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Preface

The Public Interest Energy Research (PIER) Program supports public interest energy
research and development that will help improve the quality of life in California by
bringing environmentally safe, affordable, and reliable energy services and products to
the marketplace.

The PIER Program, managed by the California Energy Commission (Energy
Commission), conducts public interest research, development, and demonstration
(RD&D) projects to benefit California’s electricity and natural gas ratepayers. The PIER
Program strives to conduct the most promising public interest energy research by
partnering with RD&D entities, including individuals, businesses, utilities, and public or
private research institutions.

PIER funding efforts are focused on the following RD&D program areas:

. Buildings End-Use Energy Efficiency

. Energy-Related Environmental Research

. Energy Systems Integration

. Environmentally Preferred Advanced Generation

. Industrial/Agricultural/Water End-Use Energy Efficiency
. Renewable Energy Technologies

. Transportation

In 2003, the California Energy Commission’s Public Interest Energy Research (PIER)
Program established the California Climate Change Center to document climate
change research relevant to the states. This Center is a virtual organization with core
research activities at Scripps Institution of Oceanography and the University of
California, Berkeley, complemented by efforts at other research institutions. Priority
research areas defined in PIER’s five-year Climate Change Research Plan are:
monitoring, analysis, and modeling of climate; analysis of options to reduce greenhouse
gas emissions; assessment of physical impacts and of adaptation strategies; and analysis
of the economic consequences of both climate change impacts and the efforts designed to
reduce emissions.

The California Climate Change Center Report Series details ongoing Center-
sponsored research. As interim project results, the information contained in these reports
may change; authors should be contacted for the most recent project results. By providing
ready access to this timely research, the Center seeks to inform the public and expand
dissemination of climate change information, thereby leveraging collaborative efforts and
increasing the benefits of this research to California’s citizens, environment, and
economy.
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Government Actions and Innovation in Environmental Technology for Power
Production: The Cases of Photovoltaic Cells, Solar Thermal Electric Power, and Solar
Water Heating is the final report for the Preliminary Economic Analyses of Climate
Change Impacts and Adaptation, and GHG Mitigation project (contract number 500-02-
004, work authorization number MR-006) conducted by the Goldman School of Public
Policy at the University of California, Berkeley.

For more information on the PIER Program, please visit the Energy Commission’s
website www.energy.ca.gov/pier/ or contract the Energy Commission at (916) 654-5164.
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Abstract

This report explores the dynamics of policy design and innovation in photovoltaic cells,
solar thermal electric power, and solar water heating. These three “solar” technologies are
important examples of greenhouse gas-reducing technologies. Their importance is not
merely because of their future potential in supporting the development of a carbon-
neutral energy system, but because they provide an opportunity to observe the way policy
supporting technological innovation and organizational behavior have played out in the
past. Through a detailed policy history, a treatment of major technological innovations
and market developments, and a combination of complementary quantitative and
qualitative metrics of innovation, this report arrives at several implications for future
policy design. These policy implications consider inventive activity, knowledge transfer
activity, learning-by-doing, and other aspects of the innovation process—as well as
strategic behavior by firms, ranging from technology designers to system installers. In
addition, there is some attention to the treatment of technological change in climate
models.

Keywords: Photovoltaic, solar thermal electric, STE, solar water heating, SWH,
technological innovation, clean energy technologies



Executive Summary

Introduction

Technological innovation is critical to the cost-effective stabilization of greenhouse gas
concentrations in the atmosphere at levels that avoid “dangerous anthropogenic
interference with the climate system,” as called for in the United Nations Framework
Convention on Climate Change. The level of technological change required and the
number of economic sectors that emit greenhouse gases makes it highly unlikely that one
technology will be a “silver bullet” to solve the climate change problem. It is also
unlikely that the needed technologies will be developed with no public intervention.
Although the literature on innovation shows the primacy of the private sector as a source
of innovation, it also shows that the private sector underinvests in research and
development (R&D) when compared to the societal returns of that R&D.

The technologies that either control or prevent greenhouse gas emissions (“environmental
technologies™) are developed not just in response to competitive forces; they are also
advanced, to a considerable extent, by specific government actions. These actions
include: creating (and destroying) demand for various technologies through regulation;
conducting and supporting R&D activities in support of environmental goals; promoting
technologies through subsidy; and facilitating knowledge transfer between government,
regulated firms, and outside environmental equipment suppliers through everything from
the patent system to industry-specific conferences, publications, and collaborations.

Purpose

Although the government has an important role to play in supporting the kinds of
innovations necessary to achieve climate policy goals, there is little empirical evidence
about the relative effectiveness of different government actions at inducing innovation in
climate-relevant technologies. This study helps to fill this empirical gap through an
analysis of government actions and innovation in three environmental technologies with
relevance to greenhouse gas abatement: (1) photovoltaic (PV) cells, (2) solar thermal
electric power, and (3) domestic solar water heating.

Project Objective

This project’s objective was to derive “lessons learned” about past experience with
government support and technological innovation in these three solar energy
technologies. For this study, innovation was understood to be a process that incorporates
a number of different activities—including invention, adoption/commercialization,
diffusion, and post-adoption innovation such as learning-by-doing—with outcomes such
as improvements in cost and realized performance. The researchers used complementary,
established, and repeatable quantitative and qualitative research methods that have been
employed successfully by the principal investigator in previous studies of innovation in
clean energy technologies. Specifically, this project systematically integrated analyses of



U.S. patents, public research laboratory activity, technology conference proceedings,
experience curves, and interviews with influential experts.

Project Outcomes

Photovoltaic (PV) Cells

Since the first commercial cell was introduced, PV cells have improved considerably:
costs have declined by a factor of 100 since the 1950s, and the electrical efficiency of
commercial cells has doubled since the 1970s. Yet the technology remains expensive
relative to both conventional power generation and renewables such as wind and solar
thermal electric technology. With the exception of a few niches, diffusion has been
trivial; worldwide cumulative installed capacity amounts to the equivalent of a few large
coal-fired plants. Still, with production growing at 40 percent per year and continuing
cost reductions, interest in future innovation in the technology is strong and governments
around the world, including California, are actively engaged in supporting invention and
diffusion in PV cells.

Three observations stand out about the effect of policy on innovation in PV cells. First,
R&D spending was important to PV development. Second, there has been a shift in
inventive activity away from the United States and toward Japanese inventors, in part
because of a stronger combination of R&D and demand-side policies in Japan. This raises
the possibility that a similar combination of R&D and demand-side policies in the United
States might drive invention by U.S. firms, bringing with it complementary economic
benefits. Support for this viewpoint includes the finding that California’s leadership in
clean energy technology policy has corresponded with a disproportionately high patent
share in PV, solar thermal electric, and solar water heating technologies in contrast to its
share of overall U.S. patents. On the other hand, Germany has a similar combination of
policies and has a weaker patenting position than both the U.S. and Japan.

The third observation is that learning-by-doing by system installers may provide an
important opportunity for PV cost reduction, and government policies may well create
that opportunity if designed correctly. Indeed, policy makers anticipate that technological
improvements, as realized in cost reductions and performance improvements, will
accompany support of PV diffusion. This is not always the case, however. In the “solar
profiteer” case, for example, in which firms enter a subsidized market to exploit it and
then get out, the performance of installed technologies do not improve. In the “white-
elephant” case, in which rebates to consumers make consumers less sensitive to price,
overall system prices rise. There is possibly evidence for this in two recent PV cases:
prices of installed PV systems in California increased in 2001 when buydown rebates
were increased to $4.50/watt (W), while prices in Germany increased over the past few
years as tariffs greater than 50¢/kilowatthour (kWh) were guaranteed.

Options for avoiding these pitfalls include subsidies that either pay for performance
(¢/kWh) or are based on verification of operation.



Solar Thermal Electric Power

Government actions have influenced the development of solar thermal electric power
technology at all stages of the innovation process, from federal R&D in the 1970s that
established heliostat design (a fundamental solar thermal electric enabling technology) to
inducing a surge in orders for new construction planned for 2006 and 2007. Perhaps most
notably, government actions have facilitated incremental innovations in commercially
installed technology that resulted in significant operating and maintenance cost
reductions. Not a complete success, government actions have at times been a barrier to
the diffusion of solar thermal electric technologies. In addition, government actions in
support of solar thermal electric do not appear to have stimulated as much (or as diverse)
public knowledge transfer as in the other two cases.

Experts state that three government actions were crucial for incremental innovations in
commercially installed solar thermal electric technology to occur. First, the 1978 Public
Utility Regulatory Policies Act created a foothold in the electricity generation sector for
small, independent energy producers. Second, California’s standard offer contracts—
especially the 1983-1985 interim Standard Offer Number 4 (1SO4) contract, which
essentially guaranteed an effective tariff of $0.12 per kWh for ten years—provided some
assurance of future earnings to these producers. Third, collaborative R&D between
Sandia National Laboratories and the only firm in the world to commercialize solar
thermal electric at the time Luz was successful in identifying significant opportunities for
operating and maintenance improvements in the company’s nine “Solar Electric
Generating System” plants, which were built in California between 1984 and 1990.

Despite successfully supporting innovation in solar thermal electric technology, policy
has at times been an important barrier to the increased diffusion of this technology (and
any corresponding innovative improvements in costs and performance). For example, the
limitation on maximum plant size in the Public Utility Regulatory Policies Act
regulations hindered efforts at cost reductions, as plants were not built at their optimal
scale. In addition, the large investments (> $100 million) needed to build solar thermal
electric plants meant that the technology could not compete effectively with certain
advanced conventional generating technologies during the 1990s and early 2000s, at a
time when federal and state electricity deregulation constrained the competitive playing
field to the market value of electricity generation, unadjusted for environmental benefits.
Renewable portfolio standards in different states, especially those with solar set-asides,
and policy efforts in other countries are now fostering considerable investment in solar
thermal electric, with dozens of new commercial plants scheduled for completion in the
next few years in Nevada, Arizona, Spain, and elsewhere.

Finally, there is little doubt from the innovation literature that more diverse pathways for
knowledge exchange advance innovation (for an example, consider “open source” code),
but many firms play their innovation cards “close to the chest” because of proprietary
concerns. This tension is particularly troubling in technologies with large public good
characteristics like clean energy technologies. Solar thermal electric technology appears
to exhibit this tension with underperformance in such knowledge transfer metrics as
patenting activity, papers in technical conferences, and ties among organizations of



different types (such as universities, non-utility firms, and government organizations).
This may be one reason why experts consider the role federal R&D played in identifying
and codifying the improvements made in the Solar Electric Generating System plants for
use in other installations to be “crucial” to the development of the technology. Certainly,
this role was crucial to sustaining the technology after Luz went bankrupt in 1991.

Solar Water Heating

Solar water heating technology experienced a burst of innovative activity in the late
1970s and early 1980s. Inventive activity was intense, the technology improved, and
diffusion of units into the market was rapid and substantial. However, in the mid-1980s
this burst of activity ended as rapidly as it began. Since then, solar water heating
innovation in the U.S. has been stagnant, with only a tiny market served by a few small
firms. Government actions played a major role in causing the boom, the bust, and the
long period of stagnation.

Three observations stand out about the effect of policy on innovation in solar water
heating technology. First, this rapid and brief diffusion was correlated with government
actions. Second, the innovations considered most important by experts related more to
learning-by-doing in the installation of systems than to innovations in solar water heating
technology per se; experts believe that these innovations were not particularly rapid, in
part due to the implications for markets and skilled labor of policy failures for solar water
heating. Third, past policy failures have made it difficult for new efforts to take hold in
creating U.S. markets for solar water heating, despite the cost-competitiveness,
reliability, and greenhouse gas advantages of this technology.

There are at least four policy implications from the problems incurred in the boom and
bust phenomenon in solar water heating technology. First, there is an inherent danger in
designing policies that provide incentives for installation rather than performance. The
boom in the diffusion of solar water heating systems did not have as comparatively a
strong role in offsetting natural gas and electricity for heating water as might be expected
because many of the systems did not work well and were abandoned within a few years
(some claim that half of the installed systems were no longer functioning after five
years). An incentive to counteract the danger of a low-performance boom in a technology
is to tie capital cost incentives to system performance verification, as in the successful
case of policy support for solar water heating in Hawaii, in which each system undergoes
an inspection that costs less than $50 to conduct.

Second, solar water heating demonstrates the adverse effects of allowing the sudden and
premature expiration of policies that support an environmental technology. In the
industry busts that can accompany these events, considerable loss of technology-related
knowledge can occur in both the private and the public sector.

Third, the perception of technical unreliability is problematic for public efforts that
support diffusion of an emerging environmental technology, particularly if the audience
familiar with the reliability problems is large. Although technical improvements have
overcome many of the problems with early solar water heating systems, the perception of



solar water heating as technically unreliable persists both among policy makers and
consumers.

Finally, a fourth policy implication from the solar water heating case is that policy
intermittency and uncertainty undercuts innovation, and subsidies have been a
particularly unstable policy instrument. Thus, subsidies may be best to avoid for
supporting innovation unless they can be guaranteed to last over at least modest
timeframes.

Conclusions and Implications for Models

This research indicates that the outcomes of innovation with respect to performance and
cost improvements are not standard across these and other climate-relevant technologies
(this is documented in this report in the shape of “experience curves” that relate
innovative outcomes to the diffusion of a number of environmental technologies studied
by the principal investigator). In addition, this research makes clear that government
actions have played an important role both in fostering the development of these three
solar energy technologies as well as in unintentionally creating barriers to certain aspects
of that development. These findings complicate the important policy-relevant task of
modeling technological innovation for the purposes of forecasting greenhouse gas
emissions and mitigation costs.



1.0 Introduction

Technological innovation is critical to the cost-effective abatement of greenhouse gas
(GHG) emissions. The government has an important role to play in support of the kinds
of innovations necessary to achieve climate policy goals. In economic terms, this role is
justified by the fact that these innovations are driven, to a significant extent, by the
provision of the public good of a “clean” (or GHG-reduced) environment. In many cases,
they also help provide the public good of national security through their contribution to
energy independence. The weak (if any) incentives for private investments to provide
public goods are likely to intensify existing trends, well-known in the economics of
innovation literature, of private industry’s underinvestment in research, development, and
demonstration (RD&D), as compared to the societal returns of that RD&D (see Griliches
1992; Jones and Williams 1998, for example). As a result, innovations directed to
abating GHGs are developed in a strategic environment in which government plays an
important role.

In California, carbon dioxide (CO) is the most prominent of the GHGs; even without
imported electricity in the calculation, 83% of California’s GHG emissions is CO, from
fossil fuel combustion, a percentage that has held quite steady between 1990 and 2002
(Bemis and Allen 2005). There are three basic technology strategies that can be used to
reduce CO, from fossil fuel combustion. The first is to keep the combustion process the
same while controlling emissions; this can be done either through pre-combustion
interventions such as fuel switching (for example, from coal to natural gas), or through
post-combustion interventions such as carbon capture and sequestration. The second is to
keep the combustion process the same but reduce demand for the power that results from
combustion; this can be done either through encouraging greater efficiency in end-use
devices or by meeting some of this demand for power in end-use devices with
alternatives to fossil-fuel fired generation (for example, domestic solar water heating).
The third strategy is to generate power with alternatives to fossil fuels, such as water,
wind, and the sun. These three basic strategies hold, no matter the end-product of the
fossil fuel combustion, be it transportation (41.0% of California’s CO, emissions in
2002), industry (20.7% of CO, emissions), or electric power (19.5% of CO, emissions)
(Taylor 2006).

This report is the second retrospective analysis of government actions and innovation in
environmental technologies with relevance to GHG abatement to be sponsored by the
California Energy Commission’s Public Interest Energy Research (PIER) program. The
technologies focused on in the first report, selective catalytic reduction (SCR) technology
for nitrogen oxides (NOy) control from stationary power plants, and wind power, provide
examples of the first technology strategy (SCR controls emissions from traditional
combustion activities) and the third technology strategy (wind power is an alternative
generation technology). This second report focuses on three solar technologies:
photovoltaic (PV) cells, solar thermal electric (STE) power, and domestic solar water
heating (SWH). These three technologies provide examples of the second technology
strategy (SWH is an end-use technology that fosters independence from the power
generated by traditional combustion) and the third technology strategy (PV and STE are
alternative generation technologies).



In both reports, the same research approach is used to explore the effectiveness of
government actions on both the process and outcomes of innovation in these
technologies. This approach is a systematic integration of analyses of U.S. patents,
public research laboratory activity, technology conference proceedings, experience
curves, and interviews with influential experts. These complementary and repeatable
quantitative and qualitative methods—as well as the distribution across technology
strategies of the cases studied in the first and second report—support a comparative
understanding of the environmental innovation process. To take advantage of this
methodological strength, reference will be made to findings in the first report during the
discussion chapter of this report.

This report has five chapters. In addition to laying out the rationale for this study, this
introductory chapter explains the selection of the case technologies investigated. It also
chronicles the main federal, state, and international government actions of relevance to
the three cases, with attention to both public investments in the various technologies, as
well as policy instruments that have supported their diffusion. Finally, this chapter
provides an overview of the innovation process and the main methodologies employed in
later chapters.

The next three chapters focus on each technology separately, discussing technical and
market developments and displaying the results of the various analyses. Note that the
government actions of relevance to each technology will not be detailed in these case-
specific chapters, as there is considerable overlap between the relevant policy histories
for each technology; distinctions for unique technologies will be made, as appropriate, in
the introductory chapter.

The concluding chapter provides synthesis across the cases, as well as some thoughts on
the implications of this material for climate policy in California.

1.1. Selection of Case Studies

For many years, “solar” technologies referred not only to technologies powered directly
from the sun’s energy, but also to technologies powered indirectly from that energy,
including wind power, tidal power, and biomass power (relying as it does on the
photosynthesis conducted by plants). To some extent, therefore, policies to support solar
energy technologies can be thought of as representative of policies to support almost all
alternative/renewable power technologies. But this definition of solar, and the large
number of government actions that would be relevant to these technologies, is unwieldy
for a single report using multiple methods to address. At the other extreme, focusing on a
single solar technology to understand the interplay between government actions and
innovation in climate-relevant technologies would miss important aspects of that
interplay.

Direct solar application technologies can be subdivided as (1) photoelectric or (2) solar
thermal applications, which either generate electricity or displace fossil-fuel generation at
the point of end-use. At the peak of federal research and development (R&D) funding of
solar energy technologies, budgets were more-or-less evenly divided in support of:

(@) PV cells, which generate power via the photoelectric effect; (b) STE power, a solar
thermal generating application; and (c) solar heating and cooling (including domestic
SWH technologies), which apply solar thermal principles to displace fossil fuel



generation at the point of end-use. Figure 1 illustrates federal R&D for direct solar
technologies from the 1970s through 2002.
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Figure 1. Solar R&D in the United States, 1970-2002

Source: (IEA 2006)

What explains this shift? Simple indicators like comparative levelized cost and market
penetration do not fully address this question. Table 1, for example, shows recent
estimates of the levelized costs of various fossil fuel and renewable generation
technologies. Note that STE technologies generate electricity at a lower cost than PV,
but provide a smaller percentage of world generating capacity. Meanwhile, domestic
SWH is used in 2.5% of worldwide households (Martinot 2005).

The relative complexity of the technologies is likely to be a factor in this, as is a changing
emphasis within government on what is the best strategy and most appropriate rationale
for investing in R&D, based on the perceptions of investments and payoff times held by
various political actors according to their underlying values. But without juxtaposing
these technologies against each other, these and other insights would not become
analytically apparent, and potential lessons for government support of climate-relevant
technological innovation could be missed.

In the effort to avoid this pitfall, this report chooses to focus on government actions and
innovation in direct solar energy technologies with a “Big S.”: PV cells, STE power
technologies, and domestic SWH technologies. Although not a comprehensive
investigation of solar technologies, it is hoped that this more manageable set of
technologies will provide insights that will be representative of some of the successes and
failures that might be predictable in various GHG-reducing technology policy pathways
that government might pursue going forward.



Table 1. Levelized costs of electricity by various technologies

(Badr and % of
Benjamin (Martinot World
2003) 2005) (IEA 2005) Capacity *
¢/kWh ” ¢/kWh | ¢/kwh
Power Generation
Fossil Fuels Coal - - 3.50-6.00 24.40
Natural gas
combined 5.18 -
cycle 4.00-6.30 21.20
Natural gas | ;- o4 i
simple cycle
Renewables/Other 3.00-
Large hydro 6.04 4.00 i 18.95
Nuclear - - 3.00-5.00 6.50
493 400° | 450-1400 | 1.26
Wind ' 6.00 ' ' '
20.00-
42.72 tt
(50 MW 40.00 ) 0.11
plant) (rooftop
PV PV)
21.53
(13.52
w/natural
gas; 17.36 1;88_ - 0.01
w/thermally '
enhanced
STE (trough) | storage)
Hot water/heating
Solar hot 2.00- - 2.50 % of
water/heating | - 25.00 households

* At 10.8% discount rate.

T At 10% discount rate.

1 Fossil fuel and nuclear capacity figures are through the end of 2003 IEA (2005), while the rest are
through the end of 2004 (Martinot 2005).

** This is the on-shore wind estimate. Off-shore wind is 6-10¢/kWh.

t1 This percentage is combined off-grid plus grid-connected capacity. Grid-connected capacity alone is
0.05%.

Note: “-“ indicates that the report gives no clear estimates for this technology.

Source: (Badr and Benjamin 2003; IEA 2005; Martinot 2005)

1.2. Government Actions to Promote Solar Technologies

Government actions related to solar energy technologies are of two types: either direct
support of the development of the technologies or indirect support of their development
by fostering relevant markets.

The first type of action, primarily public funding of RD&D of various technologies, is
conducted either by government actors or private and nonprofit entities. It is sometimes
known in the literature as “supply-push” or “technology push.”



The second type of action, often referred to as “demand pull” or “market pull,” supports
the diffusion of the technology in hopes that that diffusion will reach a tipping point that
will allow it to continue without public support. In recent years, there has been
recognition in environmental policy circles that with increased diffusion can come the
cost and performance improvements that often accompany the maturation of a
technology, either through economies of scale or post-adoption innovative activities such
as learning-by-doing. This latter innovative activity emerges from resolving the
unexpected problems that often arise in the transition from bench- or pilot-scale
technology to commercial scale technology. Demand-pull policy instruments employed
in the past in support of solar energy have included: government procurement programs;
commercial and residential building codes; commercial and residential financing
mechanisms such as tax credits, rebates, buy-down programs, and net metering; and
renewable portfolio standards in which a legislatively established percentage of a state’s
generation must be attributed to renewable sources.

The history of solar energy policy that follows is grouped by time period—before 1970,
the 1970s, the 1980s, and the 1990s/2000s—and according to U.S. federal, California,
and international government actions (the international government actions will focus
primarily on Japan and Germany). Where relevant, both supply-push and demand-pull
instruments will be highlighted. Note that because government does not play a
particularly strong role in the first time period, before 1970, the distinctions between
federal, state, and international actions are not made in this section.

1.2.1. Before 1970

Solar energy technologies—particularly solar thermal applications—have a long history,
which a number of authors trace back as far as the architecture and writings of the ancient
Greeks, and later, Romans. Xenophon is credited as the first to record the principles of
passive solar heating, while Archimedes used the concept of burning mirrors as a weapon
and the Roman Pliny developed the solar furnace (Butti and Perlin 1980). In the United
States, evidence of architecture using passive solar design principles date as far back as
an aboriginal shelter in 3,000 B.C., as well as Anasazi settlements circa 1,100 A.D.
(Hempel 1983). Photoelectric applications do not have as long a history, as the
photoelectric effect was only observed in 1839, during Edmond Becquerel’s experiments
with an electrolytic cell which generated more electricity when exposed to light (DOE
2006).

Much of the very early work on solar energy technologies was therefore not related to
government actions, but rather to individual scientists and entrepreneurs. Those
government actions that did occur were not easily catalogued as “technology push” or
“demand pull,” but rather, of protecting individual rights. For example, in the 6™ century
A.D., the Justinian Code established the first “sun rights” to ensure that buildings had
access to the sun; this type of government action recurred, particularly in “solar access
rights” established in the 1970s (see California’s AB 3250 and AB 2321 in 1978, for
example) (Hempel 1983).

One of the earliest American solar energy pioneers was John Etzler, who in 1833 released
America’s first blueprint for solar energy use. In his book, he proposed constructing
“burning mirrors” which could automatically track the sun’s movement while focusing its
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energy on specially insulated boilers that would produce steam energy. He also proposed
solar stills to desalinate seawater, as well as a rudimentary flat-plate collector (Hempel
1983, p. 49).

Etzler wrote before the power consumed in the United States was predominantly
generated by fossil fuels, which occurred for the first time in the mid-1880s (as shown in
Figure 2). The trend toward increased dependence on coal for power was evident before
that, however, and just as increased dependence on oil generated warnings about resource
exhaustion in the twentieth century (most notably, the peak oil curve presented to the
American Petroleum Institute in a paper by Marion King Hubbert [Hubbert 1956]),
similar warnings were issued about a possible exhaustion of coal in the nineteenth
century. Most influential among these was a book published in 1865 by W. Stanley
Jevons (Jevons 1865), which inspired the solar thermal engine development work done
by John Ericsson, the designer of the celebrated iron battleship, “The Monitor.” Ericsson,
in turn, inspired Aubrey Eneas, who built his first solar steam engine, which
automatically tracked the sun, in 1898 (Halacy 1973). In 1901, Eneas displayed his
engine, used to pump water, in Pasadena, California (Halacy 1973, pp. 45-47). Other
early solar engines in the United States included those installed by H. E. Willsie and John
Boyle, Jr., in Needles, California, in 1905 and by Frank Shuman in Tacony,
Pennsylvania, in 1907 and Cairo, Egypt, in 1912 (Butti and Perlin 1980, pp. 110-11).
Only the Shuman engine in Egypt proved cost-effective, but World War 1, Shuman’s
death, and oil and gas strikes in sunny areas around the world combined to stop increased
commercialization (EIA 2001).
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Figure 2. U.S. energy consumption by fuel, 1635-2001

Source: Adapted from (Hempel 1983)

At the time Eneas displayed his engine in Pasadena, the city had almost one-third of its
homes outfitted with solar water heaters (Butti and Perlin 1980). Clarence M. Kemp
patented the nation’s first commercial solar water heater, the “Climax,” in 1891, and two
Pasadena businessmen, E. F. Brooks and W.H. Congers, bought the rights from him to
manufacture and sell it in California in 1895 (Laird 2001, p. 20). The popularity of the
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Climax led to competing and improved designs (i.e., the “Walker Solar Heater,” the
“Improved Climax,” and the “Day and Night”), the diffusion of the SWH into Arizona,
and repeated sales of the manufacturing rights in California (ibid.). The Day and Night
sold for the first time in 1909 in Monrovia, California, by William J. Bailey, ultimately
forced the Walker and Climax manufacturers out of business (ibid. pp. 129, 136). Day
and Night heaters diffused into states such as Arizona, New Mexico, and Hawaii (a
booming business was born in Florida through sale of the rights to H. M. “Bud”
Carrothers in 1923), and in 1920 they reached their sales peak of 1,000 systems in a
single year (ibid. pp. 139, 143). Before succumbing to competition from big discoveries
of natural gas in the Los Angeles basin in the 1920s and manufacturing stopped in 1941,
over 7,000 Day and Night heaters had been sold (ibid. p. 141).

California lost the lead in SWH to Florida by the mid-1930s. Charles F. Ewald, who had
taken over Carrothers’ financial affairs after Miami’s housing boom collapsed and the
city was devastated by a hurricane in 1926, improved on the Day and Night’s design and
patented the “Duplex” (Laird 2001 pp. 144-148). Between 1932 and 1934, the Duplex
revived the SWH business in Florida. Demand for SWH in Miami multiplied with New
Deal legislation passed in late 1934 guaranteeing low-interest mortgage rates and home
improvement loans (ibid. pp. 148-151). This (inadvertent) demand-pull legislation
inspired a rush of Duplex competitors to enter the market by copying the expired Day and
Night patent. Some of these new entrants cut costs in ways that resulted in leaking roofs
and too little hot water, prompting another type of government action, a quality assurance
one designed to protect consumers (ibid, pp. 151-2). The Federal Housing
Administration, which had financed most of the solar heaters, sent an investigator to
check claims against some of the manufacturers, and the manufacturers responded by
voluntarily adopting manufacturing standards (ibid. p. 152). The industry continued to
thrive: 80% of the homes built in Miami between 1937 and 1941 were outfitted with
SWH; sales of solar water heaters were double those of traditional heaters in Miami in
1941; and public housing projects in other southern states adopted SWH as well (ibid.).

A government ban on non-military uses of copper in World War Il halted the industry for
a period (ibid. p. 154). But many of the Florida companies rebounded, only to face new
problems, including: existing customers wanting larger capacities of hot water; bursting
tanks due to corrosion caused by electrochemical reactions between copper and iron
components in the system; increased costs tied to increased copper prices and wages; and
increased competition by electric heaters, which began to benefit from economies of
scale. Few solar water heaters were sold after the late 1950s (ibid. p. 155).

Concerns about a potential oil shortage were prominent in the late 1940s, with the United
States becoming a net oil importer in 1948 (Hempel 1983, p. 81). With the beginning of
the Korean War in 1950, energy shortages became prominent topics at cabinet meetings
(ibid., pp. 20-22). A congressional mandate led to President Truman creating a National
Security Resources Board in1947, and the President’s Materials Policy Commission
(otherwise known as the Paley Commission, after chair William S. Paley) in early 1951
(ibid., p. 27, p. 24). The overall findings of the 1952 Paley Commission report were that
energy shortages were inevitable because of shrinking reserves of oil and natural gas and
expected cost issues with coal, and that the United States should not become too
dependent on oil from the Middle East because it should not be counted on during
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wartime. It was recommended that these shortages should be addressed on the supply
side through a transition to solar and nuclear energy that should begin before 1975,
although it would be generally cheaper to reduce demand (Laird 2001, p. 47).

Although not integrated throughout the report, the Paley Commission’s chapter on solar
energy called for large increases in funding for solar research (Hempel 1983, p. 96).

Note that this implies that some solar research was ongoing at the time, but according to
Laird, “the numbers floating around in the literature” for government R&D funding for
solar energy in the 1940s, 1950s, and 1960s “are contradictory and often without
references to reliable primary sources” (Hempel p. 207). Hempel quotes Dr. George Lof
testifying before Congress that federal R&D spending on solar development in 1960 were
“a few hundred thousand dollars” (Hempel 1983, p. 88). Laird cites figures from the
1963 Federal Council for Science and Technology report, Research and Development on
Natural Resources, for direct solar energy R&D (not hydropower, wind, or biomass) in
fiscal year (FY) 1962 of $1.7 million and FY 1964 of $5.4 million (ibid., p. 52). As he
points out, this is in direct contradiction to the $100,000 per year figure “many people
quoted in the 1970s” (ibid. p. 207). This uncertainty is why Figure 1 begins in the 1970s.

The Paley Commission report was not followed up on by the new Eisenhower
administration, an advocate of minimal government intervention in markets, except
perhaps as it pertained to nuclear power. In part this was due to fossil fuel prices, which
declined for almost two decades after 1952. In part, this was due to excitement about
nuclear technology, which benefited from government support of its dual role as both a
military and a civilian application. In 1954, groundbreaking occurred for the first U.S.
demonstration nuclear power plant, constructed in Shippingport, Pennsylvania; the
ceremony was attended by Eisenhower (Gazit 1999).! Then in 1955, the Atomic Energy
Commission announced a new public-private partnership program to develop nuclear
power plants, a supply-push instrument that solar energy was not to benefit from until
much later (Hempel 1983, p. 96). By 1960, federal nuclear R&D was one-thousand times
the level of solar R&D, according to Lof (Halacy 1973, p. 57).

During the same year that groundbreaking occurred on the Shippingport reactor, a major
breakthrough occurred in the development of photovoltaic cells. In 1954, the “typical
efficiency of commercial photocells” was 0.5% (Halacy 1973, p. 75). In a paper written
that year by D. M. Chapin, C. S. Fuller, and G. L. Pearson (Chapin et al. 1954), the solar
battery they developed in their work with silicon p-n junctions had an efficiency of 6%
(ibid). This Bell Telephone Laboratories discovery was quickly adopted into the earliest
U.S. satellites, including the first successful U.S. satellite, the Vanguard TV-4, in 1958,
which used six solar panels to power its radio transmitter (Halacy 1973, p. 77). By 1965,
the newly minted National Aeronautics and Space Administration (NASA), created in
1958 from the National Advisory Committee for Aeronautics and other government
agencies, used almost a million solar batteries per year (Beattie 1997, p. 26).

While NASA funded photovoltaic research, the National Science Foundation (NSF)
funded various solar thermal applications, to a limited extent. In 1968, Congress

! This plant later became the first full-scale nuclear power plant in the United States, in 1957.
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authorized the 18-year-old NSF to initiate a more applied research program than its
traditional mission. The resulting program, Interdisciplinary Research Relevant to
Problems of Our Society (IRRPOS), was unconventional not only for its applied focus,
but also for the requirement that for a proposal to be accepted, it should have a participant
who would act as a potential implementer if the research paid off. End-users were
expected to “provide financial or in-kind support” (Beattie 1997, p. 31). IRRPOS had a
modest budget that included projects in energy and the environment; in 1971, it was
expanded and renamed Research Applied to National Needs, or RANN, and became the
lead agency in charge of solar energy research, for a time.

1.2.2. 1970s

The 1970s were unique, as a decade of great activity in support of solar energy
technologies at the federal, state, and international levels. In large part, this was because
of the two oil shocks that happened in this decade (the first began on October 17, 1973
and the second began in the spring of 1979), which highlighted the importance, already of
growing concern to lawmakers, of reducing dependence on foreign oil suppliers. But
there was also an emerging environmental awareness that occurred in this decade, which
saw the birth of a number of fundamental environmental laws and institutions.

Federal: There were three main types of federal government actions regarding solar
energy technologies in the 1970s: organizational changes regarding the conduct of
research and development, a number of supply-push actions, and a few demand-pull
actions. In 1973, the Federal Energy Office was established. This organization absorbed
a number of previous agencies, and was itself absorbed in 1974 into the new independent
executive agency, the Federal Energy Administration (FEA). In 1975, the Energy
Research and Development Administration (ERDA) was established, and absorbed
earlier agencies (particularly the Atomic Energy Commission [AEC]). Then in 1977,
FEA, ERDA, and other agencies were consolidated into the cabinet-level Department of
Energy (DOE).

All of these changes affected energy R&D in general, but there were additional
organizational developments that were particular to solar energy. In August 1973, NSF’s
RANN program became the lead agency for the terrestrial solar energy program over
NASA, which maintained its solar R&D program for space and aeronautical systems.

ERDA took over this leadership role in 1975 (for more information, see Larson and West
1996, pp. 80-4). In anticipation of this, as well as concerns that the new ERDA would be
dominated by a nuclear power focus due to the AEC it was swallowing, in 1974 three
government actions were passed that were designed to provide direction and momentum
for solar energy R&D as part of a balanced energy R&D portfolio.? These actions, which
represent technology-pushes to some degree, were the Non-nuclear Energy Act of 1974,
P.L. 93-577 (8/74); the Solar Energy Research, Development and Demonstration Act,
P.L. 93-473; and the Solar Heating and Cooling Demonstration Act, PL 93-409 (9/11/74)
(Larson and West 1996, pp. 90-2).

2 This R&D included resource studies, which at least one author—Janet L. Sawin—has categorized as
demand pull, as they facilitated the diffusion of renewable energy technologies (see Sawin 2001 p. 116).
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Within ERDA, the FEA was considered the lead agency on solar commercialization
activities. To enhance this role, the Energy Policy and Conservation Act of 1975
(EPCA), PL 94-163 (12/22/75), gave the FEA “certain pricing and regulatory authority
for use in promoting conservation and fuel switching” and the Energy Conservation and
Production Act of 1976 (ECPA), PL 94-385, further expanded its role (Beattie 1997, pp.
82-3).

ERDA later centralized its solar energy R&D function in the Solar Energy Research
Institute (SERI), which was authorized under the 1974 Solar Energy Research,
Development and Demonstration Act, P.L. 93-473.3 After twenty proposals were
considered regarding its location, ERDA established SERI at the Midwest Research
Institute site in Golden, Colorado, in 1977 (it became the National Renewable Energy
Laboratory (NREL) in 1991). This was considered the “national” SERI, but four
“regional SERIs,” known as the Regional Solar Energy Centers (RSECs), were also
established in 1977 in Massachusetts, Georgia, Minnesota, and Oregon, with vague ties to
the Colorado SERI (for more information on the RSECs, see Larson and West 1996, pp.
675-690; Beattie 1997, pp. 83, 128-31, 150-52).

The RSECs were shut down in March 1982, in part due to Congressional criticism since
their founding about mission overlap with SERI and in part due to Reagan administration
hostility to energy R&D. During their brief four years of operations, they primarily
worked on commercialization activities (particularly information dissemination) that
leveraged federal funds with state funds. The Mid-America Solar Energy Complex
(MASEC, in Minnesota) was particularly involved in creatively promoting the
acceptance of active and passive solar home designs; the Northeast Solar Energy Center
(NESEC, in Massachusetts) concentrated on PV applications; the Southern Solar Energy
Center (SSEC, in Georgia) focused on SWH; and the Western Solar Utilization Network
(Western SUN) coordinated all energy policy for its region (Hempel 1983, p. 154).

The year 1978 was a tremendous one for solar energy technology interests, both as a
political movement and legislatively. As a political movement, May 3, 1978, was
declared Sun Day, “a national observance of the sun’s promise as a practical source of
energy” (Lotker 1991, p. 17). On that day, special events were held in almost every state
and major city to promote solar energy technologies, and President Carter went to SERI
to give an address. In his address, Carter announced the transfer of $100 million from
nuclear and coal R&D into solar R&D in the fiscal year 1979 budget, and he directed “his
administration to prepare an intensive Domestic Policy Review (DPR) on solar energy”
(ibid., p. 156).

Legislatively, 1978 saw the passage of the National Energy Act (NEA), the first federal
action that could really be seen to have strong demand-pull elements for solar energy
technologies. The NEA consisted of five pieces of legislation.

First, it contained the Public Utility Regulatory Policies Act of 1978 (PURPA), Pub. L.
No. 95-617, 92 Stat. 3117 (codified as amended in scattered sections of Titles 15, 16, 26,

® After the DOE was established, Sandia National Laboratories in Albuquerque, New Mexico was chosen
to head the federal research program in solar thermal technologies, and provided the test site for later
demonstrations.
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42, and 43 U.S.C.A.). Section 210 of PURPA (Cogeneration and Small Power
Production) removed grid-related barriers to independent energy producers, known in
PURPA as qualifying facilities (QFs). PURPA created two classes of QFS: cogenerators,
which “had no size (MW) limits but had to meet certain standards regarding energy
utilization efficiency” and small power producers (SPPs) (Sawin 2001, p. 106). SPPs:

“had restrictions regarding fuel source (generally limited to renewable or
waste fuels) and, also, had a maximum size limit of 80 MW to be a QF
and a limit of 30 MW for exemption from regulation as a utility under
state law as well as under PUHCA [the Public Utility Holding Company
Act of 1935]. In addition to these limitations, both classes of QF’s had to
meet certain other restrictions such as a 50% limitation on utility
ownership.” (ibid.)

PURPA mandated that utilities pay for power from QFs at “avoided costs,” or the costs
saved by not having to build new power plants, as well as sell back-up power to QFs at
non-discriminatory rates. A Federal Energy Regulatory Commission (FERC) ruling in
1980 established “avoided costs” to mean a utility’s full avoided costs—versus its
average system costs—and required utilities to provide data on present and future costs of
energy on their systems (Larson and West 1996, p. 95). It is worth noting here that
avoided costs could be calculated at the time of delivery or when a contract was signed,
even if the costs based on the contract date were higher than those at the time of delivery.
This was later upheld by the Supreme Court (ibid).

The FERC ruling on PURPA also required utilities to make all necessary
interconnections to facilitate energy sales, and “with some exceptions, required that
utilities purchase all QF electric energy and capacity regardless of the utilities’ needs”
(ibid.). State utility commissioners were charged with implementing the FERC rules on
PURPA within one year; many states (not including California) were not generous in the
computing of avoided costs under PURPA. Much of PURPA was delayed until the early
1980s because of legal issues involving state interpretations.

The second piece of legislation in the NEA with relevance to solar energy technologies
was the Energy Tax Act of 1978 (ETA), Pub. L. No. 95-618, 92 Stat. 3174 (codified as
amended in scattered sections of Titles 26 and 42 U.S.C.A.). The ETA included both
residential energy income tax credits for SWH equipment expenditures (30% of the first
$2,000 and 20% of the next $8,000, up to a cumulative maximum of $2,200) and
business energy tax credits (10% for investments in solar, wind, geothermal, and ocean
thermal technologies) (Larson and West 1996, p. 95). The ETA was passed while there
was a pre-existing federal tax credit of 10% on all capital investments across industrial
sectors in order to spur economic recovery.

Third, the NEA contained the National Energy Conservation Policy Act (NECPA), PL
95-619 (11/9/78), an information dissemination measure imposed on the utilities in order
to promote energy efficiency and the technologies and businesses engaged in residential
solar and wind power (Hempel 1983, p. 151). In addition, NECPA:

“authorized up to $100 million over three years for solar retrofits and
demonstrations in federal buildings; authorized low-interest loans for
homeowners installing solar measures, up to a maximum of $100 million
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to be allocated through the Government National Mortgage Association;
authorized up to $98 million over three years for federal purchases of PV
systems for use in federal installations; granted states federal monies in
support of solar and conservation retrofits in schools, hospitals, and other
public buildings (the grants were to cover up to 50% of costs incurred)”
(Larson and West 1996)

The final two pieces of the NEA did not contain significant solar provisions. The Power
Plant and Industrial Fuel Use Act, PL 95-620 (11/9/78) was designed to promote fuel-
switching by major energy consumers, primarily away from oil and natural gas to coal,
although other alternative sources, including solar, benefited as well (Hempel 1983,

p. 151). And the Natural Gas Policy Act, PL 95-621 (11/9/78), which accelerated gas
price deregulation, effectively raised natural gas prices to the consumer, thereby making
substitutes (including solar) more economically attractive (for more information, see
Margolis 2002).

Two other pieces of federal legislation relevant to solar passed in 1978, outside of the
NEA. First, Congress passed the Solar Photovoltaic Research and Development Act,
P.L. 95-590, which authorized $125 million in funding for the National Photovoltaic
Program in fiscal year 1979, and recommended a hefty budget of $1.5 billion over the
next ten years (Sawin 2001, p. 114). The law particularly encouraged PV
commercialization and cost-cutting R&D (Hempel 1983, pp. 163-4). Second, the Small
Business Energy Loan Act, P.L. 95-315, created a solar energy loan program (up to
$500,000 for installing and operating solar energy technologies) within the Small
Business Administration (Hempel 1983, p. 167).

By the end of 1978, Carter’s staff had completed his Domestic Policy Review of solar
energy, which he acted on in June 1979, on the occasion of dedicating a SWH system on
the roof of the White House. He announced a national goal, proposed in the DPR, of
meeting, by 2000, 20% of the nation’s energy demand with solar energy technologies
(Hempel 1983, p. 189). He also announced four modest new incentives to help the
United States toward that goal: (1) a Solar Bank to provide low-interest loans for
residences and commercial buildings, thereby subsidizing part of the solar market not
incentivized by existing tax credits (i.e., subsidies for low-income people, residents in
multi-family dwellings, and people investing in passive solar energy systems); (2) tax
credits for builders incorporating passive solar into home designs; (3) a 25% tax credit for
solar technologies providing industrial process heat; and (4) a 15% tax credit for wood
stoves (ibid., pp. 163-4, 204-5). All but the industrial process heat tax credit were
defeated or left unfunded by Congress (ibid., p. 165).

On a number of energy matters, 1979 was a difficult year. The Shah of Iran was
overthrown in January and the “second oil shock” began in the spring. The Three Mile
Island nuclear meltdown occurred in March. And the Organization of the Petroleum
Exporting Countries (OPEC) announced a 15% price increase shortly after Carter’s solar
announcement. These events helped convince Carter that more needed to be done to
relieve energy problems in the short term, which solar development wouldn’t really
accomplish. Conservation, although effective, was politically unpopular as it was seen as
“going without” rather than being more efficient (Bereny 1977, p. 245). On July 15,
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Carter announced five new measures, none of which involved solar energy. Most
prominent of these measures was the establishment of an Energy Security Corporation for
producing synthetic fuels from coal and oil (Synfuels), to be funded by a windfall profits
tax on oil companies. The other measures were: (1) the establishment of an Energy
Mobilization Board to facilitate bringing new non-nuclear production online; (2)
imported oil quotas; (3) a request for standby authority from Congress to ration gasoline;
and (4) “new measures for cutting oil consumption by utilities” (ibid., p. 168).

California: According to an excellent dissertation tracing the history of the solar
movement through 1983, during the 1970s, “state-level solar bureaucracies — particularly
in California — were fast becoming major solar policy arenas, often supplanting federal
initiatives” (Sawin 2001).

The origins of this in California can be traced back to 1974, when California passed

AB 1575, the Warren-Alquist Act, which established a broad energy program including
research and accelerated development of solar energy (Sawin 2001, p. 170). AB 1575
also started a new institution, the State Energy Resources Conservation and Development
Commission, otherwise known as the California Energy Commission (Energy
Commission), which opened its doors in 1975 (Hollon 1980, pp. 14-15; Talbot and
Morgan 1981, pp. 143-6).* The Energy Commission has been responsible for a
considerable amount of technology-push activity in solar energy technologies over the
years.® Particular programs of note have included the Energy Technologies Advancement
Program (ETAP), enacted in 1985 as a result of the Rosenthal-Naylor Act of 1984, and
the later Public Interest Energy Research Program (PIER) (Hollon 1980, pp. 8-9).° PIER
was established in 1998 as a result of electricity restructuring, to help replace utility R&D
funding (ibid.).”

* The act gave the state the responsibility for reliable power that did not deplete natural resources or
threaten environmental quality. According to Sawin (2001, p. 166), “utilities strongly opposed the Act and
Governor Reagan vetoed it early on. But a heightening of the oil crisis” ultimately led Reagan to pass it.

® The property tax reductions accompanying Proposition 13 in June 1978 seriously curtailed the funding
levels of the Energy Commission, and “resulted in a suspension of funds for the state’s renewable energy
program” (Sawin 2001, p. 171).

® The Energy Research, Development, Demonstration, and Commercialization Act of 1993 (SB 789)
extended the operation of the Rosenthal-Naylor act through 2004. The repayment period of 90 months in
the Rosenthal-Naylor act was extended to 20 years via SB 1922, which also established small business
loans for alternative energy. (Sawin 2001, pp. 196-7).

" The California Public Utilities Commission (CPUC) traditionally monitored utility R&D, particularly
with respect to clean energy technologies. As a result of this process, the California utilities led the
industry with respect to renewable energy, including solar technologies. Indeed, “through the 1970s,
utilities in California were the only ones involved in renewable energy technologies; no private producers
were in the picture yet” (Sawin 2001, p. 171). The restructuring of the electricity sector has resulted in
reduced ratepayer funded R&D, as utilities have less flexibility and incentive to invest in this activity.
R&D in advanced generation technologies in California dropped 85% between 1993 and 1995, while
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Within the Energy Commission, the Solar Office (inside the Research and Development
Division), had several important functions in the 1970s. Besides drafting and technically
supporting solar legislation, administering federal and state grants and contracts for solar
commercialization, and providing technical assistance to a variety of solar stakeholders, it
also ran two major projects. First, starting in 1978, it operated the Testing and Inspection
Program for Solar Equipment (TIPSE), which certified solar collectors for performance
and durability. Second, following in the footsteps of the California city of Santa Clara,
which in 1975 established the nation’s first municipal solar utility (MSU) to supply,
install, and maintain SWH systems for residents and local businesses, the Solar Office
worked together with six California cities—Oceanside, Santa Monica, San Dimas,
Bakersfield, Ukiah, and Palo Alto—to develop plans for further MSUs (Bereny 1977,

p. 246; Hollon 1980, pp. 8-9).

When Jerry Brown took over the California governor’s office, also in 1975, the political
climate for renewable energy policy became very favorable. Legislation that advanced
solar energy technologies during his two administrations in the 1970s included:

e AB 2740 (1976), which authorized solar provisions in state building codes ;

e SB 150 (1977), which called for solar systems to be used in all new state buildings,
where feasible;

e SB 373 (1978), which provided interest-free loans for solar energy systems to
disaster victims engaged in rebuilding;

e AB 2225 (1978), which authorized banks and savings and loans to extend first
mortgages and increase new home loans in order to finance solar systems;

e AB 2851 (1978), which increased Cal-Vet home loans by $5,000 to allow for the
installation of solar systems;

e AB 3250 (1978), which allowed solar rights to be provided in local ordinances and
private covenants; and

e AB 2321 (1978), which protected solar collectors fr