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Underinvestment: The Energy Technology 
and R&D Policy Challenge 
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This Viewpoint examines data on international trends in energy research and and sustainability, national energy policies have 
development (R&D) funding, patterns of U.S. energy technology patents and been chaotic. Japan, Spain, and Switzerland 
R&D funding, and U.S. R&D intensities across selected sectors. The data illcreased their budgets for energy consen7ation 
present a disturbing picture: (i) Energy technology funding levels have de- R&D by 100% or more between 1980 and 
clined significantly during the past two decades throughout the industrial 1995, while France, Geimany, and the United 
world; (ii) U.S. R&D spending and patents, both overall and in the energy Kingdom cut back their investments by more 
sector, have been highly correlated during the past two decades; and (iii) the than 80%. The variation among countries with 
R&D intensity of the U.S. energy sector is extremely low. It is argued that respect to nuclear energy R&D was similarly 
recent cutbacks in energy R&D are likely to reduce the capacity of the energy diverse: the United States, Germany, Italy, and 
sector to innovate. The trends are particularly troubling given the need for the United Kingdom cut back their nuclear 
increased international capacity to respond to emerging risks such as global R&D budgets by at least 70%, while Japan and 
climate change. France increased their nuclear R&D budgets by 

20% and 7%, respectively. Overall, some coun- 
The recent wave of interest in R&D policy Trends in International Energy R&D hies have eliminated broad classes of energy 
in general ( 1 )  and energy R&D in particular A recent survey of energy R&D in the 22 teclu~ology R&D from their research portfolios, 
(2) comes at an important time, particularly member counhies of the Inteimational Energy shifting their piiorities toward a favored tech- 
with respect to the development of renew- Agency (IEA) documents the dramatic declines nology. while other countries have cut back 
able energy and low-carbon fossil-fuel en- in the scale and diversit). of energy R&D (4). In energy technology R&D across the board. 
ergy technologies that are likely to be crit- 1995, 98% of all IEA member counhy energy The cutbacks in energy R&D funding 
ical in meeting future energy supply and R&D was carried out by only 10 counhies. A among IEA member counhies should sound an 
environmental needs (3). In highly indus- cornpalison of the federal energy R&D budgets alann: The wholesale dismantling of large por- 
trialized countries. however. government for these 10 countries. in 1980 and 1995 (Fig. tions of the industrial world's energy R&D 
energy technology R&D budgets have been l), reveals that the declines were particularly infrastructure could seriously impair our ability 
declining significantly in real terms since sharp in Germany, the United Kingdom, and to envisio~l and develop new technologies to 
the early 1980s (4). Although the end of the the United States, while only Japan and Swit- meet emerging challenges. 
Cold War and low fossil-fuel prices have zerland showed increases. The changes repre- 
decreased the level of public attention fo- sent an overall decline of 39% in energy R&D R&D Investments and Energy 
cused on energy planning, the domestic and funding. Inveshllents in energy R&D have been Innovation 
global political challenges, and the invest- falling across the board: Between 1980 and An environment of reduced or volatile budgets 
ments needed to develop clean energy tech- 1995, nuclear funding fell 40%, fossil-fuel for energy R&D and implen~entation demands 
nologies, are now more dramatic and press- funding declined 58%, and funding for reneu-- careful evaluation and allocation of financial, 
ing than ever ( 5 ) .  able energy fell 56%. material, and human resources. Although the 

We argue that inputs (R&D funding and In this environment of reduced attention to aggregate rehulls on investments in R&D 
research infrastructure) and outputs (innova- the broad needs of energy security, diversity, across sectors have been studied (6), little work 
tions in new energy technologies) are closely 
linked, and that the energy sector dangerous- 
ly underinvests relative to other technology- f 8 a 

3 
intensive sectors of the economy. Declining 10 7 
investments in energy R&D in industrial na- d 

7- 

tions will also adversely impact developing .- 5 - 
nations that often have limited capacity for g5 
energy R&D and rely instead on importing, .. 
adapting, or collaborative policies to install g4 

1 
new energy systems. This situation is partic- m 
ularly troubling given the need for increased 0 3 
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international capacity to respond to emerging r2 
risks such as the threats to humail and envi- P 
ronmental health and global climate change. 5 '  - 

S 0 
F c 8 .- m - h 

'Science, Technology and Environmental Policy (STEP) 5 - 2 Ti. 2 2 - 3 xi .,. P E, 
Program, Woodrow Wilson School of Public and In- 3 E 5 2 - 2 . .  0, 

% .3 L L  8 G 
ternational Affairs, Princeton University, Princeton, N) a 3  S w 

e 
08544-1013, USA. 'Energy and Resources Croup cr) 

.- 
2 .  

3 ... .- 
(ERG), University of California, Berkeley, CA 94720- c 

2 
3050, USA. 
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has been done on the energy sector. Invest- 
ments in particular technologies are inherently 
risky, and past efforts to "pick winners" among 
energy options have produced a number of 
high-profile failures (7). It is therefore critical 
to develop a variety of useful metrics that can 
be used to glide energy policy. We consider 
two measures: patents and the pattern of pri- 
vate-sector investment. 

Between 1976 and 1996, the total U.S. 
investment in R&D increased from roughly 
SlOO to S200 billion [values in constant 1996 
dollars ( 8 ) ] ,  and the number of U.S. patents 
issued increased from roughly 70,000 to 
110,000 (Fig. 2A). Thus, between 1976 and 
1996, both R&D investments and the number 
of patents issued in the United States roughly 
doubled (9) The proportional increase of pat- 
ents with R&D investments during this peri- 
od provides empirical support for the hypoth- 
esis that there is a significant link between 
R&D iilvestments and innovation. 

The total number of U.S. energy-related 
patents and the total of both public and private 
U.S. investments in energy R&D between 1976 
and 1996 are shown in Fig 2B. Again we find 
that R&D investments and patents are highly 
correlated ( lo) ,  but here the trend reveals a 
dramatic boom-bust cycle between 1976 and 
1996: U.S. energy R&D investment rose from 
$7.6 billion in 1976 to a high of $1 1.9 billion in 
1979, and then decreased through the 1980s and 
early 1990s to a low of $4.3 billion in 1996. 
Similarly, the number of patents related to en- 
ergy technology rose from 102 patents in 1976 
to a high of 228 in 1981, and then declined to a 
low of 54 in 1994. The cutbacks in energy- 
related R&D had a significant impact on inno- 
vation in the energy sector. 

The divergence between the overall trends 
(Fig. 2A) and energy sector trend (Fig. 2B) 
between 1976 and 1996 is striking. Yet despite 
the diverging trends both figures convey a sim- 
ilar message: For the U.S. economy as a whole 
and for the energy sector specifically, R&D 
iilvestments and patents were highly correlated 
between 1976 and 1996. This supports the hy- 
pothesis that investments and innovation are 
closely linked, and the view that patents may be 
a usefill barometer of R&D activity (11). 

A second measure of commitment to devel- 
oping new7 energy technologies is R&D inten- 
sity (defined as R&D as a percentage of net 
sales). Examining R&D intensity across sectors 
reinforces our concern about the level of invest- 
ment in energy technology R&D. As illustrated 
in Fig. 3, the energy sector's R&D intensity is 
extremely low in comparison to many other 
sectors. In fact, the "high-technology" drugs 
and medicine, professional and scientific equip- 
ment, and coimunications equipment sectors 
exhibit R&D intensities that are more than an 
order of magnitude above the 0.5% of sales 
devoted to R&D in the energy sector. The 
energy sector also compares unfavorably to 

other established high-volume activities such as 
the industrial chemicals sector. 

R&D intensities are expected to vary across 
sectors, and the low investment levels in energy 
are in part related to the uncertainty caused by 
deregulation. However, the differences between 
sectors, as illustrated in Fig. 3, are so striking 
that they force us to confront a critical question: 

In teims of encouraging technological change, 
is the energy sector being viewed more as a 
low-technology sector or as a high-technology 
economic driver? Technology and technology 
policy play a pivotal role in finding, transform- 
ing, and utilizing energy resources, particularly 
in an environmentally sound manner. The chal- 
lenges and expense of energy R&D, and the 

Fig. 2. Total and energy- 120,000 250 
specific patents and R&D ] A 
investments between 1976 
and 1996 in the United 
States. (A) Total U.S. pat- 
ents include all patents 
granted in a given year 
(74). Total U.S. invest- 
ments in R&D include both 
public and private R&D 
(15). (B) Data on  energy 
technology patents were 
generated from keyword 
searches on patent titles in 
(14). The keywords (in ital- 
ks)'included in the search- 
es were as follows (asterisk 250 14 

denotes any string of 
characters): (oil or natural Granted 

gas or coal or photo- 
-0 

voltaic o r  hydroelectr ic 
o r  hydropower o r  nucle- 2 d /  
a r  o r  geothermal  o r  solar I 

or  wind)  ' and (electr icx :loo- : 6 0 - oli 
or  energy o r  p o w e r  o r  
generatx o r  turbine). To- a 
t a l  U.S. energy R&D in- 
cludes b o t h  public and 
private R&D investments 0 
related t o  energy. I t  was 00: 1975 1980 1985 Year 1990 1995 2000 

defined as the  sum o f  
t h e  fol lowing: DOE energy technology R&D (16), nonfederal industr ial energy R&D (1 7) ,  and 
R&D funded through t h e  Electric Power Research Inst i tu te (18), which is n o t  captured i n  (17) .  

Fig. 3. R&D as a percentage of net sales for selected sectors in the United States in 1995 (12). Data for 
each industrial category, except energy, were drawn directly from (17). The data shown include both 
public and private funding for R&D. Energy R&D as a percentage of net sales was calculated from total 
(public and private) industrial energy R&D (17) and total energy expenditures in the United States (19). 
The energy R&D data in (1 7) are gathered across industrial sectors, that is, they are for industry as a 
whole. Services include business, health, engineering, and other services. The most recent year that data 
are available for Communications Equipment is 1990, and for Industrial Chemicals, 1992. 
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slow turnover time for current power genera- a broader collaborative environment is needed 7. L. R. Cohen and R. G. Noll, The Technology Pork Barrel 

tion infrastructure, mean that the energy sec- to support diverse energy research and imple- Institution, Washingt0n, D C ~  lggl). 
8. Dollar values (unless otherwise noted) have been tor's extremely low R&D intensity is a cause mentation options and policies that work within 

converted from current to constant 1996 dollars 
for concern not only today, but also for decades and between highly industrialized and develop- by using the domestic product chain.type price 1 to come (I.'), 

Responding t o  Energy and 
Environmental Needs 
The energy technology and policy options of 
industrial and developing nations are closely 
linked together in a global energy economy. 
During the past 50 years the progression to 
cleaner fuels and more efficient use of fossil 
fuels has resulted in an annual decrease in the 
emission of carbon to the atmosphere of about 
0.08 g of carbon per megajoule of energy pro- 
duced (13). This rate of "decarbonization" is not 
sufficient even to meet the modest Kyoto Pro- 
tocol target of a 5% decrease in greenhouse gas 
(GHG) emissions from industrial nations by 
2010. Many scientists have instead argued that 
emissions reductions of 70% or more are nec- 
essary to stabilize the ahnospheric GHG con- 
centrations at 550 or 450 parts per million (5). 
Achieving these levels would require a doubling 
or tripling, respectively, of the current rate of 
decarbonization. Without a sustained and di- 
verse program of energy R&D and implemen- 
tation, we are crippling our ability to make the 
necessary improvements in the global energy 
economy. 

Declining investments in an area at the 
heart of the environment-economy nexus is 
detrimental for both long-term U.S. energy 
security and for global environmental sus- 
tainability. First, it is necessary to understand 
and evaluate the impacts of current energy 
R&D efforts. Second, meeting the emerging 
global challenges will require increasing both 
U.S. and international energy R&D. Finally, 

ing nations. 
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Photovoltaic Technology: The Case for 
Thin-Film Solar Cells 

A. Shah,' P. ~orres, ' *  R. Tscharner,' N. Wyrsch,' H. Keppner2 

The advantages and limitations of photovoltaic solar modules for energy 
generation are reviewed with their operation principles and physical 
efficiency limits. Although the main materials currently used or investi- 
gated and the associated fabrication technologies are individually de- 
scribed, emphasis is on silicon-based solar cells. Wafer-based crystalline 
silicon solar modules dominate in terms of production, but amorphous 
silicon solar cells have the potential to undercut costs owing, for example, 
to the roll-to-roll production possibilities for modules. Recent develop- 
ments suggest that thin-film crystalline silicon (especially microcrystalline 
silicon) is becoming a prime candidate for future photovoltaics. 

communications equipment in remote loca- 
tions and to satellites. Then, in the 1970s, a 
major reorientation took place in the general 
perception of the energy supply problem: The 
oil crisis of 1973 led to a general public 
awareness of the limitation of fossil fuels; 
many governments (including those of the 
United States, Japan, and several European 
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in 1839 by Edmond Becquerel. For a long material in the late 1950s. silicon PV diodes de I 'Hbtel-de-Vil le 7, CH-2400 Le Locle, Switzerland. 

time it remained a scientific phenomenon became available. They were soon indispens- *T, whom correspondence should be addressed, E. 
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