shows a significant decline in energy supplyside investments as a share of sector revenues for electricity generation in the second half of the twentieth century (Figure 24.22 ). Thedeclining investments (as a share of revenues) in the US electricity sector suggest a substantial thinning of resources available for capital turnover and diffusion of new technologies as a twin result of slowing demand growth and energy sector deregulation and liberalization. At present, it remains unclear if this trend is a specific phenomenon ofOECD countries or of US electricity supply (an increasingly deregulated sector). However the example supports the conclusion that better current and longitudinal data on energy sector investments are needed for improved decision-making.
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Figure 24.23 | Two “grand” transitions global energy systems measuring marketshares in total primary energy use, 1850–2007 (preliminary data) of biofuels, coal,and modern energy carriers (oil, gas, electricity). Note in particular the long period ofinitial slow market penetration of new technologies and the signifi cant slow-down ofhistorical technology dynamics after 1975.The case study reviews patterns, drivers, and typical dynamics (rates of change) in energy systems from a historical as well as futures (scenario) perspective. From a historical perspective, two major energy transitions, each of which took up to a century to unfold, can be identified: the phase of growth in coal-fired steam power, and its subsequent displacement by oil and electricity-related end-uses and technologies (Figure 24.23).Similar far-reaching future transitions are also described in the scenario literature as a function of alternative assumptions on rates and direction of inventive activities and performance and cost improvements of new energy technologies.
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