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Executive Summary
EPRI and others have demonstrated that a broad port-
folio of cost-competitive supply technologies will be 
needed to satisfy the world’s rising demands for energy 
while meeting climate policy and other societal objec-
tives. Solar energy is a particularly attractive renewable 
energy option because it is well distributed and abun-
dant over most of the earth’s surface. 

Photovoltaic (PV) conversion of solar energy directly 
to electricity is a proven power generation technology 
whose present-day application is constrained primar-
ily by its relatively high fi rst cost. Nonetheless, remote, 
off -grid PV installations have been economical for more 
than 20 years, and grid-connected PV deployment is 
growing extremely fast—most rapidly on the rooftops of 
residential and commercial buildings served by conven-
tional electricity infrastructure, but larger-scale applica-
tions, in the form of ground-mounted PV plants feeding 
power directly to the grid, are also increasing modestly. 
At the end of 2006, installed PV capacity since 1991 
totaled more than 7 GW (7,000 megawatts) worldwide. 
By 2011, annual PV deployment is projected to be 
about 8 GW—with 90% targeted for grid-connected 
applications—and global installed capacity at that time 
is expected to be about 33 GW. 
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PV cost has declined for decades in response to steady 
advances in conversion effi  ciency and manufacturing ex-
perience. Evolutionary progress with today’s technologies 
will continue for some years to come, new technologies 
are expected, and revolutionary breakthroughs are antici-
pated. Political, social, economic, and technical drivers 
virtually guarantee continued worldwide growth in PV 
deployment. Th e remaining barriers are such that the 
question is no longer if PV will join today’s mainstream 
energy technologies, but when. 

Th e majority of PV applications over the next 10 years 
will continue to be in residential and commercial build-
ings as their desirability grows in consumers’ eyes. 
Distribution utilities are fi rst likely to be aff ected at the 
retail level: PV deployed on rooftops and integrated into 
building designs and other systems will drive changes in 
distributed supply technology, delivery infrastructure, 
and consumer behavior in the next decade. 

At the wholesale level, PV plants on land dedicated for 
power production are projected to begin fi nding broad 
application after 2020, and they will likely compete 
with all other generation options before mid-century.  
However, between now and 2030, PV generation will 
not likely account for more than a few percent of total 
electricity needs. 
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Successful integration of PV into the distribution grid 
will require modernization to enable the power con-
trol and communications functions needed for energy 
management and market access. At the transmission 
level, grid operations and markets will need to account 
for higher PV penetration. Th e pace of technology cost 
reductions and effi  ciency gains will largely defi ne the 
timing of substantial PV deployment. Market entry gen-
erally will occur fastest in regions and countries with the 
best solar resources, the most favorable policy environ-
ments and largest incentives, and the highest electricity 
prices. In all areas, the remote grid and residential and 
commercial building applications are expected to be eco-
nomic before central PV plants compete at the wholesale 
level. PV will play in more markets over time as public-
private investments in research and development (R&D) 
and commercialization yield fruit. 

Given the rates of PV technology advancement and 
deployment, the following intriguing scenarios—and the 
challenges and opportunities they imply—need to be 
considered in evaluating and planning for the future role 
of solar energy in the power industry: 
• In 10 to 15 years at a retail level, building-integrated 

and other innovative PV deployment options erode 
markets served by conventional electricity infrastruc-
ture and precipitate novel consumer wants and needs 
that make new demands on the distribution system. 

• By mid-century at a wholesale level, PV technolo-
gies compete with fossil, nuclear, and other renewable 
generation options by off ering daytime energy inde-
pendent of fuel price volatility and with low operations 
and maintenance costs.

Th e time to prepare for eventualities like these is now, 
as they off er the potential for major change, risk, and 
reward. For utilities and other participants in retail mar-
kets, new business models and technologies are needed 
to transform residential, commercial, and other distrib-
uted PV applications into grid assets. At the wholesale 
level, the biggest business opportunities may lie in plan- Central-Station PV: 4-MW Solarpark Geiseltalsee (Credit: BP plc)

ning for large-scale PV deployment and in supporting 
the development of future hardware and systems that 
enable successful grid integration.

Timely solutions to grid integration issues will work 
both to accelerate overall PV use and to greatly increase 
its specifi c value to the utility industry. Furthermore, 
the availability of cost-eff ective energy storage and/or 
advanced power electronics and control technology to 
address intermittency issues would not only simplify grid 
operation but also enable PV and several other renew-
able generation options to make greater contributions in 
addressing energy security, aff ordability, environmental 
protection, and climate change issues. 

On behalf of the electricity enterprise, EPRI is commit-
ted to assessing PV developments and markets, testing 
and evaluating promising PV technologies, and com-
municating fi ndings to enable informed and proactive 
responses by electric utilities and other stakeholders. In 
addition, EPRI is initiating work to directly address in-
termittency issues and to develop technologies for eff ec-
tively integrating distributed PV with building electrical 
systems and grid communications and control systems. 
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Introduction
Photovoltaic (PV) cells convert solar energy into electric-
ity in a solid-state process that consumes no fuels during 
operation and emits no byproducts. Th e PV eff ect was 
noticed in the laboratory over 150 years ago, but mod-
ern PV began with the invention of the silicon solar cell 
by Bell Laboratory in 1954. Th e U.S. space program 
drove R&D in the 1960s, while the energy crisis in the 
1970s stimulated the fi rst wave of private sector activ-
ity, when many major oil companies made investments. 
Sunlight-to-electricity conversion effi  ciencies improved, 
costs dropped, and government support evolved from 
R&D funding and early demonstrations to tax credits 
and other fi nancial incentives enabling development and 
deployment of commercial products. 

In the early 1980s, U.S. government support for PV 
withered as petroleum prices fell, and all but a few 
oil companies lost interest. Despite a bruising busi-

ness climate, worldwide installed PV capacity grew at 
a consistent and healthy average of over 20% per year 
through the late 1990s driven in large part by off -grid 
applications and steady improvement in PV perfor-
mance and cost: Between 1980 and 2000, the effi  ciency 
of commercial modules nearly doubled while their cost 
dropped by 80%. In recent years, favorable policies and 
subsidies in nations such as Germany, Japan, Spain, and 
the United States have stimulated the grid-connected PV 
market prodigiously, with annual growth averaging 41% 
for the past 5 years (Figure 1). Total cumulative installed 
PV capacity exceeded 5 GW (5,000 MW) in 2005 and 
7 GW in 2006 and will approach 10 GW by the end of 
2007—extraordinary expansion for an industry that just 
passed the 1-GW milestone in 1999. 

Th e burgeoning PV market is also a maturing one. 
Profi ts are being taken worldwide through a value chain 
that encompasses component suppliers, device manu-
facturers, system integrators, vendors, and installers. 

Large energy and electronics corpora-
tions—including some that dropped PV 
programs a few years earlier—are making 
signifi cant investments in PV R&D and 
commercialization. Venture capital is fl ow-
ing to aggressive newcomers, albeit pre-
dominantly for later-stage developments. 
Meanwhile, the manufacturing cost of PV 
is steadily falling, its conversion effi  ciency 
is increasing, building-integrated and 
other innovative applications are growing, 
and advanced PV concepts and materials 
off ering the potential for revolutionary 
breakthroughs are being explored. 

Given all these positive developments, 
many solar advocates are saying that the 
time has come for PV to be taken seriously 
as a grid-connected supply option. Th is 
has been said before—more than once—
but now the optimism appears more real-

Figure 1
Global PV Installations by Year, 1991-2006. Data for the years 1991-2000 are expressed as 
worldwide totals, while other data specify where the PV was deployed.  (Data source: Navigant 
Consulting PV Service Practice)
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Distributed PV: Japan
Japanese policies have emphasized distributed rather than central-
ized solar power production, as illustrated by residential develop-
ments in Sapporo, a designated “Solar City.” 

Sapporo established a goal of reducing per-capita carbon dioxide 
emissions in 2012 by 10% compared to 1990 levels. The city has 
active programs to increase public awareness, stimulate citizen initia-
tives, provide incentives, and host clean energy installations. Distrib-
uted PV is a major emphasis. Local schools are hosting fi ve 10-kW 
demonstration projects, and a suburban residential complex with 500 
homes will be equipped with 1,500 kW of rooftop PV when com-
pleted in 2008. 

Many other “Solar Cities” have instituted similar goals and programs, 
including Copenhagen, Denmark; Barcelona, Spain; Qingdao, Chi-
na; Adelaide, Australia; Freiburg, Germany; and Portland, Oregon.

Distributed PV in Sapporo (Credit: IEA-PVPS)

istic. In the industrialized world, security 
and climate change concerns are focusing 
attention on solar energy as a globally 
available, inexhaustible, and emissions-
free resource. Interest in minimizing the 
adverse impacts of energy production 
and use is being expressed politically, as 
offi  cials act to support clean energy, and 
individually, as consumers deploy PV 
to increase self-suffi  ciency and promote 
energy sustainability. Meanwhile, in 
developing and underdeveloped nations, 
PV represents a “leapfrog” technology 
for delivering electric energy to improve 
quality of life and support economic 
development. 

In brief, continuing improvements in PV 
cost-performance characteristics—com-
bined with global socioeconomic consid-
erations, energy security issues, climate 
change factors, and popular demand—
virtually guarantee a growing role for PV 
in the carbon-constrained future. From 
EPRI’s perspective, whether PV will 
become a meaningful contributor to the 
global energy supply portfolio is not the 
question. When and how PV deployment 
will change the grid, as well as the retail 
and wholesale energy markets, are critical 
questions. And where these changes will 
lead the electricity industry and society is 
an issue best addressed before transforma-
tive eff ects begin to happen. 

Th is White Paper reviews the status of PV 
technology and markets, the potential for 
evolutionary and revolutionary technol-
ogy advances, the issues and opportuni-
ties facing the industry, and priorities for 
future PV research, development, dem-
onstration, and deployment. 
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Technology Overview
 
PV technology relies on materials that 
produce electric currents when exposed 
to light, including semiconductors such 
as silicon as well as other substances. It 
is distinct from the other major solar 
electric generation option—known as 
solar thermal electric—that employs 
lenses or mirrors to focus solar energy on 
a heat transfer medium and converts heat 
energy into electricity via a conventional 
electromechanical generator.  

Th eoretically, solar PV could satisfy glob-
al electricity demand thousands of times 
over, yet its potential remains unrealized 
because its current performance renders 
it more expensive than conventional 
sources. Th e performance of PV cells and 
modules is judged by two fundamental 
criteria: effi  ciency and cost. 

At noon on a clear day almost anywhere 
on Earth, light strikes surfaces directly 
facing the sun with a power density of 
approximately 1000 watts (1 kW) per 
square meter. Effi  ciency is the percentage 
of the incoming power that a PV device 
converts into electricity. Diff erent PV 
materials absorb diff erent colors of light, 
which correspond to diff erent photon 
energies. For example, blue photons are 
nearly twice as energetic as red photons. 
Th e lowest-energy photons that a semi-
conductor can absorb defi ne its energy 
bandgap. Photons with energies lower 
than the bandgap pass through the PV 
cell, while higher-energy photons are ab-
sorbed and some of their energy contrib-
utes to the solar cell’s electrical output. 

Utility-Scale PV: Germany
Due to the structure of its incentive policies, Germany is a world 
leader in centralized PV deployment, with several megawatt-scale 
plants in operation or development.

The 10-MW Bavaria Solarpark, dedicated in June 2005, includes 
ground-mounted PV systems at three sites: the 6.3-MW Solarpark 
Mühlhausen, the 1.9-MW Solarpark Günching, and the 1.9-MW 
Solarpark Minihof. All together, the three projects comprise 57,600 
solar panels over 62 acres of land. Cumulatively, they make up the 
largest PV plant in the world.

The Bürstadt Plant in Bürstadt is a 5-MW installation incorporating 
building-integrated and roof-mounted PV systems. It was completed in 
February 2005. Solarpark Leipziger in Espenhain is a 5-MW system 
built in August 2004. The facility has both stand-alone and grid-con-
nected PV elements. The Solarpark Geiseltalsee/Merseburg employs 
25,000 mono- and polycrystalline modules to generate 4 MW of 
electricity. 

Central-Station PV: 6.3-MW Solarpark Mühlhausen (Credit: SunPower) 
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Cost depends on perspective. When comparing technolo-
gies, the PV industry often uses the cost of manufactur-
ing a representative solar module as a fair baseline for 
comparison. When considering PV applications, utilities 
and power producers typically compare the levelized cost 
of electricity generated by PV to that of other generation 
technologies, while consumers often evaluate the in-
stalled cost of a PV system and its projected output over 
time in light of the retail cost of electricity. In this paper, 
units of cost will be defi ned when necessary to avoid 
ambiguity. 

An ideal PV technology would demonstrate both low 
cost and high effi  ciency. However, both conditions need 
not be fully satisfi ed simultaneously for commercial 
application. For example, moderately low-effi  ciency PV 
can fi nd vast markets if it is suffi  ciently inexpensive, 
while high-cost, high-effi  ciency cells are useful for cer-
tain applications.

Cost and effi  ciency are not the only parameters by which 
PV is compared to other generation options. PV off ers 
unmatched modularity and siting fl exibility—the same 
technology can power hand-held calculators, rooftop 
installations, and central-station plants. When operating, 
PV produces no air emissions or greenhouse gases, no 
liquid or solid wastes, and no noise. Despite often-
recurring notions to the contrary, land use concerns for 
most PV installations also are minimal. In most current 
applications, PV is installed on a building’s rooftop, a 
parking structure, or already disturbed land. Building-in-
tegrated PV (BIPV) is incorporated directly into roofi ng, 
siding, or glass work. Only multi-megawatt PV installa-
tions demand large areas of dedicated land, amounting 
to 5 to 10 acres (2 to 4 hectares) per megawatt of capac-
ity. Impacts on native plant and wildlife can be avoided 
or minimized with proper project planning and manage-
ment—for example, many sites suited for central-sta-
tion installations consist of desert terrain of little use for 
alternative development.  

Another frequent misperception relates to PV’s energy 
payback period—a measure of how long a power gen-
erator must operate before it produces more energy 
than was required to manufacture it. Researchers at the 
U.S. National Renewable Energy Laboratory (NREL) 
estimate energy payback periods of 4 years for systems 
using today’s commercial crystalline silicon modules, 3 
years for existing thin-fi lm modules, 2 years for future 
multi-crystalline modules, and 1 year for future thin-fi lm 
modules. Assuming a module lifetime of 30 years, this 
means that 87% to 97% of a PV system’s output will be 
pollution- and emissions-free electricity. 

PV has relatively minimal environmental impact, but 
it is not completely benign. Most notably, potentially 
toxic or fl ammable materials are handled during manu-
facturing. Th ese resemble the hazards encountered in the 
semiconductor industry, and the PV industry has taken 
advantage of many of the approaches employed there to 
reduce potential hazards. 

State of Technology
At present, commercial PV technologies may be sorted 
into three main categories. Crystalline silicon sliced from 
ingots was the fi rst PV type invented and is the most 
familiar and mature. Traditional fl at-plate crystalline 
PV devices are single-junction solar cells, meaning they 
are made of two semiconductor layers joined at a p-n 
junction, across which fl ow electrons liberated by sun-
light exposure. Multi-junction devices consist of two or 
more single-junction cells, each having diff ering bandgap 
energies, stacked together to absorb more wavelengths 
of the solar spectrum. Th e best conversion effi  ciencies 
for crystalline silicon cells achieved in the laboratory 
to date are approximately 24% in non-concentrated 
sunlight—roughly three-fourths of the corresponding 
theoretical limit. Commercially available single-junction 
modules have effi  ciencies ranging from about 10% for 
non-branded products to 18% or 19% for premium-cell 
modules from top manufacturers. However, crystalline 
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silicon PV remains expensive to manufacture and ap-
pears to present limited prospects for breakthrough cost 
reduction.   

Th in-fi lm PV is a less mature development but is captur-
ing a growing share of PV markets. It off ers more scale-
able and more automated manufacturing and, through 
processes such as vapor deposition that produce thinner 
semiconductor layers and less waste, more effi  cient use 
of materials. Also, thin fi lms can be integrated with a 
wide variety of useful substrates, such as plastic and 
glass, that make them suitable for BIPV applications that 
serve double duty as both power sources and structural 
components. Th e performance of the most advanced 
commercially available thin-fi lm PV technologies to-
day—including amorphous silicon (a-Si), cadmium 

telluride (CdTe), and copper indium-gallium diselenide 
(CIGS)—signifi cantly trails that of crystalline silicon, 
both in absolute terms and relative to their theoretical 
limits. In the laboratory, the effi  ciency of small thin-fi lm 
cells has exceeded 13%, 16%, and 19% for a-Si, CdTe, 
and CIGS, respectively. Based on the corresponding 
history with crystalline silicon PV, commercial thin-fi lm 
products are expected to improve markedly as manufac-
turers gain production experience and the technology 
matures. 

Concentrator PV (CPV), in which sunlight is focused 
onto a PV cell by mirrors or lenses to generate more 
power per unit of cell surface area, was an early favorite 
of electric utilities and was the centerpiece of EPRI’s 
solar power technology development eff orts for more 

Figure 2
World-Record Conversion Effi ciencies for Various PV Technologies (Source: U.S. Department of Energy National Center for Photovoltaics)
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Figure 3
Grand Challenges: Narrowing the Gap Between Existing and Theoretical 
PV Effi ciency (Source: U.S. Department of Energy)

than 15 years from the 1970s to 1990s. CPV’s main 
attraction is that it can leverage modest cell production 
volumes to much larger-scale systems using relatively 
simple and inexpensive optical concentration. Another 
attractive feature is that CPV systems can provide higher 
conversion effi  ciencies than conventional fl at-plate sys-
tems—more than 30% (also roughly three-fourths of the 
theoretical limit) for multijunction devices incorporat-
ing epitaxial layers of Group III-V compounds, such as 
gallium-aluminum arsenide and gallium-indium antimo-
nide, grown on crystalline substrates. 

Despite these advantages, CPV has been slow to gain a 
commercial foothold because it is not well suited to the 
very small installations that have been the mainstream of 
the PV market. Today, CPV is benefi ting from growing 
interest in larger central-station solar plants, especially in 
the western United States, Spain, Australia, and South 
Africa. Th e future of very large-scale CPV depends on 
engineering development and commercial production 
experience. 

In addition to these commercial and near-commercial 
technologies, many emerging PV concepts are under de-
velopment. Figure 2 shows record-setting PV effi  ciencies, 
sorted by technology type, over time. Th e most effi  cient 
PV devices are currently multi-junction concentrator 
systems, followed by crystalline silicon cells, thin-fi lm 
technologies, and then emerging technologies such as 
dye-sensitized and organic solar cells. Th e ultimate theo-
retical effi  ciencies of conventional crystalline silicon and 
thin-fi lm PV are constrained by fundamental physical 
limits. Advanced concepts, often collectively called third-
generation PV, have the potential to transcend some of 
those limits and convert light to electricity with effi  cien-
cies four or fi ve times those possible with earlier designs. 
Despite their long-term promise, they are the subject of 
so-far modest R&D eff orts by governments, universities, 
and industry around the world.

Breakthrough Possibilities 
Th e entire PV industry is making steady, evolutionary 
progress in using increasingly automated processes to 
produce ever-thinner cells in greater volumes with higher 
effi  ciencies and lower costs. Advances in PV materi-
als and manufacturing will continue to incrementally 
improve the technology’s cost-competitiveness and 
gradually expand its markets without the need for game-
changing scientifi c breakthroughs. If true breakthroughs 
are made—the type that exploit new understanding 
of physics and material science to shatter old limits of 
effi  ciency and cost—the current solar power evolution 
could become a more rapidly paced revolution.

Defi ned in 1961, the Shockley-Queisser Limit estab-
lished that a single-junction solar cell without sunlight 
concentration (operating at “one sun”) has a maximum 
theoretical effi  ciency of about 31%. Similarly, a single-
junction cell operating under a peak obtainable solar 
concentration of about 50,000 suns has a maximum 
theoretical effi  ciency of about 41%. Multi-junction 
devices can exceed these maxima by capturing more of 
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the solar spectrum. Emerg-
ing PV materials and 
concepts show potential 
to signifi cantly exceed the 
Shockley-Queisser Limit 
and approach the true ther-
modynamic limits of 68% 
for PV under one sun and 
87% for PV under maxi-
mum solar concentration 
(Figure 3). Table 1 com-
pares the theoretical limits 
to the best actual results 
obtained to date, further 
illustrating how much 
opportunity remains to 
improve the performance 
of all PV types.

When effi  ciency and cost 
are plotted on a graph, PV 
technologies tend to fall in 
three clusters, often called 
“generations,” as indicated in Figure 4. Th ese genera-
tions generally correspond to the age and maturity of the 
technologies as well. First-generation PV technologies, 
comprising more than 90% of today’s commercial in-
vestments, are the traditional, wafered crystalline silicon 
devices descended from the original Bell Labs solar cells. 
Second-generation technologies, just now emerging into 
the PV business mainstream, employ low-cost, low-ener-
gy-intensity manufacturing techniques such as thin-fi lm 
vapor deposition and electroplating. Th ey are less fully 
developed than fi rst-generation devices, with potentially 
lower cost but also lower effi  ciencies constrained in 
principle by the Shockley-Queisser Limit and in practice 
by their immaturity. Th ird-generation technologies are 
potentially low-cost devices that for the most part exist 
only in general concept, have seen limited R&D invest-
ment, but can in principle exceed the Shockley-Queisser 
Limit by employing multi-junction layering or novel 

materials and techniques. Leading concepts include 
multiple exciton generation, optical frequency shifting, 
multiple energy level, and hot-carrier devices.  Th ese 
concepts likely will be enabled by organic materials, car-
bon nanotubes, and other nanofabrication technologies.

Multiple exciton generation (MEG) cells overcome a 
central limitation of existing PV technology—the one-
to-one relationship between an absorbed photon and a 
generated electron-hole pair. Th ey exploit the phenom-
enon of impact ionization, which converts one high-
energy photon into multiple electron-hole pairs and, 
thus increased current. Th is process has been observed 
for decades in bulk semiconductor crystals, where it 
occurs with relatively low effi  ciency. According to recent 
experimental reports, multiple electron-hole pairs can 
be produced much more effi  ciently in nano-sized (quan-
tum dot) semiconductors. NREL found that quantum 
dots can produce as many as three electrons from each 

A pproxi mate Theoretic al
L imit E ffici ency

A pproxi mate Be st E xperi mental
P er forma nce to Date

T hermodynamic (concentrator) 87% n/a

T hermodynamic (1 sun) 68% n/a

Six -junction 58% n/a

Hot carrier 54% n/a

T riple-junction concentrator 64% 44% III -V alloys , mo nolithic s tack

T riple-junction ( 1 s un) 49% 15% T hin-film amorphous silic on
alloys

Double-junction c oncentrator 56% 30% III -V alloys , mo nolithic s tack

Double-junction (1 sun) 43% 12% T hin-film amorphous silic on
alloys

S hockley-Que isse r single-junction
(46,200  s uns)

41% 30% C rys talline si licon (5 00 suns)

S hockley-Que isse r
single-junction (1 sun)

31% 24%
20%
12%

6%

C rys talline si licon
T hin multicrys talline silic on
Dye-se nsitized cell
Organic c ell

Table 1
Theoretical PV Effi ciency vs. Experimental PV Performance Data show the potential magnitude of 
future improvements in performance across device confi gurations.
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photon of sunlight and could theoretically convert more 
than 65% of the sun’s energy into electricity.  

Optical frequency shifting involves transforming the solar 
spectrum to maintain its overall power density within 
a much narrower range of photon energies, enabling 
increased energy capture. Approaches include both up 
and down conversion, which involve creating a single 
high-energy photon from two lower-energy photons or 
creating two lower-energy photons from a single higher 
energy photon, respectively; as well as thermophotonics, 
which employs an auxiliary device to combine thermal 
and optical energy inputs. A central feature is that the 
solar spectrum is transformed by coatings or other ele-
ments not part of the actual PV cell, providing a path-
way toward substantially improving the effi  ciency of 
existing PV technologies. 

In multiple energy level solar cells, the mismatch between 
the incident energy of the solar spectrum and a single 
bandgap is accommodated by introducing additional 
energy levels such that photons of diff erent energies may 
be effi  ciently absorbed. Multiple energy level solar cells 
can be designed either with localized energy levels, called 
quantum wells, or with continuous intra-bandgap mini-
bands, also called intermediate bands. Both designs have 
a fundamental similarity in that they include multiple 
energy barriers for light-excited electrons to surmount 
when harvesting the photon energy.

Hot carrier solar cells utilize selective energy contacts to 
extract light-generated hot carriers (electrons and holes) 
from semiconductor regions before their excess energy 
is converted to heat. Th is allows higher effi  ciency de-
vices—up to a thermodynamic limit of 66% at one-sun 
intensity—by reducing the thermalization losses in 

Figure 4
Effi ciency vs. Cost Relations Schematically Defi ne Three Generations of PV Technologies: First-Generation Crystalline Silicon, Second-Generation Thin Film, 
and Third-Generation Concepts (Source: University of New South Wales)
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single-junction solar cells. To benefi t from this approach, 
hot carriers must escape through the energy-selective 
contacts before losing their energy to heat via various 
inelastic scattering processes. Specifi c materials show 
slower carrier cooling and hold the promise for realizing 
such hot carrier solar cells.

Organic solar cells relying on carbon-based materials were 
fi rst discovered in the 1980s. Early work demonstrated 
the concept of organic PV, although energy conver-
sion effi  ciencies were very low. During the past decade, 
refi nements in the chemical composition of the cells, cell 
physics, and device engineering have led to individual 
demonstration cells with more than 5% conversion effi  -
ciency. Very inexpensive, lightweight, fl exible, large-area, 
plastic-like PV cells appear possible, but their effi  ciency 
potential is not well established.

Carbon nanotubes are cylindrical carbon molecules with 
exceptional strength, a typical diameter on the order of 
a few nanometers, and unique electrical characteristics. 
Since 2005, researchers have been growing microscopic 
nanotube towers coated with semiconductor material 
atop silicon wafers and exploring other novel device con-
fi gurations. It’s too early for certainty, but such structures 
and associated nanofabrication techniques may provide 
the added manufacturing fl exibility needed to realize one 
of the third-generation concepts in a commercializable 
device.

Th ese third-generation PV device and materials concepts 
are not the only ones being explored today, and others 
are all but certain to emerge. Assessing how evolutionary 
and revolutionary advances might aff ect the electricity 
enterprise and society requires detailed consideration of 

Figure 5
Worldwide PV Module Price Experience and Extrapolation to 10 TW  (Data source: Navigant Consulting PV Service Practice)
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System Economics
As noted previously, PV costs are looked at in diff erent 
ways depending on perspective. PV industry experience 
since the 1970s shows a history of steady decline in the 
price of modules driven by continuous innovation, as 
summarized in Figure 5. Note that the scales of both 
axes are logarithmic. Th e relationship between average 
sales price and cumulative sales, which roughly mirrors 
the underlying declining-cost picture, is similar to that 
seen with most manufactured goods. Th e fi gure also 
shows the recent temporary stagnation in the price of 
crystalline silicon devices resulting from a combination 
of a polysilicon feedstock shortage and subsidy-super-
heated market demands in Europe and California. 

Prices began easing in late 2006 and are likely to return 
toward the historic trend as additional polysilicon capac-
ity comes on line and thin-fi lm module producers imple-
ment aggressive expansion campaigns. Typical system 
prices in 2007 range from about $6,000 to $10,000/kW 
of installed “peak dc” nameplate capacity, depending 
inversely on size (the actual peak ac output of grid-con-
nected systems is usually 70% to 80% of the dc rating). 
Going forward, Figure 5 projects a plausible future of 
ongoing evolutionary innovation and market expansion 
to a dramatic scale. Such a future is not guaranteed, of 
course, but in light of PV’s past 30 years of technology 
and market progress it does appear reasonable.

As with every supply option, the price of the energy 
conversion system is only one component in calculat-
ing the levelized cost of energy (LCOE). PV modules 
account for about 50% of the typical up-front cost of an 
installed system, with the balance associated with items 

such as power conditioners, wiring, support structures, 
and labor. So far, balance-of-system costs have declined 
in parallel with module costs.

For all PV applications, resource availability is critical: 
Th e better the solar resource, the greater the system out-
put, and the lower the LCOE. As seen in Figure 6, the 
available sunlight on a 24-hour average varies only from 
about 125 to 300 W/m2 throughout most of the popu-
lated parts of the Earth. Utility, energy, environmental, 
and climate policies also strongly infl uence PV’s attrac-
tiveness by directly or indirectly improving PV’s LCOE 
relative to other generation options. 

Several aspects of PV economics are foreign to the 
normal procedures used by utility planners and other 
industry practitioners focused on adding and operat-
ing capacity to serve load. On the positive side, PV uses 
a fuel that is free, it imposes no environmental control 
or waste management costs, and it has extremely low 
O&M costs—generally less than 2% of the total cost 
of a PV system over its lifetime. On the negative side, 
it generates electricity when the sun shines rather than 
when dispatched, and its output varies with unpredict-
able weather conditions superimposed over daily and 
seasonal cycles. Th is means that the initial capital invest-
ment for PV comprises almost the full cost of 20 to 30 
years’ worth of output, but an installation’s nameplate 
capacity cannot be counted on at any particular instant. 

Th ese conditions present a conundrum to traditional 
system planning and operations, where high premiums 
are attached to predictability, reliability, and overall least 
cost. However, with PV’s LCOE several times greater 
than that of competing generation options, its lack of 
dispatchability is not what has historically constrained 
supply-side PV applications. For consumers, the higher 
retail value of PV-delivered power has made justifi cation 
easier, although the primary economic consideration for 
these purchasers typically has been system aff ordability 
rather than cost-eff ectiveness.

the role of technology and other factors in shaping PV 
economics. Th is is one objective of the “High Effi  ciency 
PV” project recently begun by Electricité de France, 
EPRI, and others to explore and make more tangible the 
potential of several third-generation PV concepts.
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Because of the front-loaded nature of PV costs, the 
LCOE of a solar plant is dramatically impacted by 
fi nancing terms: the cost of money. Th is means that the 
least-cost approach to solar generation involves choosing 
the right “ownership model”—in other words, arranging 
for the plant to be owned by the entity with the lowest 
fi nancing costs and tax impacts. 

Diff erent ownership arrangements can easily produce 
25% diff erences in the LCOE. For smaller PV systems, 
often the least-cost approach means cash or mortgage 
fi nancing obtained by a property owner; for large-scale 
systems, it may indicate either independent power 
producer (IPP) or utility ownership, depending upon 
geopolitical site location. Incentive structures are also 

important in infl uencing PV deployment. Typically, 
residents prefer incentives that reduce up-front costs, 
while commercial entities favor credits distributed over a 
system’s lifetime.

Some solutions to the mismatch between PV’s charac-
teristics and standard industry planning and operations 
are now appearing, including power purchase agree-
ments (PPAs), feed-in tariff s, net-metering interconnec-
tion policies, RPS requirements, and voluntary green 
power purchasing programs. A common characteristic of 
these solutions is that both the system performance risk 
and the economic benefi ts belong to PV system own-
ers—consumers or IPPs—and not to traditional utilities 
or distribution companies. Moreover, these behind-the-

Figure 6
24-Hour Daily Average Worldwide Insolation, 1991-1993 (Source: M. Loster, U.C. Berkeley, www.ez2c.de/ml/solar_land_area/)
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meter applications tend to reduce retail sales and, under 
conventional rate structures, revenues. Th is explains why 
traditional industry players evidently need new business 
models before they can embrace signifi cant amounts of 
PV generation in their portfolios. 
 
Meanwhile, installed PV capacity is growing, and ap-
proaches for encouraging additional deployment are 
being evaluated. For example, in 2005, the Western 
Governors’ Association’s Clean and Diversifi ed Energy 
Advisory Committee formed a Solar Task Force to 
analyze the feasibility of adding large amounts of solar 
generation to the western U.S. power grid and the policy 
means to encourage that to happen. Th e Task Force 
found that 8 GW of solar power generation, combin-
ing all types, could reasonably be deployed by 2015 if a 
package of Federal and State incentives was implemented 
to cut the owners’ eff ective cost and, therefore, the 
LCOE, nearly in half, as shown in Figure 7. Th e key rec-
ommended Federal actions were to extend the recently 
implemented 30% investment tax credit (ITC) for solar 
systems from its present 2-year term to 10 years and to 
allow utility companies to access this credit.

Case Study: Residential PV
 
Th e eff ects of diff erent parameters on PV LCOE are
best illustrated by example. A grid-connected behind-
the-meter system is considered here because that is the 
application experiencing the highest growth at present—
and it is the one where PV will likely have its greatest 
impact over the next 20 years.

Table 2 characterizes a “typical” 5-kWdc rooftop instal-
lation in Fresno, California, based on published data 
for PV systems installed in the State during 2007 and 
assuming a 20-year simple payback. (Th is is not usually 
judged a suitable economic metric for businesses but is 
often invoked by consumers when weighing investment 
decisions.) To recoup an up-front cash investment, the 
projected output over 20 years has an equivalent retail 
LCOE of 32¢/kWh, not considering any of the avail-
able State or Federal incentives. Subtracting the current 
Federal investment tax credit and the estimated Califor-
nia Solar Initiative (CSI) Expected Performance-Based 
Buydown (EPBB) payment from the capital cost reduces 
this fi gure to 24¢/kWh. If mortgage-based fi nancing is 
employed over a 20-year period, the after-tax equivalent 
retail LCOE is 37¢/kWh for the fi rst year of this system’s 
output and 45¢/kWh (before tax deductions) over the 
loan’s lifetime.  

Th e comparison point for these LCOE fi gures is not the 
busbar generation cost, often quoted as in the range of 
3 to 5¢/kWh, but the retail electricity rate for residents, 
which currently ranges from 12 to 36¢/kWh in Califor-
nia, depending upon usage. Even with State and Federal 
incentives and tax-deductible fi nancing, PV installations 
currently supply only nominally competitive electricity. 
Nonetheless, consumer demand has spurred installa-
tion of about 25,000 PV systems totaling over 200 MW 
in California in the past few years. Future retail power 
prices are uncertain, but they seem likely to increase 
for a variety of reasons. Accordingly, a PV system that 
appears nominally competitive at today’s rates may well 

Figure 7
Cumulative Effects of Proposed Federal and State Incentives on Solar LCOE 
(Source: Western Governors’ Association CDEAC Solar Task Force Report, 
http://www.westgov.org/wga/initiatives/cdeac/solar.htm)
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seem to be a comparative bargain by the end of its life-
time. 

Th e example shown in Table 2 off ers other important 
insights on PV economics. First, the simple-payback 
equivalent LCOE for fi xed fi nancing and incentive as-
sumptions is essentially inversely proportional to local 
insolation. Th us, at today’s system price, ignoring State-
to-State incentive diff erences, the cost of PV electricity 
varies with location based on resource availability, as 
shown for some selected sites in Figure 8. Setting aside 
Federal and State incentives and assuming an up-front 
cash investment, equivalent retail LCOE values vary 
from a low in El Paso, Texas, of 90% of the Fresno 

baseline to a high in Seattle, Washington, of 167%. Th is 
variation between States is comparable to that caused by 
the eff ects of subsidies, which means that PV ownership 
in a relatively low-resource State with strong incentives, 
such as New Jersey or New York, may actually be more 
attractive than in a higher-resource State with weaker 
incentives, such as Utah or Colorado. Furthermore, this 
variation is less than that in regional U.S. electricity 
rates, which range over a factor of 4. Th e implication 
here is that a PV “bargain” in one region can appear very 
expensive in another.
 
Second, the simple-payback LCOE for fi xed fi nancing 
and incentive assumptions is essentially inversely pro-

5-k Wdc ( 3.75 kW ac ) Re s identi al PV S ys tem in  F res no C A
Annual E nergy Output kW h 7,3 35 E P BB c alculator*
T otal C apital Ex penditure $47,000. 00 B ased on 200 7 C A installation e xperience
Annual O &M $18.34 Es timate at 0. 25 cents/kW h
T otal 20-year  C ost $47,366. 75
20-yr  sim ple pay back retail
L C OE $0. 32 T otal cost/total output in kW h for 2 0 y ear s

R educe c osts vi a F ede ral & St ate Incentives
$2, 000- Ca pped 30% F ed. IT C $2, 000.0 0
CS I E PB B ("$2 .33/W" this  s ite) $9, 803.0 0 E P BB c alculator*
Net C ost $35,563. 75
20-yr  sim ple pay back retail
L C OE $0. 24 Net cost/total output in kW h for 20 yea rs

C onsider T ax-Deductible F inancing
E ffective tax rate 25%
Annual interest rate 7%
Loan lifetime (yea rs ) 20
P resent V alue $35,197. 00
Monthly P ayment $274.41 Loan + O&M
L C OE f or 20- yea r 7% loa n $0. 45 Annual payments/annual output in kW h
F irs t-ye ar a fter-tax retai l
L C OE $0. 37

(1st-year pa yments - tax rate * 1st-year
interes t)/annual output in kW h

* <http://www.csi-epbb.com/Default.asp x>

Table 2
Cost of a Typical Residential PV System in Fresno, California These costs are based on published experience and available incentives for 2007.
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portional to the initial capital expenditure. Accordingly, 
future behind-the-meter PV deployments will off er more 
attractive economics: Extrapolating from the projection 
of evolutionary technological progress in Figure 5, the 
20-year cash payback retail LCOE for a 5-kWdc system 
in Fresno decreases from 32¢/kWh today to 18¢/kWh 
if purchased in 2015 and 7¢/kWh if purchased in 2030. 
Th ese may indeed appear to be attractive costs in those 
times. 

By the same token, BIPV systems, which can take credit 
not only for electric outputs but also for replacing one 
or more structural building components, will likely have 
become cost-eff ective as well.  Th is may launch a much 
more vigorous wave of these installations than seen to-
day, where they are limited primarily to cases involving a 
building owner’s desire to project a green image.

Th ird, the relationship between capital costs and LCOE 
has implications for future central-station PV deploy-
ment. At present, busbar-connected PV systems are not 
cost-eff ective by a wide margin because of today’s high 
PV module price. Multi-megawatt PV systems are only 
being deployed where policies place a special premium 
on solar generation and, even then, solar thermal electric 
technology is capturing the bigger installations and a 
larger market share due to more favorable economics and 
performance characteristics. 

However, the evolutionary technological progress shown 
in Figure 5 implies that the gap between the LCOE of 
central-station PV and other generation options will nar-
row over time, to the point where large-scale PV projects 
may also become cost-competitive generators in many 
locations by about 2030.

Figure 8
Relative Cost of PV Electricity in the United States Due to Resource Variability This fi gure does not account for the effects of State subsidies and average 
temperature differences.
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Market Status & Outlook
PV markets have grown rapidly and 
changed dramatically in recent years 
driven by technological progress and a 
supportive policy environment. 

As recently as 15 years ago, PV was used 
almost exclusively to generate power 
in high-cost, off -grid applications not 
served by conventional electricity supply 
and delivery infrastructure. Now, it is far 
more commonly used in grid-connected 
applications, with literally millions of 
kilowatt-scale distributed installations 
on the rooftops of homes and businesses 
off setting the retail cost of grid electricity 
and a far smaller number of megawatt-
scale central-station projects supplying 
power to the grid. 

Figure 9 displays this dramatic trans-
formation: Th e number of new remote, 
off -grid applications continues to in-
crease worldwide, but their growth rate 
and capacity have been enormously 
outstripped by those of grid-connected 
PV since 2000. In 2006, off -grid ap-
plications—though still maintaining a 
worldwide compound annual growth 
rate (CAGR) of about 16%—accounted 
for approximately one-eighth as many 
shipped megawatts as grid-connected 
applications, which had a CAGR of ap-
proximately 50%. Th is trend is projected 
to continue.

Th e shift in PV applications is paralleled 
by a shift in markets. Two primary end-
use markets for PV systems exist in the 
United States, and a third is emerging. 

Concentrator PV: Arizona, Spain & Australia
Since 1995, Arizona Public Service (APS) and Amonix have been 
installing Amonix CPV systems, with more than 600 kW presently 
operating on a daily basis. They have reported total installed costs 
of $6/W, which is comparable to installed costs for large fl at-plate 
PV systems. As the technology matures, APS expects the cost of the 
Amonix CPV system to drop to perhaps $3/W or less.

Amonix recently announced a joint venture with Guascor, which has 
built a 10-MW/yr assembly plant in Spain. This market is made pos-
sible by Spain’s new feed-in tariffs and long-term contracts that attract 
investors wanting to maximize the kilowatt-hours generated for their 
invested project dollars.

Solar Systems Pty Ltd. of Australia has spent more than 15 years 
developing several generation of CPV prototypes leading up to a 
154-MW project being built in northwestern Victoria. A proprietary 
Heliostat CPV system will use fi elds of sun-tracking mirrors to focus 
sunlight on high-effi ciency solar cells mounted 40 meters high. The 
fi rst stage of the project is due to be completed in 2010, with full com-
missioning in 2013.

Concentrator PV in Arizona (Credit: Amonix)
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Buyers of grid-independent systems represented the larg-
est market segment prior to 2000. Th is segment contin-
ues to grow steadily, with existing and new PV systems 
powering off -grid homes, ranches, farms, and facilities, 
as well as communications installations, environmental 
measurement and monitoring sites, security systems, 
signs, and other equipment located in remote locations. 
Buyers of consumer electronics, outdoor lighting sys-
tems, and other products that incorporate small PV cells 
may also be considered participants in this segment, with 
the manufacturers of these devices serving as middlemen 
between PV producers and consumers.

Buyers of grid-connected, behind-the-meter PV systems 
now represent the largest and fastest growing market seg-
ment. As in off -grid applications, these systems are most 
commonly deployed in rooftop installations and less 

Figure 9
Proportion of Grid-Connected vs. Off-Grid PV Applications Worldwide, 1999-2011 (Source: Navigant Consulting PV 
Service Practice) 

frequently as ground-mounted arrays, while building-in-
tegrated applications are beginning to appear. 

Residential and commercial consumers, and, to a lesser 
extent, industrial consumers participate in both the off -
grid and grid-connected markets. Government agencies 
have historically been signifi cant PV consumers. Th e 
U.S. Department of Defense, for example, has been 
installing both grid-independent and grid-connected 
PV systems at military facilities since at least 1976, 
with annual capacity additions usually totaling a few 
megawatts per year, much of it in the form of PV-bat-
tery-engine hybrid systems that range in size to over 100 
kW. Additional agencies at the Federal, State, and lower 
levels have also been deploying PV systems to serve 
specifi c off -grid applications, to support R&D, and, 
more recently, to comply with new procurement policies 

mandating increased reli-
ance on renewable energy 
sources. 

Buyers of grid-connected, 
supply-side PV systems 
represent the third major 
PV market. In the United 
States, large-scale invest-
ments by utilities and 
IPPs have been few and 
far between. Th e main 
examples to date have 
been deployments of a 
handful of megawatts 
made patently for dem-
onstration purposes, such 
as the 4-MW Sacramento 
Municipal Utility District 
installation at Rancho 
Seco, California, and Tuc-
son Electric Company’s 
6-MW fi eld in Springer-
ville, Arizona. However, 
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State RPS mandates, such as California’s 
requirement that 20% of electricity come 
from renewable sources by 2017, have 
spawned several announcements of utility 
PPAs with prospective builders of PV 
plants, indicating that capacity in the 
dozens of megawatts may come on line in 
the next few years.

Markets similar to those in the United 
States exist internationally, with their 
relative magnitude and importance vary-
ing in individual countries depending on 
domestic circumstances. For example, PV 
programs in Japan have encouraged resi-
dents and businesses to install many tens 
of thousands of grid-connected rooftop 
systems with capacities of a few kilo-
watts. Incentive structures in Germany 
have stimulated similar residential-scale 
installations, as well as some deployments 
of large-scale PV parks with nameplate 
capacities of several megawatts. In the 
developing world, off -grid PV is com-
monly employed to deliver the benefi ts of 
electricity to remote areas. 

Wherever PV has fl ourished, it has done 
so with government support: Policies 
such as those adopted in Japan, Ger-
many, Spain, and California over the 
past decade or so have nurtured PV and 
built these regions into world leaders. 
Subsidies, rebates, and tax credits help 
make PV more aff ordable for consumers 
and close the cost gap between PV and 
alternative generation technologies. Net 
metering provisions, feed-in tariff s, and 
other policies provide consumers and 
power producers with additional incen-
tives to site and own grid-connected PV 

Building-Integrated PV: New York City
Reconstruction of New York’s Stillwell Avenue subway station provid-
ed an opportunity to integrate amorphous silicon thin-fi lm PV into a 
semi-opaque roof canopy that, upon its completion in 2005, was one 
of the largest BIPV structures in the world. 

The canopy roof provides the station with electricity as well as shade. 
Some 2,800 thin-fi lm modules covering 76,000 square feet (7,060 
m2) generate approximately 210 kW while permitting 20% to 25% 
of daylight to pass through. 
During summer, the system 
provides approximately two-
thirds of the station’s power 
needs (not related to powering 
the trains). Its annual output is 
about 250,000 kWh. 

Planning and design took 
more than four years, and the 
station’s design process was 
done in conjunction with an educational component that included a 
large-scale industry workshop involving several major PV companies.  
The station was designed to invoke the historic architecture of nearby 
Coney Island and provide passengers with a grand sense of arrival, 
elegance, and civic pride. 

Building-Integrated PV in New York City (Credit: Schott AG)
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systems and to supply power to local grids under a vari-
ety of credit and compensation plans. Interconnection 
policies, building codes, and safety standards encourage 
and facilitate these applications, rather than present bar-
riers. Air and climate policies are increasing the cost of 
fossil generation, and Renewable Portfolio Standards are 
requiring electricity providers to procure a growing por-
tion of their supply from clean and renewable resources. 

Figure 10 displays the tangible eff ect that these favorable 
policies have had on overall PV market expansion. Th e 
fi gure shows that in the decade preceding the regional 
subsidies in Japan, Germany, and California, average an-

nual shipment growth was a respectable 15%, primarily 
in off -grid applications. But during the period 1999 to 
2006, when those three regions had implemented sub-
stantial subsidies for grid-tied systems, that growth rate 
spurted to 41%, representing continued strong growth 
in the off -grid market plus extremely rapid growth in 
grid-connected applications.

Experiences in Japan and Germany further illustrate 
the strong infl uence of policies on market evolution. In 
the mid 1990s, the Japanese government implemented 
net-metering policies and a generous rebate program to 
encourage the grid-connected PV applications off ering 

Figure 10  
Effects of Policies on PV Market Growth Before incentives took effect for grid-tied systems in Japan, Germany, and California, annual PV module shipments 
grew at 15% on average, mainly in off-grid applications. Subsidies boosted average annual growth to 41% overall. (Data source: Navigant Consulting PV 
Service Practice)
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consumers maximum advantage in light of high-priced 
retail power. Over time, rebates on capital expenditures 
declined and customer participation increased gradually, 
system prices fell substantially, and the net cost to the 
customer remained about the same, as shown in Figure 
11. Despite a dearth of incentives after 2004, Japan’s PV 
market continues to grow, albeit more slowly. 

In contrast to Japan’s capital cost rebate program, Ger-
many’s production-based incentive programs are based 
on the actual energy produced over a 20-year period and 
are paid through a national utility feed-in tariff , similar 
to a long-term electricity sales agreement. Because the 
value of the feed-in tariff  (roughly 50¢/kWh) is high 
enough to repay PV system construction costs, it has 
stimulated entrepreneurial groups to form joint ventures 
that have fi nanced multi-megawatt PV farms.

Industry observers agree that the extremely rapid cur-
rent worldwide growth in PV deployment likely cannot 
be sustained over the next few years without continued 

Figure 11 
Japanese PV Program Rebates and Participation, 1994-2004 (Source: California Energy Commission)

Technology Prospectus
Th e latter part of this century will see energy supply, 
delivery, and use systems that could be as profoundly dif-
ferent from today’s as today’s are from those of 50, 75, 
and 100 years ago. PV’s role in that future is impossible 
to predict because the technology has only recently be-
gun appearing in signifi cant commercial quantities and 
has yet to fi nd a routine place in mainstream settings. 
Early experience, however, indicates that its unique 
modularity and other characteristics have the potential 
for innovations that may transform the energy industry. 
PV is as diff erent from other power generation technolo-
gies as transistors are from vacuum tubes. Consider how 

public support through tax incentives, rebates, and other 
subsidies. However, as suggested previously (Figure 
5), PV prices may decrease by the 2015 to 2025 time-
frame to a point that such fi nancial support is no longer 
needed for further market growth. 
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mance impacts of such speculative technologies to the 
same realm as those currently envisioned. Th erefore, the 
main benefi t of additional breakthroughs would likely be 
in accelerating the time to market for super-high-
effi  ciency PV products.

Figure 12 compares schematically the range of potential 
PV costs in evolutionary and revolutionary scenarios 
with the retail cost of conventional power in the United 
States, extrapolating from current cost estimates. Th e 
bands indicate the range of projected costs depending 
on resource availability, on whether PV’s continuing 
evolution proceeds in more or less accelerated fashion, 
and on whether or not aggressive R&D investments are 
made to pursue PV’s revolutionary technology potential. 
Th ese cost estimates are obviously speculative, and their 
likely error margin increases dramatically beyond a few 
years’ time. Nevertheless, the depicted timeframes for the 
implied innovations and the relative scales of their cost 
impacts are plausible. So too are the following projec-

the cellular phones that have leap-
frogged landlines in developing coun-
tries, transformed personal and busi-
ness communications in the developed 
world, and created consumer wants 
and needs being met by new industry 
players and a seemingly continuous 
stream of innovations.
 
Assuming the continued evolutionary 
progress projected in Figure 5, PV de-
ployment in distributed grid-connected 
applications is clearly heading in the 
direction of causing landscape changes 
in the retail electricity sector. Major 
scientifi c breakthroughs may accelerate 
the growth of these PV applications 
at the retail level, shake up wholesale 
electricity markets, and enable unfore-
seen innovations spanning the energy 
sector. Th ese eff ects would not happen 
overnight, but PV will almost certainly 
change the way signifi cant quantifi es of electricity are 
supplied, delivered, and used.
 
Among the third-generation PV concepts, it is far too 
early to predict the fate of any individual approach 
because they have not been experimentally verifi ed. 
Nevertheless, scientifi c breakthroughs and successful 
commercialization of any emerging third-generation PV 
concepts could produce a three-fold to fi ve-fold increase 
in commercial module effi  ciency and a dramatic im-
provement in PV’s deployment potential. Although im-
possible to forecast confi dently, breakthroughs enabling 
market-competitive busbar electricity from PV technol-
ogy are clearly possible by 2025 or 2030.

Given the relatively short history of PV science, it is also 
reasonable to anticipate the discovery of additional, yet-
unimagined PV technologies in coming years. However, 
the laws of thermodynamics appear to limit the perfor-

Figure 12
Projections of Technological Progress This schematic representation shows cost relationships between 
conventional power sources and likely evolutionary PV development as well as the possible impacts 
of revolutionary developments.  Achieving the benefi ts of the leading edge depicted for revolutionary 
innovations will require an aggressive, sustained R&D effort.
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tions for market penetration:
• About 2010, evolutionary technology is a behind-the-

meter solution in regions with high-quality solar re-
sources, generous incentives, and/or high retail prices. 

• From around 2015 to 2025, evolutionary technology 
drives innovations in retail electricity supply markets. 

• From around 2020 to 2030, evolutionary technology 
is competitive with solar thermal electric and conven-
tional central-station generation options. 

• About 2025, revolutionary PV technology begins mak-
ing inroads in current PV applications. 

• After 2030, revolutionary PV technology is least-cost 
supplier with unforeseen versatility.

Issues & Opportunities 
Th e expected advances in PV technology—even at the 
lower end of current projections—create challenges and  
opportunities for utilities, distribution companies, power 
producers, and other electricity industry stakeholders. 
Issues and turning points will arise at diff erent times in 
diff erent locations depending on resource availability, 
policy environment, and other market conditions. 

Public sentiment and growing attention to environmen-
tal impacts and life-cycle costs are likely to increase PV’s 
attractiveness as a distributed resource and to accelerate 
the expansion in grid-connected applications. Already, 
growing numbers of residents, businesses, institutions, 
and governments around the world are setting aside con-
ventional economic metrics and installing PV systems to 
support energy independence, demonstrate a commit-
ment to renewable energy, and reduce their carbon foot-
print. Going green is capturing not only public imagi-
nation but also entrepreneurial attention and venture 
capital investment as awareness of the inherent business 
opportunities grows. Th ese developments are creating a 
political situation conducive to more substantive action 
on energy issues and a business environment likely to 
foster innovation. As PV costs continue to come down 
and applications expand, retail electricity markets may 

see major transformations as consumers grow more com-
fortable with the notion of buying and selling energy 
in electricity markets. Th is phenomenon could parallel 
that of cell-phone proliferation, with most consumers 
continuing to rely on conventional infrastructure until 
marginal cost-performance improvements or unforeseen 
applications lead to relatively sudden jumps in market 
penetration. 

Such transformations could impact traditional retail 
electricity sales as eff ectively negative loads, but behind-
the-meter PV systems can also create opportunities for 
utilities and other market participants that adopt new 
business models to leverage these new grid assets. Dis-
tributed PV may represent a signifi cant component in 
demand-side management (DSM), grid reinforcement, 
portfolio diversifi cation, and carbon management strate-
gies. Already, some companies are packaging end-use 
effi  ciency measures with PV installations to deliver an 
economically and environmentally preferred option for 
serving load growth and helping consumers manage 
bills. Th e relative match between PV output and air con-
ditioning needs could be exploited to meet peak demand 
cost competitively. Direct-current microgrids employing 
PV may more effi  ciently serve some loads. PV deploy-
ment could be encouraged as a hedge against volatile 
fuel prices. It also could provide a carbon-free generating 
option in the face of market-based climate policies. New 
markets could allow grid resources (generation and load) 
associated with sunny, low-demand conditions in one 
area to be traded against ramping down fossil generation, 
retaining impoundment water, or meeting peak loads in 
others. Distributed PV could be used to power plug-in 
hybrid electric vehicles as both new loads and mobile 
storage systems. Additional opportunities will surely 
arise from unanticipated directions. 

Beyond the foreseeable aspects of technological ad-
vance and market evolution, the expected revolutionary 
breakthroughs in PV technology will likely extend its 
impacts to wholesale supply markets. Most importantly, 
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forecasted substantial improvements in 
cost-performance characteristics could 
position central-station PV deployment 
as a cost-competitive non-emitting gen-
eration alternative, shifting the dispatch 
order for current units and eroding the 
market share of competing options for 
new capacity additions. Th e biggest busi-
ness opportunities may lie in planning for 
this scenario and, possibly, in securing a 
stakehold by supporting the development 
of future proprietary hardware. 

Th e cost structure of PV technologies 
does not contain a single dominant factor 
whose elimination or substantial reduc-
tion would render their capital-equip-
ment investments competitive with more 
conventional generation options on a 
widespread basis. Rather, there is a com-
plex of factors, ranging in both degree of 
leverage and time-scale of eff ectiveness, 
which must all be addressed to achieve 
the goal of cost-competitive, globally 
signifi cant PV power generation. For PV 
to proliferate and achieve its potential, 
incentives must remain in place, remain-
ing policy and market barriers to deploy-
ment must be cleared, and major R&D 
investments must be made to reduce the 
costs of crystalline silicon, thin fi lm, and 
CPV technologies and advance third-gen-
eration concepts. 

Market-transforming policy measures 
have the most immediate eff ect by en-
couraging otherwise uneconomical early 
deployments and thereby accelerating 
“learning curve” advances where costs 
are reduced as production volume is 
increased. However, the cost reductions 

Tracking PV: Portugal
In March 2007, GE Energy Services, PowerLight, and Catavento 
commissioned an 11-MW solar power plant in Serpa, Portugal. The 
station’s 52,000 modules cover 150 acres (60 hectares) and employ 
the SunPower® single-axis tracking system to keep the PV panels 
pointing toward the sun, increasing their daily electricity output by up 
to 35%. The project cost approximately $150 million.

Portugal relies heavily on imported fossil fuels and has implemented 
aggressive incentives for renewable energy installations. A key com-
ponent of Portugal’s “Energy Effi ciency and Endogenous Energies” 
(E4) program is a feed-in tariff of $0.317 to $0.444/kWh for both 
ground-mounted and rooftop solar power systems with a 15-year 
power purchase guarantee. Adopted in 2001, the E4 program is 
expected to provide 4,400 MW of renewable energy by 2010, 150 
MW of it in the form of PV.

Central-Station Tracking PV in Portugal (Credit: SunPower)
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associated with manufacturing effi  ciencies and improved 
economies of scale are often incremental. Th us, policy 
incentives off er relatively little leverage on PV costs. 
Th ey also entail the risk of retarding price declines by 
overstimulating market growth and pushing demand 
ahead of supply, as has happened with crystalline silicon 
PV over the past couple of years. 

Improving the effi  ciency of PV cells and modules is the 
most eff ective route to increased cost-competitiveness. 
More power can be generated per unit of module area, 
and the required scale of nearly every system component 
can be reduced. Th us, even incremental effi  ciency gains 
aff ect total cost in a more-than-linear fashion. Improved 
effi  ciency also off ers the promise of major cost reduc-
tions because breakthroughs would allow several times 
more energy to be harvested per unit of module area.  

For the near and intermediate term, continued policy 
incentives and aggressive R&D—especially in manufac-
turing—are critical to continue the evolution of exist-
ing PV technologies, modules, and integrated systems 
for distributed generation. In an era of enduring public 
awareness of energy and environmental issues, it seems 
likely that third-generation PV concepts can sustain a 
critical mass of public R&D support over the next quar-
ter century, the likely time required to advance those of-
fering the greatest commercial potential. Already, smart, 
adaptive businesses as well as entrepreneurs are being 
attracted to the opportunities presented by investing in 
PV technology to respond to and anticipate tightening 
RPS and emissions requirements. 

Favorable long-term outcomes may be eff ectively acceler-
ated by a focused R&D program dedicated to identify-
ing the easiest routes to terawatt-scale deployment of 
PV devices off ering effi  ciencies greater than 50%. Th e 
complexity of the tasks required to bring the technol-
ogy from concept to commercial reality—in terms of 
highly effi  cient and cost-competitive devices—makes the 
development timeframe unavoidably long, measured by 

the decade rather than year or month. Coordinated ef-
forts by public and private stakeholders will be required 
to share in the costs and technology risks associated with 
meeting society’s long-term needs for clean generation. 

Technical issues beyond module cost and performance 
also must be addressed. EPRI, in collaboration with 
many others, has been studying the potential impacts of 
PV and other intermittent generation sources on grid 
operations over the past 30 years. Results indicate that 
today’s distribution networks, which were not designed 
to accommodate numerous small-scale, intermittent 
generating units, can operate with moderate levels of 
PV penetration (nominally at least 10% to 15% of local 
loads) without negative eff ects. Th e full range of grid 
impacts at much higher penetration levels is not yet 
well understood, but PV-ready and PV-enabled systems 
clearly will require automated controls and sophisticated 
communications hardware that are not in place and 
may not even exist today. Besides new hardware, these 
grids will need novel operational strategies, new analyti-
cal tools, and forecasting methods like those developed 
for wind power. Field data from experimental trials and 
large-scale applications will be needed to assess deploy-
ment options and determine the business potential of 

Grid-Connected PV in California
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aggregating distributed and central-station PV with 
wind, hydro, DSM, plug-in hybrids, and other technolo-
gies. Delivering output from central-station PV systems 
deployed in remote areas to serve loads elsewhere will ne-
cessitate transmission system expansion, along with equi-
table rules for cost allocation. Lower-cost, higher-perfor-
mance storage systems will help transform intermittent 
sources such as PV into more valuable grid assets.  

Collaborative R&D Responses
EPRI recently formed a Solar Electric Interest Group 
(SEIG) to bring utility, industry, technology, and other 
experts together to explore common interests, issues, op-
portunities, and challenges relating to solar power. Th e 
SEIG supports peer interaction and discussion regarding 
current PV technologies, applications, and market devel-
opments, as well as roles for PV in meeting RPS require-
ments and other business needs. SEIG participants also 
benefi t from early access to results from solar energy 
R&D being performed by EPRI and others. 

A couple projects funded through EPRI’s Technology 
Innovation Program are pursuing novel near-term PV 
applications. In an ongoing demonstration, PV is being 
used to power advanced wireless sensors deployed for on-
line monitoring of aging substation components. Speci-
fi cations for a nanotechnology-enabled lithium-ion bat-
tery energy storage system are currently being developed 
to support 2008 demonstration of a dispatchable rooftop 
PV system off ering both consumer and grid benefi ts. 

Th e Renewable Systems Interconnection (RSI) study, a 
comprehensive project launched by the U.S. DOE in 
early 2007 in conjunction with EPRI and other stake-
holders, addresses technical and analytical issues associ-
ated with supporting widespread PV deployment at the 
distribution level and, eventually, on the transmission 
system. Initial results appear consistent with earlier 
studies indicating minimal grid eff ects for penetration of 
intermittent PV systems at 15% or 20% of total regional 

capacity and for much higher penetration levels if PV 
systems are served by storage technology. RSI work also 
addresses the state of the art and R&D needs relating to 
operational and planning tools, storage and interconnec-
tion technologies, and business models. Findings are to 
be published in a series of 2008 reports.

To assist the industry in understanding, monitoring, 
and accelerating development of third-generation PV 
technology, EPRI launched the “High-Effi  ciency PV 
Research Project” in early 2007 in collaboration with 
Electricité de France (EDF) and others. Initial eff ort fo-
cuses on modeling and experiments to evaluate advanced 
materials and structures for their capacity to achieve 
conversion effi  ciencies exceeding 40%. Th is work will 
build on worldwide R&D activities, including the $21.7 
million DOE program announced in November 2007 to 
support basic research and pre-commercial development 
for third-generation concepts, with the goal being to 
produce prototype devices and manufacturing processes 
by 2015. Th e EPRI-EDF project will evaluate progress 
under this program and others to support creation of a 
technical roadmap defi ning the further R&D required to 
bring a preferred PV device concept to market. 

Clearly, PV technology is headed for increasing relevance 
to, and signifi cant impacts on, the electric sector. Utili-
ties and other businesses that attentively track its prog-
ress are most likely to be successful in addressing the 
challenges it will create and benefi ting from the opportu-
nities it will bring. Substantial and sustained R&D com-
mitments to advance all aspects of the technology—from 
PV modules and auxiliary hardware to their interconnec-
tion with grid operations, power markets, and business 
systems—are yet needed to establish PV as a globally sig-
nifi cant contributor to the world’s portfolio of low- and 
non-emitting generation options. EPRI is committed to 
being on the forefront of PV development and applica-
tion and to highlighting emerging issues and transferring 
key fi ndings to utilities and other stakeholders.  
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