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Executive summary 

The present report puts forward a set of policy recommendations derived 
from  the expert elicitation survey on solar technologies carried out within 
ICARUS, a 3-year ERC-funded project on innovation in carbon-free 
technologies (ICARUS - Innovation for Climate chAnge mitigation: a study of 
energy R&D, its Uncertain effectiveness and Spillovers - www.icarus-
project.org).  

Sixteen leading European experts from the academic world, the private 
sector, and international institutions took part in the ICARUS expert 
elicitation survey on Photovoltaic (PV) and Concentrated Solar Power (CSP) 
technologies. The survey collected probabilistic information on (1) the role of 
RD&D investments with respect to lowering future costs of these 
technologies and (2) the potential for their deployment (both in OECD and 
non-OECD countries). The information gathered from the experts sheds light 
on the evolution of the future costs of solar technologies and results in a 
number of important policy recommendations with respect to solar RD&D 
investment. Results can be summarized as follows: 

RD&D efforts 
� The primary condition for substantial improvements in the cost 
competitiveness of the next generation of solar technologies is the long-term 
commitment to a constant RD&D effort in the range of the pre-economic 
crisis levels. Given this evidence, the EU and its Member States should plan 
a long-term commitment to secure stable RD&D funding to solar 
technologies. 

� Most experts suggest diversified RD&D portfolios so that a variety of 
technological alternatives can be kept open. To this end, RD&D funding for 
relatively more mature technologies (such as Silicon-based PV and CSP) as 
well as for frontier technologies (such as Organic and Third Generation PV) 
should be secured. This implies that rather than “picking a winner” policy-
makers should let technological options compete, although ensuring they all 
keep on existing. 

� Demonstration should become a key area of funding. To this end, the 
EU and its Member States should support the demonstration phase 
alongside private sector investors.  

Evolution of solar technology costs 
� Expected costs of solar power in 2030 range between 8 cUSD/kWh and 
22 cUSD/kWh, under the assumption that current RD&D funding remains 
stable for the next twenty years. Both the upper and lower bounds of this 
range are defined by PV technologies, while the cost range for CSP 
technologies is smaller (8.2-13.7 cUSD/kWh).  

� Assuming a mild carbon policy (corresponding to 11.5 USD per ton of 
CO2 in 2030) solar power would very likely become cost competitive with 
coal fuelled power according to almost all the experts.  

� If no carbon policy is in place almost all experts agree that no increase in 
RD&D funding would be sufficient to make solar power cost competitive with 
coal-generated power by 2030.  

� Increasing the current levels of RD&D effort by 50% reduces the high 
ends of the expected cost range of most pessimistic experts. As the 
consensus surrounding future expected costs of solar power is small, higher 
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RD&D expenditures represent a lever to reduce the uncertainty over future 
returns of innovation.  

� Increasing RD&D from current levels would also accelerate 
breakthroughs in less mature technological options, thus increasing the 
(small) likelihood of very large returns.  

Solar diffusion 
� Experts recognize the efforts undertaken in Europe in terms of RD&D 
spending, innovation and public policies by attaching to a European country 
the highest likelihood of being the first country to reach a breakthrough in 
production costs. However, experts recognize that also other countries (both 
developed, such as the USA, and developing, such as China) have a high 
probability of producing cost-competitive solar technologies. 

� All experts emphasize the crucial role of non-technical barriers to the 
diffusion of solar technologies (such as long-lived capital stock of current 
fossil fuel power plants and unfavourable pricing rules). This calls for policy 
intervention, in the form of a price on carbon, feed-in tariffs or standards, to 
secure penetration. 

� The share of total electricity produced using solar technologies by 2050, 
even according to the most optimistic experts, will not be greater than 30%. 
When assessing the likelihood that solar power will represent 5%, 20% and 
30% of electricity production in OECD countries, experts show very little 
consensus. Conversely, with respect to fast-developing countries the 
majority of experts associates the highest likelihood to the 20% scenario. 
When considering developing countries, half of the experts assign the 
highest probability to the 30% penetration scenario. The rationale behind this 
view is that in developing countries lock-in effects will be less a barrier to 
development than in fast growing countries. 

� Advancements in energy storage technologies will be critical in order to 
reach a share of electricity production from solar higher than 30%. Although 
this is a longer term issue, RD&D should be devoted to envision solutions. 
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1. Introduction 

The present report illustrates the outputs of the expert elicitation survey on 
Photovoltaic (PV) and Concentrated Solar Power (CSP) technologies carried 
out within the “Innovation for Climate chAnge mitigation: a study of energy 
R&D, its Uncertain effectiveness and Spillovers” (ICARUS) project, a 3-year 
ERC-funded project on innovation in carbon-free technologies (www.icarus-
project.org).  

ICARUS focuses on three interconnected streams of research relating to 
energy-efficient and environmentally-friendly frontier (or breakthrough) 
technologies, namely: 

1. Understanding the dynamics and drivers of innovation and knowledge 
flows using different data inputs (such as patents or Research, 
Development and Demonstration (RD&D) expenditures);  

2. Eliciting European experts’ opinion on the likelihood of reaching 
commercial success (breakthrough) and widespread diffusion;  

3. Assessing optimal energy RD&D portfolios under different climate 
targets in face of both innovation and policy uncertainty. To this end, the 
results of the first two research streams are projected into the future by 
means of an Integrated Assessment model.1  

The survey on PV and CSP technologies directly relates to the second 
stream of research and focuses on eliciting probabilistic information on the 
future costs of solar technologies and on the potential role of RD&D in 
reducing these costs. To this end, we collected information from sixteen 
experts (listed in Table 1) coming from different EU Member States and 
belonging to the academia, the private sector and to international 
institutions. This provides novel evidence on the likely evolution of solar 
costs in the next decades and on the range of the uncertainty surrounding 
them, thus complementing the insights obtained from climate economy 
models. The analysis of the experts’ data results in a number of important 
policy recommendations to guide the RD&D choice and commitment of the 
EU and its Member States in future years.  

PV and CSP technologies represent an important option for electricity 
production and could significantly contribute to lowering CO2 emissions from 
fossil fuel use. Solar technologies can play a role as an off-grid solution to 
alleviate energy poverty. This is particularly important for developing 
countries, where electrification rates are lower and solar technologies may 
grant access to electricity for lighting, communication and entertainment 
purposes (Abdullah and Markandya, 2009; Wamukonya, 2007; Jacobson, 
2007). Solar technologies represent a particularly palatable option for both 
developed and developing countries as, together with other renewable 
sources, they could significantly improve energy security while abating local 
pollution.  

The contribution of solar to renewable energy supply is still marginal. In 
2007, solar PV accounted for 0.6% and 0.1% of renewable energy 

 
1 WITCH is an Integrated Assessment model developed by the Climate Change Research 
Group at FEEM (see www.witchmodel.org for further details, a list of applications and selected 
research papers). 



Icarus expert elicitation reports Issue no. 1– June 2011 
 

10 
 

generation in OECD EU countries and the USA, respectively. PV in the last 
ten years grew at a 40% rate per year (IEA, 2010b).  

Germany leads the OECD’s solar PV installation with a 5.3 GW capacity. 
Other leaders are Spain (3.4 GW), Japan (2.1 GW) and the United States 
(1.2 GW). These four countries combined represent 85.8% of the OECD’s 
solar PV energy supply (IEA, 2010c). Despite the recent economic crisis, the 
PV market is gaining momentum. A number of countries, including Australia, 
China, France, Greece, India, Italy, Korea and Portugal, provided much 
support to PV in recent years. As a result, economic support schemes more 
than doubled between 2009 and 2010. Conversely, CSP systems are 
currently mainly concentrated in the United States and Spain, with few 
installations under construction in Northern Africa (NREL, 2010).  

The EU and its Member States have included PV and CSP technologies 
among the technology options which need to be promoted to move towards 
sustainable energy use (see the EU requirements for 2020 in Directive 
2009/28/EC). For these technologies, the barriers, the scale of the 
investment and risk involved can be better tackled collectively.  

The main challenge hindering the widespread deployment of PV and CSP 
technologies is their costs, which is currently not competitive with fossil fuel 
technologies (either with or without the help of a price on carbon). Solar 
power production also presents a number of additional challenges linked 
with the need to upgrade the electricity grid (to allow for dispersed 
production and for the transport of electricity for long distances) and with 
system integration (to balance off intermittency). Understanding the relative 
role of each of the barriers hindering diffusion is a crucial exercise that would 
result in more targeted and effective policy interventions. The survey focuses 
on both cost-competitiveness and non-technical barriers for deployment.  

Through an elicitation protocol we surveyed experts to collect probabilistic 
information on the future cost of solar technologies, how this will be affected 
by EU public RD&D programs, and what non-technical barriers to diffusion 
should be carefully considered when planning renewable energy policies. 
The questionnaire was divided in five sections, each one gathering expert 
opinions and reactions on a specific issue (the full version of the 
questionnaire is provided in Annex I): 

1. Reference data on solar technologies, current cost estimates and 
current RD&D investments for PV and CSP technology options, as 
detailed in Figure 1. 

2. Identification of existing technical barriers preventing the success of 
solar technologies and the type of RD&D investment necessary to 
overcome them.  

3. Optimal allocation of public EU RD&D funding across different 
technology options.  

4. Estimates of the costs of solar electricity in 2030 and how these might 
be affected by different RD&D programs. 

5. Potential for solar technology diffusion, the role of technology transfer 
dynamics and non-technical barriers. 

The elicitation protocol that we developed builds upon a vast literature 
(Morgan and Henrion, 1990; O’Hagan et al., 2006; Meyer and Booker, 1991; 
Clemen and Reilly, 2001; Keeney and von Winterfeldt, 1991; Phillips, 1999; 
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Walls and Quigley, 2001) but contains a number of important innovative 
elements: 

� European perspective: We provide the first elicitation of European 
experts. Expert elicitation has been widely used in the USA to gather 
probabilistic information on the future potential of energy technologies and to 
inform policy makers (e.g., Baker et al., 2009a, 2009b; Baker and Keisler, 
2011; Curtright et al., 2008; Chan et al., 2010), but so far it has not been 
carried out in Europe.  

� Global focus: We broaden the research horizons by focusing on the 
potential of solar technologies in Europe and worldwide. Previous studies 
focused entirely on the USA (e.g., Baker et al., 2009a; Curtright et al., 2008), 
thus ignoring important players in the innovation process and important 
markets for the deployment of these technologies. While we ask the experts 
to assess the potential for cost reductions conditional on RD&D investments 
in European countries, we ask them to also consider the potential for 
technology deployment and diffusion worldwide. In particular, looking into 
knowledge spillovers and technology transfer dynamics, experts indicate 
where commercial breakthrough is expected to occur, and how solar 
technologies would spread across different countries and regions of the 
world.  

� Broad set of technologies: Unlike previous studies, we assess the 
evolution of both PV and CSP technologies. The potential of PV 
technologies as a low-cost no-carbon option has been addressed in few 
previous studies (Baker et al., 2009a; Curtright et al., 2008) which analysed 
either one or several PV technology options. Conversely, there is no 
previous expert elicitation on CSP technologies. Conditional on technological 
improvements, CSP has great potential as a large scale technology option 
with competitive electricity prices. The IEA estimates that CSP could provide 
more than 50% of solar power by 2050 (IEA, 2010b). Understanding how 
investments in RD&D contribute to making this option cost-competitive and 
commercially viable is therefore of great relevance for policy makers. 
Assessing jointly the potential of PV and CSP technologies also allows a 
comparison between these two technology options.  

� Diffusion: Rather than concentrating solely on cost reductions 
conditional on RD&D investment levels, we also investigate the non-
technical conditions that could set back the technology’s diffusion into the 
market. Such barriers could prevent technology diffusion even if solar 
technology became cost-competitive with traditional fossil fuels. Barriers 
include difficulties with the turnover of existing power plants, unfavourable 
power pricing rules and geographical constraints. Some of the potential 
solutions to overcome such challenges are policy measures, financial 
incentives, education programs or marketing interventions.  

The next section of the report briefly reviews the current status of solar PV 
and CSP technologies. Section 3 illustrates the characteristics of the expert 
elicitation process and provides information on the origin and level of 
expertise of the experts. Section 4 describes the technical potential of the 
different PV and CSP technologies and illustrates the necessity to efficiently 
allocate the RD&D budget to overcome the technical barriers and 
consequently lead solar technologies to commercial success. Section 5 
presents the experts’ assessment of the role of RD&D investments in 
reducing the cost of electricity produced with solar technologies. Section 6 
analyses technology transfer dynamics and various scenarios of market 
diffusion. Section 7 summarizes the main findings of this study. 
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2. Solar technologies today 

The expert elicitation survey carried out within the ICARUS project focuses 
on 6 families of technologies for solar electricity production, namely 
Crystalline-silicon Photovoltaic (PV), Thin-film PV, Concentrating PV, 
Organic PV, Third Generation PV and Concentrated Solar Power (CSP) 
(Figure 1).  We focus on a wide range of technologies (more and less 
innovative) because even for the most mature ones (such as Crystalline-
silicon PV) there still is a strong need for research and technical 
improvements (Ginley et al., 2008).   

PV technologies represent an extremely interesting option for distributed 
electricity generation. The technology is relatively simple, modules are 
flexible and do not require expensive maintenance. Moreover, innovative 
technologies, like organic PV, will allow for the integration of modules in 
buildings and in new commercial products, providing infinite new possibilities 
for the exploitation of solar energy. 

CSP technologies, on the other hand, are promising because of their large 
scale potential. These systems use concentrating collectors for the solar 
radiation and heat a working fluid to high temperature, thus producing the 
steam necessary to spin a turbine and generate electricity. The plant is 
usually equipped with thermal storage allowing to partly address the issue of 
power generation intermittency. 

 

Figure 1:  Solar technologies considered in the int erviews with the experts 

 
Solar photovoltaic 

Solar energy can be directly converted into electricity through solid-state 
semiconductors, namely photovoltaic (PV) cells. Some technologies use  
natural solar intensity while “concentrating” technologies focus the direct 
component of solar radiation. Various PV technologies exist, all at different 
stages of development and maturity. First generation technologies are 
Crystalline-silicon PV, including large-grain poly- and single-crystalline 
materials, which represent 81% of worldwide solar installed capacity (SER, 
2011; Bloem et al., 2010). These are fairly simple single-junction devices 
(diodes) whose maximum theoretical power conversion efficiency is limited 
by thermodynamic considerations to about 31% under direct AM1.5 sunlight 
(Ginley et al., 2008). Their efficiencies at research-scale have increased over 
the past years and are now close to the theoretical limit (Figure 2).  
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Second generation technologies are those that demonstrated practical 
conversion efficiencies and potentially lower costs per watt than Crystalline-
silicon PV, but that have no significant market penetration yet. These include 
Thin-film PV, Concentrating PV and Organic PV and represent the remaining 
19% of worldwide installed solar capacity.2 Second generation technologies 
do not require the use of silicon wafer substrates, thus reducing the cost of 
manufacturing. The efficiency achieved in laboratory tests for these devices 
has also been increasing in the past years (Figure 2). 

Among second generation technologies, concentrating PV is an emerging 
market with approximately 17 MW cumulative installed capacity at the end of 
2008 (Bloem et al., 2010). High efficiency multi-junction solar cells can be 
used in combination with mirrors or lenses that concentrate solar light; 
typically the mechanics is complicated also by a sun-tracking system. The 
optic becomes extremely important in these applications and usually has a 
higher cost share than the cells (Ginley et al., 2008). While the market share 
of concentrating PV is still small, significant improvements could result from 
prototypes which are being produced and tested, from smaller (1-30kW) to 
larger (more than 100kW) applications (Kurtz, 2009).  

Organic-based PV could potentially be produced at lower costs than first 
generation and all other second generation technologies. Organic PVs are 
fabricated from organic semiconductors, polymers and molecules that are 
relatively easy to produce. Even though their efficiencies have also been 
increasing, they are still low compared to those of Silicon-based PV (Figure 
2).  

Lastly, third generation solar technologies include innovative options such as 
hot carriers, multiple electron-hole pair creation and thermophotonics, which 
could potentially achieve very high efficiencies but are still at very immature 
stages of development.  

Turning to the costs of PV modules, Figure 3 shows a significant variation 
within this technology. Costs have decreased in the last decades, going from 
about 22 USD/Wp in 1980 to about 2-5 USD/Wp in 2005 (Margolis, 2003; 
Shaheen et al., 2005). However, these costs are still high compared to those 
of other energy carriers. This hinders the diffusion of PV when no feed-in 
tariffs or other policy options are at work.  

Indeed, cost reductions in the last decades can be for a larger part attributed 
to economies of scale and learning-by-doing which result from increased 
module production and capacity installed. These in turn were ignited by a 
number of supportive pricing policies, such as feed-in-tariffs in Germany or 
fiscal incentives for domestic PV installations provided by the Italian state. 
These favourable pricing rules have resulted in the growth of PV electricity at 
a rate of about 40% per year in the period 2000-2010. PV reached a time-
averaged power production of about 2GW (IPCC, 2011).  

 
2 Cadmium telluride (9%), Amorphous silicon (8%) and Polycrystalline Thin films (2%) (SER, 
2011). 
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Figure 2:  Performances of different solar cells 

Source: Kazmerski, 2009. Production cell efficiency tends to lag the champion-cell figure by 

about two years. 
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Figure 3: Costs in 2005USD per peak watt (Wp) 

Sources: Greentech, 2009; EIA, 2007. Note that the module costs for concentrators are 

currently interested by large variations. Abbreviations: c-SI=Crystaline Silicon Single 

Crystallinge; Mc-Si: Globally vertically integrated multi crystaline silicon; Super c-Si: Supermono 

c-Si; a-Si: Thin-film amourphous silicon; CIS/CIGS: Thin-film copper indium gallium diselenide; 

Cd-Te: Thin-film Cadmium telluride. 

 

While supportive policies are necessary to achieve GHG emission 
reductions in the EU, they represent costly options for policy makers. The 
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technical improvement of solar technologies and their cost-competitiveness 
would lower the necessity to devote public funds to support deployment.3  

Concentrated solar power 
In CSP plants, mirrors are used to focus sunlight and to heat a working fluid. 
This high-temperature fluid is then used to spin a turbine or to power an 
engine that drives a generator, thus producing electricity. One of the main 
advantages of CSP plants is the possibility of storing the thermal energy 
captured from the sun: this allows decoupling the availability of electricity 
from that of sunlight. We surveyed experts on the most important CSP 
systems: Parabolic Troughs, Solar Power Towers, Fresnel Linear Reflectors 
and Dish/Engine Systems.  

Parabolic Trough Systems concentrate the sun’s energy through long 
rectangular curved mirrors; sunlight is focused on a tube (receiver) 
containing heating oil that transfers the thermal energy to a conventional 
steam cycle. Parabolic Troughs are the predominant CSP system currently 
in operation, with 500 MW of installed capacity representing roughly 91.5% 
of the 2009 worldwide CSP capacity (Greenpeace International, 
SolarPACES and ESTELA, 2010). Even though this technology is 
commercially proven and available, improvements are still needed, 
particularly with respect to the behaviour of the heat transfer media. The 
operating temperature potential has been tested at 400°C, at which steam 
quality is moderated, resulting in low efficiency of electricity production.  

Power Tower Systems use a field of distributed mirrors that individually track 
the sun and focus the sunlight on the top of a tower. The concentration of 
sunlight enables to reach temperatures between 800 and 1000°C; these 
high temperatures can be used to produce steam or in hybridization with a 
combined-cycle fossil power plant. As a result the efficiency of Power Tower 
Systems is higher than that of Parabolic Troughs. Only 40MW based on 
Power Tower technologies are installed worldwide and wide scale 
commercial deployment has yet to come (Greenpeace International, 
SolarPACES and ESTELA, 2010).  

Fresnel Linear Reflectors (FLR) are frontier technologies: in 2009 5MW were 
installed in one plant in Australia (Greenpeace International, SolarPACES 
and ESTELA, 2010). FLR rely on less expensive components than other 
CSP technologies: the mirrors are flat, rather than deeply curved, and 
located close to the ground, giving them lower wind profile (Denholm et al., 
2010). This results in lower investment, operation and maintenance costs 
with respect to other CSP plants, but also implies lower system performance. 
As the technology is yet to be deployed, it is not clear whether low 
efficiencies will be outweighed by savings in capital, operation and 
maintenance costs.  

Dish/Engine Systems are individual parabolic dishes in which a motor-
generator (typically based on a Stirling Engine) is mounted at the focal point 
of the reflector. Prototypes that have operated over the last ten years were in 
the range of 10 to 100 kW of installed capacity per unit, for a total installed 

 
3 The efficiency (and as a consequence the economic viability) of solar energy technologies 
depends, in large part, on the quality of the local solar resource. In order to cancel out 
differences related to solar irradiance, during the interview we asked the experts to provide their 
estimates for a representative Mediterranean region. 
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capacity of 0.5MW (Greenpeace International, SolarPACES and ESTELA, 
2010). This technology is well suited for decentralized power supply and 
stand-alone power systems and could potentially be scaled up to form arrays 
of higher overall capacity. However, these systems cannot be coupled with 
thermal storage and thus do not generate dispatchable electricity. 

CSP is a particularly attractive option for electricity generation because it 
generally allows thermal storage and hybridisation possibilities. Investment 
costs are however still high and without policy intervention CSP is currently 
not cost-competitive with electricity production from fossil sources. For 
Parabolic Trough Systems, investment costs are around 3.15-4.20 USD/W, 
which rise to 4.90 USD/W if the system includes six-hour thermal storage 
(Denholm et al., 2010; Price et al., 2002). Investment, operation and 
maintenance costs of CSP technologies other than Parabolic Trough 
Systems are yet largely uncertain since demonstration plants have been built 
only recently. For example, in hand-built prototypes of Dish/Engine plants 
investment costs are estimated around 8.6 USD/W. These are expected to 
significantly decrease as manufacturing capacity increases (Denholm et al., 
2010; Mills, 2004).  

Similarly to the PV case, the production of electricity from CSP installations 
has grown fast in recent years and reached a cumulative installed capacity 
of about 1 GW in early 2010 (IEA, 2010c). Considering the new projects 
under development (e.g. in China, India, Morocco, Spain and the United 
States), the global stock of CSP plants is expected to reach a total 15 GW 
(IEA, 2010c).  

The potential for cost reductions in CSP technologies lies in improvements of 
optical materials (solar collectors, receivers, concentrators, reflectors, optical 
coating for mirrors) and heat-transfer/storage fluids (working fluids that are 
stable over a broad temperatures range) (Denholm et al., 2010; Mehos, 
2008). These improvements are generally aimed at achieving higher 
temperatures in the working fluid, thus leading to greater efficiencies in the 
production of electricity. Finally, large scale deployment should lead to (1) 
the reduction of both capital and operation and maintenance costs through 
learning from experience and (2) economies of scale in larger plants.  

Role for RD&D investments 
Significant RD&D investment will be required in the next decades to foster 
technological improvements in both PV and CSP technologies, and to 
promote learning-by-doing effects as well as economies of scale resulting 
from large scale production. 

EU Public RD&D investment in PV and CSP technologies since 1980 
averaged 163 million USD per year (Figure 4). With the exception of a peak 
in 1984, public investment has been rather stable until the beginning of 
2000, with a minimum of 114 million USD in 1999. In recent years, public EU 
RD&D spending has shown an increasing trend (around 209 million Euros 
for 2007). This was the result of the general increase of oil and gas prices 
and climate change concerns: indeed, renewable energy options could 
jointly address climate change challenges and energy issues, decoupling 
economic growth from fossil fuel use. The recent economic crisis has slowed 
down the most recent numbers, hence for the purpose of our analysis we 
asked experts to consider the 2004-2009 average expenditure in order to 
smooth out year-specific idiosyncrasies. 
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Figure 4:  Trend of public RD&D investment in solar  technologies by EU countries, 1978-

2008     

Source: IEA, 2011.  

 
Germany, France, Italy and Spain have the four highest RD&D budgets for 
PV in Europe, while public investment for CSP is concentrated in Spain and 
Germany. EU public investment in 2007 represented 55% of the OECD 
investment in PV technologies, while the USA and Korea follow, accounting 
for 30% and 8%, respectively. EU and US public investment in CSP in 2007 
represented 71% and 25% of total OECD investment, respectively (IEA 
2011). 

Public RD&D investments are however only a fraction of the RD&D effort in 
any given country. Private RD&D investments in renewable technology are 
largely unknown, since no country statistics are publicly available. A recent 
analysis of the JRC for the EU (EC, 2009) shows that in 2007 private 
contributions are estimated around 60% of the total RD&D investments in PV 
and CSP technologies (see Figure 5 for estimated RD&D investments in PV 
and CSP from industry and public sectors for European IEA Member 
Countries and the EU). The little available evidence also shows that private 
investments are expanding rapidly. In particular, solar energy led all clean 
energy technologies in terms of venture capital investments in 2008, with 
5.45 billion USD of investment and 88% growth from 2007 (Bloomberg, 
2009). 

As private RD&D numbers are elusive, a proxy for innovative activity in 
different countries that is commonly adopted is the count of patents in solar 
technologies. On this basis, Dechezleprêtre et al. (2010) ranked Japan, 
USA, and Germany as the top innovators for solar PV worldwide. Haščič et 
al. (2010) show that patenting in PV technologies worldwide exhibited 
particularly rapid growth in recent years, with China and India being 
respectively the 10th and 16th top innovator in PV technologies. Patents in PV 
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technologies in 2000 were about eight times higher than at the end of the 
1980s. In addition, the transfer of PV technologies between Annex I and 
non-Annex I countries is significant. Using patent protection in foreign 
countries as a proxy of technology transfer, one can show that between 
1978 and 2007 more than 4,800 patents were transferred from the 13 top 
innovator countries in PV technologies to the 13 top receiving non-Annex I 
countries (Haščič et al., 2010).4 Japan, the US and Germany are the top 
exporters of technologies, while China represents the top market for foreign 
PV technology protection among receiving countries. 

 

Figure 5:  Estimated RD&D investment in PV and CSP from industry and public sectors 

for European Member Countries and the EU 

Source: EC, 2009. 

Role for policy 
In the past decades, renewable energy policies have come to the forefront of 
the debate surrounding climate change and energy security. The interplay 
between innovation levels, cost reductions and policy in support of solar 
energy production is shown in Figure 6. On the left axis of the graph we 
count the number of policies that were implemented in each EU country and 
that specifically mentioned support for solar (or more generally for 
renewable) technologies over the period 1978-2010 (IEA, 2010e). These 
policies range from feed-in tariffs and tax exemptions to command and 
control standards. RD&D-related policies represent only 7% of the total 
policies supporting solar and renewable energy. On the right axis, we 
measure the production of electricity (GWh, logarithmic scale) in PV and 
CSP technologies in 2008 (IEA, 2010a). As expected, countries that 
implemented more policies in support of solar and renewable technologies 
displayed higher electricity production from solar sources than countries 
where policy activities were lower. Policies, even though not directly 
financing RD&D, have also been inducing innovation, both measured in 
terms of private RD&D investments and in terms of patents. Top innovating 

 
4 If a country patents the same technology abroad twice (in two different countries), the patent is 
counted twice. 
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countries in solar technologies, such as Germany, Spain, Italy and France 
are those countries with the highest number of policies in support of solar 
electricity production.  

While gauging how public and private RD&D investments will affect 
technology costs and the resulting diffusion of solar technologies, it should 
be kept in mind that specific policy interventions will play a crucial role. First, 
policy supporting solar technologies can provide incentives for diffusion even 
if technologies are just cost-competitive, but not cheaper, than traditional 
options. Second, policy can help to overcome important barriers to diffusion 
that are not necessarily linked to costs (see Section 6).  
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Figure 6:  Policies supporting solar energy (1978-2 009) and PV and CSP electricity 

production (2008) in IEA Member States 

Sources: IEA, 2010a; IEA, 2010e. 

3. Expert elicitation 

Expert elicitation (EE) is the process of gathering the judgment of experts 
through specially designed methods of verbal or written communication. EE 
processes are increasingly applied to different research fields to deal with 
complex phenomena characterized by uncertainty and lack of data. The 
literature on decision analysis provides interesting theories on the 
techniques that should be applied to elicit expert judgments under 
uncertainty, as is the case for energy projections (Morgan and Keith, 2008), 
climate change impacts and policy analysis (Morgan and Keith, 1995; 
Morgan et al., 2001), and environmental policy in general (Morgan and 
Henrion, 1990).  

Applications to clean energy technologies started only recently. Expert 
elicitation processes used to assess the potential of success of carbon-free 
technologies are relatively scarce, but provide important insights for our 
analysis. Baker and Peng (2011) calculate the Expected Value of Better 
Information (EVBI) gained through the use of expert elicitations in order to 
better assess energy technology RD&D portfolios. They estimate that the 
EVBI ranges from 100 million to 11 billion USD for individual technology 
categories. Baker et al. (2009b), Baker and Keisler (2011), Chan et al. 
(2010), Baker et al. (2009a) and Curtright et al. (2008) use expert elicitation 
to investigate the uncertain effects of RD&D investments on the prospect of 
success of carbon capture and storage, hybrid electric vehicles, cellulosic 
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biofuels, and solar PV technologies. Our study is particularly related to the 
latter two where expert judgments are used to assess the role of RD&D 
investments to support technical change in PV technologies and, as a 
consequence, the potential of technical change with respect to impacting the 
cost of carbon emissions reduction.  

The literature on decision analysis and psychology warns that, in spite of 
their deep and recognized knowledge of the subject, experts can be subject 
to the same cognitive and motivational biases as all human beings, unless 
certain preventive measures are used in the elicitation. Such ‘bias’ refers to 
a skewing of the expert’s estimate from some reference point and can be of 
different nature. In presence of uncertainty, for example, people often anchor 
their response to the ease with which they can imagine an event occurring or 
to some “central” value. These as well as other biases may introduce an 
underestimation of the probability of extreme events and can negatively 
interfere with the elicitation process.  

To minimize such bias in experts’ estimates, we chose to gather expert 
estimates by applying specially designed questions and methods of 
communication (Morgan and Henrion, 1990; Meyer and Booker, 1991; 
O’Hagan et al., 2006). The survey was therefore tailored considering the 
complexity of the analysis, the presence of multiple interests and 
perspectives and the need to account for the uncertainty characterizing 
technological development.  

We identified and selected a mix of experts with strong scientific 
backgrounds and sound empirical knowledge. We looked for a balanced 
group of experts who could represent the major perspectives and fields of 
knowledge (engineers, economists, policy makers). We specifically made the 
choice of interviewing experts from heterogeneous backgrounds: academia, 
institutions and private sector are represented in a balanced way to ensure a 
thorough analysis of the topics. The level of expertise of each selected 
interviewee was carefully assessed considering tangible evidence such as 
publications and direct involvement in projects related to research and 
development of solar technologies.  

Figure 7 summarizes the geographical distribution of the experts who took 
part in our survey and their institutional belonging (see Table 1 for the full list 
of experts). We also took into account the experts’ availability and 
willingness to participate, and their impartiality and lack of an economic or 
personal stake in the potential findings. The quality and level of expertise 
was further explored and confirmed by an exercise of self-evaluation with 
respect to each of the selected technologies, using a 1 to 5 scale, from low 
to high expertise.  

To test the questionnaires and the elicitation process, we carried out few 
pilot interviews with experts from the academia and the private sector. This 
process was crucial to refine and condense the various sections of the 
questionnaire.  
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Figure 7:  Origin of the experts and professional s ectors of belonging 

Colours indicate professional sectors: green = institution, yellow = academy, red = private. 

 

Composition of the expert pool 
Figure 8 compares the level of expertise in the 6 solar technologies 
considered by using the output of the self-evaluation exercise included in the 
survey. More specifically, the graph shows the distribution of the experts with 
respect to their level of specialization in any specific solar technologies and 
to their degree of knowledge of several technologies.5  

Most of the experts selected have a high degree of specialisation 
(Specialization Index > 50%) whereas the wide spread along the X axis 
suggests heterogeneous levels of knowledge with respect to the different 
solar technologies (Coverage Index). The experts’ background partially 
influences their specialisation and coverage: all the experts from the private 
sector are highly specialised, three out of five experts from the international 
institutions show high coverage of solar technologies knowledge (Coverage 
Index >50%). 

Most experts (Figure 9) with a diverse background declared a high level of 
expertise on relatively mature solar technologies, such as Crystalline-silicon 
PV and CSP. The experts with a good knowledge on innovative 
technologies, such as Third Generation PV and Organic PV, were mainly 
academics. 

 
5 The scatterplot area can be read as follows: (i) the high/left quadrant, identifies experts with 
low values of coverage and high level of specialisation, (ii) the high/right quadrant, includes 
experts with high coverage and high specialisation; (iii) the low/right quadrant, with experts 
presenting high coverage with scarce specialisation; and (iv) low/left quadrant with experts 
characterized by low coverage and low specialisation. 
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Figure 8:  Ordering of the experts based on the Cov erage Index and the Specialisation 

Index 
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Figure 9: Distribution of the experts with respect to six major classes of solar 

technologies 

High expertise: max level of knowledge >3; medium expertise: max level of knowledge =3; Low 

expertise: max level of knowledge <3. 

4. Technical potential of solar technologies 

To identify the most important drivers of variations in the costs of PV and 
CSP, the survey asked each expert to comment on the current level of 
technical development of the proposed technological options. The experts 
provided insights on the level of maturity of each technology and on the 
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specific conditions that would lead to cost competitiveness and to 
commercial success with respect to traditional fossil fuel technologies for 
electricity production. They were also asked to identify the main bottlenecks 
that currently represent barriers to cost reductions and to specify what type 
of RD&D would be most needed. Table 2 reports keywords that were 
mentioned by at least four experts when discussing barriers and issues 
connected to each of the technological options. In particular, organic PV 
attracted very diverse comments and consensus across experts on what the 
problems are and what is needed. 

Table 2: Keywords mentioned by at least 4 experts 

Crystalline-
silicon PV Thin-film PV Concentrating 

PV Organic PV 
Third 
generation 
PV 

Concentrating 
Solar Power 

Efficiency, 
materials  

Efficiency, 
stability, 
toxicity and 
durability 

Stability and 
complexity, 
very high 
costs 

Efficiency 
stability, 
lifetime 

Efficiency, 
proof of 
concept 

Heat storage, 
durability, 
material 

 

Main advances in Crystalline-silicon technology need to come from the 
automation of the production processes and the introduction of more robust 
and durable encapsulation concepts. Cell efficiency should be increased 
above 20% (about 21% for mc-Si and about 25% for c-Si),6 reducing the 
large gap between laboratory efficiency and module efficiency. In general, all 
the experts are convinced that in Crystalline-silicon technology there is room 
for significant technical improvements which would result from a structured 
demonstration activity. 

The crucial improvements seen as necessary for the success of Thin-film 
technology relate to module efficiency (which would reach 15-18%), material 
toxicity and to the development of large-scale production units, which would 
lead to economies of scale. The durability of installations should be proven 
through specific demonstration tests.  

Advances in Concentrating PV technologies would result only from an 
integrated effort in both basic and applied R&D and demonstration activities. 
As the systems are fairly complex and costly, effort should work in increasing 
precision and stability at lower costs. 

Organic PV and Third generation PV technologies were judged to need 
significant further development. For Organic PV, major improvements are 
needed with respect to understanding materials’ properties and ensuring 
stability and efficiency of the installations. Third Generation technologies, 
where innovative materials and devices are being processed at the 
nanoscale, are still at the exploration phase. Structured demonstration 
projects should be carried out to assess the potential and functionality of 
these technologies.  

In the case of concentrating solar power, main barriers to development are 
heat storage and durability.  

 
6 For abbreviations, see notes to Figure 3. 
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Given the current status of development, each expert was asked to allocate 
100 “chips” (representing the current annual level of public RD&D 
investments, or approximately 163 million USD)7 to the different solar 
technologies considered in the survey. Several experts indicated that in the 
next twenty years the largest share of the RD&D budget for solar energy 
technologies should be devoted to improving “mature” technologies (see the 
aggregate budget allocation in Figure 10) such as Crystalline-silicon PV, 
Thin-film PV and CSP. Applied R&D and demonstration play the biggest role 
for these technologies, as experts uniformly perceived the need to work in 
“outside the lab” conditions to test real efficiency, to improve lifetime and to 
bring down costs via learning-by-doing processes. All experts indicated 
explicitly that funding for Demonstration (as opposed to basic Research and 
Development) should be a consistent and crucial part of public investment 
(Figure 10). This is in sharp contrast with the EU’s institutional choice of 
allocating most of the public RD&D budget to Research and Development.  
In 2007, for example, only 11% (3%) of public spending for PV (CSP) went 
to demonstration activities (EC, 2009).  

0 5 10 15 20 25

Concentrating PV

Third generation PV

Organic PV

Crystalline-Si

Thin-film PV

CSP

Budget (chips)

Basic R&D Applied R&D Demonstration

 

Figure 10: Aggregate allocation of the RD&D budget and type of RD&D - 2010-2030 

 
Notwithstanding the commitment to improve mature technologies, most 
experts chose to diversify their portfolio of investments, by allocating some of 
their budget to each of the technology options (Figure 11). A fairly uniform 
low amount of chips was allocated to Concentrating PV and Third 
Generation PV (on average 9.7 to Concentrating PV and 12 to Third 
Generation PV).  These are technologies that most experts see as promising 
and constant efforts should be made to identify their true market potential. 
Organic PV is more controversial: it received on average a larger amount of 
chips (13.3) but with larger fluctuations across experts, reflecting the 

 
7 See Figure 4. 
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heterogeneity of experts’ views with respect to this technology. Most experts 
consistently allocated a relatively larger part of their budget to what most 
consider a promising and relatively stable technology such as Thin-film PV 
(on average 20.7 chips). Other more mature technologies, such as 
Crystalline-silicon PV and CSP, received on average larger shares of the 
total budget, but with much wider lower and upper bounds, indicating a more 
heterogeneous distribution among the experts. In these latter cases, the 
choice to allocate a higher budget to a specific technology mostly reflected 
the area of expertise of each expert (see also Figure 12 and relative 
discussion). 

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Experts

Concentrating PV Third generation PV Organic PV Crystalline-Si Thin-film PV CSP

µ= 9.7
σ2= 50.8

µ= 12
σ2= 52.3

µ= 19.6
σ2= 237.3
µ= 19.6
σ2= 237.3
µ= 19.6
σ2= 237.3
µ= 19.6
σ2= 237.3

µ= 24.8
σ2= 447

µ= 20.7
σ2= 94.4

µ= 13.3
σ2= 157.8

 

Figure 11: Budget allocation among the different te chnology options 

For each technology (row) both the average (µ) and variance (σ) in the chips allocated is given. 

For each expert (column) the total of chips allocated is 100. 

 

Sensitivity analysis on experts’ budget allocation 
The experts’ decision on the distribution of the allocated budget could be 
biased towards those technologies which are the main focus of the expert’s 
research or policy activity. Figure 12 tests for the independence of the 
experts’ budget distributions with respect to their area of focus by relating the 
share of budget per technology to the level of experts’ specialization. For 
each expert we report the maximum allocated fund and the level of expertise 
in the corresponding technology. We also provide reference levels dividing 
the x-axis: the “equidistribution” line is associated with 16.7 chips - the level 
of investment that each technology option would have received assuming 
that the budget was equally split between the 6 technologies; the “2-
equidistribution” line, which represents 33.4 chips - twice the equal 
distribution value.  

Experts who allocated a budget higher than 33.4 chips to more than one 
technology are reported more than once. We also provide information on the 
background of the expert (academia, public institutions or private sector). 
What emerges from Figure 12 is that all experts but one allocated a higher 
budget to technologies they know better. This is particularly pronounced for 
experts from the private sector and in general represents a natural bias 
towards one’s focus of research. Two reasons can explain the experts’ 
choices in this regard. First, due to their deep knowledge of the subject, the 
experts might be confident that higher investments in the selected 
technology would lead to faster or greater results. Second, the experts might 
also be aware of the limits of the technology; allocating more funds might be 
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a way to overcome these shortcomings. The exercise demonstrates the 
importance of selecting top-experts of each technological option in order to 
guarantee a robust expert elicitation process. 
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Figure 12: Maximum budget value allocated and relat ed expertise level expressed for 

given technology. 

Cry: Crystalline-Silicon; TfPV: Thin-film PV; CoPV: Concentrating PV; OrPV: Organic PV; CSP: 

Concentrated Solar Power. 

5. RD&D and future costs 

The core aim of the survey was to assess if and under what conditions the 
costs of solar generated electricity would eventually become competitive with 
other power technologies. To this end, we directly asked the experts to 
estimate the 10th, 50th and 90th percentile of expected cost of solar electricity 
in 2030 under different RD&D investment scenarios, with the 50th percentile 
representing the most likely value. In addition, we also asked experts to 
evaluate the likelihood of costs being below given representative 
thresholds.8 

Since experts typically think in terms of technological endpoints and not in 
terms of electricity costs, we provided them with a formula deriving the cost 
of electricity from Solar PV or CSP from specific technical factors, such as 
technology efficiency, lifetime, module areal cost, balance of system cost, 
peak insulation power, and discount rate (see Annex II for the complete 
formula). Experts who did not feel at ease with directly providing monetary 

 
8 56% of the experts considered the evolution of electricity costs in the EU only, while 44% 
referred to global conditions, arguing that the market for this technology is global and lower 
costs would diffuse fairly rapidly. 



Icarus expert elicitation reports Issue no. 1– June 2011 
 

27 
 

estimates were free to use the formula to estimate how improvements in 
technical factors would result in lower monetary costs.9  

The estimates of the 2030 cost were collected conditional on three 
alternative scenarios of public EU funding to RD&D. The first scenario 
assumed that the current annual EU public RD&D level of investment as a 
share of GDP would be maintained throughout 2030 (182 million of USD,10 
Scenario Current RD&D). The second scenario assumed an immediate 50% 
increase of public EU RD&D investment, then sustained until 2030 (Scenario 
+50% RD&D). In the third scenario, annual public EU RD&D would scale up 
to twice the current levels and be maintained there up to 2030 (Scenario 
+50% RD&D). We asked the experts to provide cost estimates assuming 
that annual expenditure would be constant between 2011 and 2030. This is 
in sharp contrast with the significant oscillations experienced by EU 
countries in the last 20 years (see Figure 4). 

Experts’ estimates of the expected cost of electricity in 2030 are reported in 
Figure 13. Each segment represents the 50th, 10th and 90th percentiles under 
current levels of EU RD&D funding, in black, and under the +50% and 
+100% RD&D scenarios, in dark and light grey, respectively. Experts 13, 14, 
15 and 16 provided 2030 cost estimates for CSP technologies, while all 
other experts provided 2030 cost estimates for the best performing PV 
technology, in most cases without specifying which technology they were 
referring to. Expert 2 specifically considered concentrating PV technologies 
only, which is a frontier technology associated with higher costs. Hence in 
some of the aggregated figures we explicitly exclude Expert 2.  
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Figure 13: Estimates of 2030 solar electricity cost s (50 th, 90th and 10 th percentiles) under 

different EU RD&D funding scenarios 

Current RD&D: black. 50% increase in RD&D: dark grey, 100% increase in RD&D: lighter grey. 
Experts 13-16 provided cost estimates for CSP technologies, while the rest considered PV 
technologies. The shaded area defines the 2020 range of expected cost of electricity produced 
from PV: from 7.3 cUSD/kWh in (Breyer et al. 2009) to 14.5 cUSD/kWh (IEA, 2010d). The green 
area represents the 2020 US Department of Energy goals for CSP as reported in (IPCC, 2011): 
from 5 to 6 cUSD/kWh. The 2030 CSP cost projections from IEA are somewhat higher, ranging 
from 10.7 to 15.6 cUSD/kWh by 2030 (IEA, 2010c). 

 
9 As already mentioned, since the efficiency of solar technologies depends on insolation, during 
the interviews we referred to a representative southern European region. However, two experts 
clearly referred to northern Europe insolation values. 
10 We asked the experts to evaluate the average yearly expenditure over the period 2004-2009 
in order to smooth out the recent slowdown in investments due to the economic crisis. Numbers 
were presented both in Euros and Dollars.  
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Assuming the current RD&D scenario, most best guesses lay within the 7.5 - 
14.5 cUSD/kWh range. This is in line with estimates reported in the IPCC 
Report (2011) which are represented by the shaded area in Figure 13. The 
average expected cost resulting from the expert estimates is 11.7 
cUSD/kWh,11 while it falls to 10.8 cUSD/kWh when Expert 2 is left out of the 
sample. The average expected cost for CSP only technologies is 10.1 
cUSD/kWh. This value is well above the green shaded area in Figure 13 
representing the 2020 US Department of Energy goals for CSP as reported 
in IPCC (2011) and more in line with the 2030 cost projections from IEA, 
which range from 10.7 to 15.6 cUSD/kWh (IEA, 2010c). 

When public EU RD&D funding is assumed to be 50% higher than current 
levels the estimated costs are on average 20% lower: the majority of best 
guesses in this case ranges from 7 to 11 cUSD/kWh and the average 
expected cost is 9.3 cUSD/kWh,12 while for CSP the average expected cost 
is in this case 8.9 cUSD/kWh.  

The estimates of the evolution of solar electricity costs conditional on RD&D 
investments provided by eight out of the sixteen experts suggest increasing 
returns to scale to RD&D,13 as the marginal improvement of the +100% 
RD&D scenario is higher than that of the + 50% scenario. The average 
expected cost conditional on a 100% increase of public RD&D funding is 7.7 
cUSD/kWh, with most best-guesses ranging from 6 to 9 cUSD/kWh. 
Conversely, all experts concentrating mainly on CSP solar technologies 
provide estimates suggesting decreasing returns to scale: a +100% RD&D 
scenario implies an average expected cost of 8.1 cUSD/kWh. 

All experts agree on the direction of the effect of RD&D on expected costs, 
namely that higher RD&D expenditures lead to lower average expected 
costs. However, their opinions vary widely with respect to the effect of RD&D 
on the uncertainty, which we measure using the difference between the 10th 
and the 90th percentile in the cost estimates (see Figure 14). 

According to six out of sixteen experts, increasing RD&D by 50% reduces 
the uncertainty surrounding costs (+50% scenario). However, increasing 
public funding further (+100% scenario) results in higher uncertainty. 
Moreover, twelve experts provided wider cost ranges for at least one of the 
two higher-than-current RD&D scenarios, indicating a generally higher 
degree of uncertainty in evaluating departures from the status quo. This, as 
explained by some of the experts, depends on the fact that a 100% growth in 
the solar RD&D budget would probably result in higher investments in less 
mature technologies, whose success has a higher degree of uncertainty 
than for more mature technologies.  

 

 
11 Expected costs are calculated using all the information collected: those regarding direct 
elicitation of costs and those collected asking likelihood of costs being below thresholds that we 
discuss later in this section.   
12 Leaving out expert 2 does not significantly change the average expected cost figure: under 
the +50% RD&D scenario divergence across experts is extremely reduced. 
13 Increasing returns to R&D have been postulated on the assumption that larger firms are more 
research-efficient and that ideas/blueprints can be used repeatedly without additional cost. 
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Figure 14: Uncertainty in experts’ cost estimates 

Uncertainty is measured as the difference between the 90th and 10th percentiles in each expert’s 

estimate of 2030 cost under each of the three RD&D funding scenarios. 

 

To check the consistency of the experts’ responses, we also asked each 
expert to estimate the probability that the cost of solar electricity in 2030 
would be lower than some representative threshold, conditional on the same 
alternative RD&D investment scenarios outlined above. The three different 
“breakthrough” cost levels proposed to experts correspond to projections of 
the costs of electricity from fossil fuels or nuclear in 2030. The first 
breakthrough cost (11.27 cUSD/kWh) corresponds to the 2030 projected 
cost of electricity from traditional coal power plants in the presence of a 
specific policy to control CO2 emissions (thus effectively increasing electricity 
costs from fossil sources). Specifically, we assumed a carbon price 
accounting for more than half of the cost of electricity (5.8 cUSD/kWh), which 
is in line with a mild stabilisation target (leading to a 550ppm CO2 only 
stabilization target by 2100). The second breakthrough cost (5.55 
cUSD/kWh) is the projected cost of electricity from traditional fossil fuels in 
2030, without considering any carbon tax. Finally, the third breakthrough 
cost (3 cUSD/kWh) assumes that solar power might become competitive 
with the levelized cost of electricity from nuclear power.14 

Asking experts the follow up question on the likelihood of reaching cost 
targets allowed us to control the risks linked to the direct elicitation of 
subjective probabilities,15 to increase the amount of elicited information, and 
to deepen the discussion with the expert, hence improving our perception of 
the experts’ beliefs. In cases where the two answers were inconsistent, we 

 
14 Baker et al. (2009a). 
15 One of the main risks is the possibility to collect highly context-dependent answers which do 
not represent a true, mathematical, probability measure (Meyer and Booker, 1991). Examples of 
distortion in the elicited probabilities are: treating low-probability events as impossible; 
overconfidence and other anchoring effects; overweighting salient events (O’Hagan et al, 2006).  
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engaged the experts in follow-up questions to verify what the true estimate 
was.  

If the current RD&D expenditures are constant through 2030, the average 
expected cost estimate is above the highest threshold of 11.27 cUSD/kWh, 
and the probability of reaching a breakthrough is around 66%. As discussed 
above, excluding Expert 2, who was focussing on a single specific high cost 
technology, the average expected estimate falls below the price of electricity 
produced with fossil fuels in presence of the carbon tax and the average 
probability of solar technologies being cost competitive 71%.  

A 50% increase in the RD&D funding leads to a significant increase in the 
probability of abating the costs below the 11.27 cUSD/kWh threshold by 
2030: the average probability of breakthrough increases from 66% to 78%. 
Under the +100% scenario, all but one expert agree that the cost of solar 
electricity would be lower than 11.27 cUSD/kWh, with a probability of 
breakthrough higher than 90%. 

All experts agree that under the current RD&D scenario reaching either the 
5.55 cUSD/kWh or the 3 cUSD/kWh target is very unlikely (<10% 
probability). The picture doesn’t change substantially when RD&D 
investment increases by either 50% or 100%. According to most experts, 
increasing the RD&D budget by 50% (100%, respectively) would increase 
from 5% to 12% (21%) the average probability of reaching 5.55 cUSD/kWh. 

Combining information on both the percentile cost estimates and the elicited 
probabilities associated with the three cost levels, we derived the probability 
distribution function of 2030 solar electricity costs for each expert. Figure 15 
plots the 2030 expected cost under the current RD&D scenario (y-axes) and 
the % decrease in the 2030 expected cost (x-axes) under the +50% and 
+100% scenarios (in blue and red, respectively) for each expert.  
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Figure 15: Expected costs of electricity in 2030 un der the current RD&D scenario (y-axis) 

and % decrease in the 2030 expected cost under the additional RD&D funding (x-axis) 

+50% RD&D scenario: blue; +100% RD&D scenario: red. The three experts for which follow up 

questions to ensure consistence across answers were not possible are left out of the sample. 
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Experts appear to be clustered around two alternative visions, based on their 
estimates under the current RD&D scenario. The first cluster, encompassing 
70% of the experts, is scattered around a cost of 9 cUSD/kWh. This group of 
experts is more optimistic with respect to the 2030 cost figures under current 
RD&D. The remaining experts’ estimates can be grouped around a cost of 
16 cUSD/kWh. This second cluster of experts share larger expectations on 
the effectiveness of increasing RD&D above current levels. Experts that 
expressly considered CSP technologies are equally divided across the two 
clusters. 

Increasing RD&D investments results in the convergence of the two clusters, 
with an almost complete overlap under the +100% RD&D scenario. In this 
case, the variance of expected costs is reduced by one order of magnitude 
with respect to the current RD&D scenario case: the average expected cost 
under the +100% RD&D scenario is 7.2 cUSD/kWh, with a 1.1 cUSD/kWh 
variance. Conversely, under the current scenario measured including 
(excluding) Expert 2 the variance is 18 cUSD/kWh (10 cUSD/kWh). This 
suggests that larger RD&D programs in solar technologies do not 
necessarily decrease the future uncertainty each expert attaches to his/her 
own estimates, but do smooth out differences across experts.   

The estimates of the EU experts surveyed in this study are in general more 
optimistic and less dispersed than those of the US experts engaged in the 
expert elicitation survey by Curtright et al. (2008), although any real 
comparison is not possible as the two studies differ in the range of costs 
over which the questions focussed. All US experts reported a probability 
>70% that under specific assumptions16 the 2030 cost of at least one of the 
different PV technologies analysed would be below 24 cUSD/kWh. Half of 
the surveyed experts attach a greater than 50% probability to the event that 
the cost could eventually go down to 6 cUSD/kWh before 2050.  

Baker et al. (2009a) surveyed US experts in second generation PV 
technologies. By assessing the evolution of specific technical endpoints,17 
they collect (very disperse) probabilities associated to the 2050 costs of 
electricity being below 5 cUSD/kWh ranging between 0 and 40%.  

6. Diffusion of solar technology 

The potential for success of solar PV and CSP technologies cannot be 
assessed simply based on the level of technical barriers and development 
and on the cost-reducing potential of RD&D programs. Although the 
availability of low-cost solar technology is a key requirement, it is through the 
worldwide diffusion of these technologies that greenhouse gases emissions 
will be impacted. In this respect, even if solar technologies were mature and 

 
16 Curtright et al. (2008) make specific assumptions on technical factors such as lifetime, 
capacity factor, balance of system costs, etc. Specifically, they assume future capital prices of 
1.20USD$, a module lifetime of 25 years and no decrease in power output over that period, a 
capacity factor of 15%, a 12% capital charge rate, annual maintenance of 0.5% of the capital 
cost, and balance of system costs equal to the cost of the modules. 
17 The technical endpoints considered in Baker et al. (2009a) were efficiency, lifetime and cost 
of manufacturing over the next 40 years. Specifically, a cost of electricity of 5 cUSD/kWh 
corresponds to 15% efficiency, 30 year lifetime and 50 USD/m2 of manufacturing costs, while a 
cost of electricity of 3 cUSD/kWh corresponds to 31% efficiency, 15 year lifetime, 50 USD/m2 of 
manufacturing costs. 
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efficient from a technical point of view, non-technical issues and barriers 
could still play a role in slowing their worldwide diffusion.  

The fourth section of the survey addresses precisely this point. First, we 
asked experts to indicate which geographical area of the world had the 
highest probability of being the first to reach commercial success in solar 
technologies (Figure 16). 35% of the experts indicated that the breakthrough 
in solar technologies will take place in the EU, while 29% believe China will 
be the first country in which solar technologies will achieve cost-
competitiveness. Further, 23% and 13% of the experts believe that success 
will take place in the United States and Japan, respectively.  

While interpreting this result, one should keep in mind that the pool of 
experts we selected was European. As a result, the indication that Europe 
has the highest probability of reaching the breakthrough in solar 
technologies could be partly biased by the origins of the experts. More likely, 
though, the experts’ responses reflect the presence in Europe of factors both 
pulling the demand for and pushing the supply of solar electricity. These 
factors affect innovation decisions and have fostered and will sustain the 
European leadership in solar technologies. As already noted in Section 2, 
public investment in solar technologies is higher in the EU than in the USA, 
indicating the great collective effort of Member States in developing cost 
competitive solar technologies. Moreover, experts’ opinions on this issue 
possibly incorporate the presence of clear political support and specific 
policies that favour renewable energy penetration at the European level. 
Such policies are key factors to ensure that currently available technologies 
exit the so-called “valley of death” of demonstration and deployment.  

 

Figure 16: Countries’ probability of being the firs t to reach the commercial breakthrough 

in solar technology 

 
The experts also commented on how national RD&D programs should be 
shaped as a result of the specific nature of knowledge flows between 
countries with respect to solar technologies. The majority of the experts 
(81%) affirmed that the current conditions reflect a relatively successful 
cooperation among different countries, which results in important knowledge 
spillovers. However, they agreed on the binding need for each country to 
invest in its own RD&D program to develop absorptive capacity and 
therefore to be ready to adopt breakthrough technologies eventually 
developed abroad.  

Figure 17 summarizes the six non-technical barriers that the all experts 
identify as the most likely to set back the widespread diffusion of solar 
technologies. These include long-lived capital stock of currently used fossil 
fuel plants for electricity production, the intermittency of solar power sources, 
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geographical constraints linked to insolation levels and land availability, 
unfavourable pricing rules, and rare metal supply (such as tellurium). 
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Figure 17: Non-technical barriers to the diffusion of solar technologies and potential 

solutions to overcome the barriers 

In the graph, the line corresponding to the zero value of the y axis distinguishes the solutions 

associated with each single barrier in two groups: the first group corresponds to the solutions 

which have been considered by the experts as important to overcome the barrier, while the 

second (lower) group is composed of the solutions which collected fewer votes from the experts. 

First, past capital investments in fossil power plants make it hard to switch to 
a new technology unless the plants have reached the end of their 
commercial life and need replacement. This is known as the lock-in effect 
due to sunk costs and long-lived capital, which represents one of the main 
barriers to the diffusion of solar technologies (as well as other alternative 
electricity source), unless policy intervention is directed to accelerate capital 
turnover.  

The second barrier recognized by the experts is linked to unfavourable 
power pricing rules, as renewable energy sources feeding into an electric 
power grid do not receive full credit for the value of their power. As expected, 
and as we have seen happening in some EU countries, policy intervention is 
almost univocally recognized as the solution.  

The third recognized barrier is intermittency in the supply of solar power. As 
a result, adequate storage systems and better grid integration are needed. 
Without significant developments in this complementary technology a 
widespread diffusion of solar power is very unlikely.  

The provision of rare metals for some specific PV and CSP infrastructures 
represents the fourth possible limit to the diffusion of solar technologies. 
According to most experts both issues can be mainly solved through 
additional investments. Some experts also consider land availability as well 
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as other geographical constraints (e.g., sun irradiation), although the relative 
importance of these barriers is low, compared to the previous ones. 

What emerged from the interviews is that key factors hampering the diffusion 
of solar technologies might also be related to their potential negative 
externalities. According to the experts, the large scale deployment of PV 
technology could cause problems of land use and soil occupation, 
henceforth calling for a careful definition of the site and the design of the 
facility. Although most experts reported that industries in the PV sector are 
advanced in the management and recycling of toxic substances, another 
important concern is the use of toxic components (i.e., CdTe toxicity).18 In 
particular, recycling is central for the development of integrated business, 
and needs to be developed and applied to reduce the negative impact 
associated with the life cycle of PV modules. The extensive implementation 
of CSP infrastructures would instead raise issues related to their visual 
impact and local environmental effects. Again, siting would be a critical factor 
with the potential emergence of NIMBY (Not-In-My-Back-Yard) effects. 
Moreover, requirements with respect to water for cooling purposes represent 
a clear limit for the large scale deployment of solar technologies in hot and 
dry places. A possible solution in this respect would be the development of 
dry cooling.  

Experts were asked to reason on how non-technical barriers to market 
diffusion would influence the penetration of solar technologies in different 
markets. Under the assumption that in 2030 solar technologies would be 
cost-competitive with conventional fossil fuels (e.g. assuming a climate 
policy imposing a price on carbon), experts provided their estimates on the 
likelihood of alternative penetrations scenarios. In particular, experts 
assessed the likelihood of three scenarios, with solar power representing 
respectively 5%, 20% or 30% of the electricity generation mix in 2050. The 
experts considered three regions: OECD, fast-growing countries and 
developing countries. Data are shown in Figure 18.  

The share of total electricity produced using solar technologies by 2050, 
even according to the most optimistic experts, will not be greater than 30%. 
When assessing the likelihood of the three penetration scenarios in OECD 
countries, experts show very little consensus. Conversely, the majority of 
experts agree in associating the highest likelihood to the 20% scenario for 
fast-growing countries. In addition, half of the experts associates the highest 
probability to the 30% penetration scenario when considering developing 
countries.  

The argument supporting higher penetration rates in developing countries 
than in fast-growing countries is mainly based on the idea that solar 
technologies would not have to overcome problems of substituting existing 
power infrastructures (“long-lived capital stock” and “lock-in effect”). The 
diffusion of solar technologies in developing countries would help to 
overcome the issue of reaching and electrifying remote areas (i.e. in Africa). 
Ten experts specified a ceiling to the diffusion of solar technologies beyond 
2050 slightly higher than 30% of total power generation, while only three 
specified a ceiling higher than 50%. All experts recognize that shares of 
solar electricity higher than 30% would nonetheless require significant 
investments to further improve electricity storage, the management of 

 
18 For abbreviations, please see note to Figure 3. 
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variable power and the compensation of intermittency, as well as resource 
and land availability.  

 

Figure 18: Percentage of solar technologies in powe r generation mix in 2030 

Figure indicates the likelihood that each expert associates with the three penetrations rates (5%, 

20% and 30%) of solar power in total power generation mix. Top panel is for OECD countries, 

middle panel for fast-growing countries and bottom panel for developing countries.  



Icarus expert elicitation reports Issue no. 1– June 2011 
 

36 
 

According to the experts surveyed in this study, even the most optimistic 
scenarios of solar energy diffusion into the global electricity market would be 
technically feasible, though they implicitly imply a quantum leap in energy 
storage and grid management which would be costly. Generally, the 
conclusions reached by the experts are in line with the projections shown in 
the IPCC SRREN report (IPCC, 2011). These are based on a set of 
scenarios reviewed under the IPCC Fourth Assessment Report19 and 
describe a very wide range of possible trends in terms of potential 
contribution of solar energy in the global electricity supply. 

7. Conclusions 

Solar PV and CSP technologies represent a concrete and promising solution 
to reduce the dependence from fossil sources, and therefore to meet climate 
change policy targets while ensuring reliable energy supply. This is true both 
for developed and developing countries. Significant progress has been made 
in the last 40 years with respect to research and technical improvements. 
However, some technical barriers and market dynamics still hinder the 
commercial success of these technological options.  

Assessing the potential to overcome these barriers, the RD&D effort 
necessary to promote this process as well as the future of solar electricity 
costs are key steps to support policy makers in drafting appropriate efficient 
energy policies. The ICARUS expert elicitation survey uses a robust 
elicitation protocol that results in novel evidence on the current status and 
future developments of both PV and CSP technologies. Its results and policy 
implications are of great relevance for the current debate on renewable 
energy technologies in Europe, as well as worldwide.  

The first clear message emerging from the elicitation process is that at least 
one of the solar technological options analysed has a high potential to 
overcome technical bottlenecks in the next 20 years. This would result in 
lower costs of electricity production. The primary condition for substantial 
technical improvements is the long term commitment to a constant RD&D 
effort in the range of the pre-economic crisis levels. Given this evidence, the 
EU and its Member States should plan a long term commitment to secure 
stable RD&D funding to solar technologies. This conclusion clearly emerges 
from all the experts we interviewed.  

Experts also indicate that it is necessary to develop a diversified portfolio of 
public RD&D funding in solar technologies. Funds should be allocated both 
to PV and CSP technologies and, within these, support should be secured 
for both more mature technologies (such as Crystalline-silicon and Thin-film 
PV) and more innovative ones (such as Organic PV and Third Generation 
PV). Clearly, the size of suggested funding is different, with more mature 
technologies receiving the majority of funds, while only a minor amount 
allocated to less mature ones, although little consensus is reached, across 
experts, on how to allocate the RD&D funding. This suggests that rather than 
“picking a winner” policy-makers should let technological options compete, 
although ensuring they all keep on existing.  

 
19 The baseline set of scenarios considers CO2 concentrations above 600 ppm and no climate 
policy, while the other two set of scenarios consider CO2 stabilization targets from 440 to 600 
ppm-CO2, and from 300 to 440 ppm-CO2. 
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One important insight gained during the interviews with the experts is that 
the full process of RD&D should be appropriately funded. In contrast with the 
historical institutional choice of the EU and its Member States, the experts 
call for supporting demonstration activities as a core part of research in solar 
technologies. This will increase the likelihood that almost fully developed 
technologies make it through the “valley of death” and become commercially 
viable. 

Conditional on the current level of annual RD&D investments being constant 
until 2030, most experts’ best guesses lay within the 7.5-14.5 cUSD/kWh 
range. The average expected cost resulting from the expert estimates for PV 
technologies is 10.8 cUSD/kWh,20 while the average expected cost for CSP 
technologies is 10.1 cUSD/kWh. Increasing RD&D funding by 50% lowers 
expected costs by roughly 20% (9.3 cUSD/kWh21 for PV and 8.9 cUSD/kWh 
for CSP). Increasing public funding for solar technologies results in lower 
divergence of experts’ estimates.   

If the current RD&D expenditures are constant through 2030, the average 
expected cost estimate is above the highest threshold of 11.27 cUSD/kWh, 
which corresponds to the price of producing electricity from fossil fuel inputs 
in a carbon policy scenario. In this case, the probability of reaching a 
breakthrough is around 66%. A 50% increase in the RD&D funding leads to 
a significant increase in the probability of abating the costs below the 11.27 
cUSD/kWh threshold by 2030: the average probability of breakthrough 
increases from 66% to 78%. Under the +100% scenario basically all experts 
agree that the cost of solar electricity would be lower than 11.27 cUSD/kWh, 
with a probability of breakthrough higher than 90%. 

All experts agree that under the current RD&D scenario reaching either the 
5.55 cUSD/kWh or the 3 cUSD/kWh target is very unlikely (<10% 
probability). The picture doesn’t change substantially when RD&D 
investment increases by either 50% or 100%. According to most experts, 
increasing the RD&D budget by 50% (100%, respectively) would increase 
from 5% to 12% (21%) the average probability of reaching 5.55 cUSD/kWh. 

The majority of the experts are pessimistic with respect to the possibility of 
reaching lower ideal cost thresholds, hence on the possibility of solar 
technologies becoming cost-competitive with fossil fuel technologies without 
any climate policy in place. The estimated probability of crossing the 5.55 
cUSD/kWh threshold in 2030 is consistently below 10% across experts, and 
just modestly increased (but still always below 30%) as a result of doubling 
RD&D investments. All experts generally agree that it is unlikely that by 2030 
solar electricity could be produced at costs as low as 3 cUSD/kWh. 

Solar technologies, while being viable options for the future, are and will, 
most likely, remain intrinsically more expensive than fossil fuels, if the 
environmental externalities associated with the use of hydrocarbons are not 
internalized through a carbon tax, or other policy mechanisms. This vision is 
partly mitigated by the belief that dispersed power production through solar 
panels might be the most viable option to grant access to electricity in rural 
areas of developing countries.   

 
20 Excluding Concentrating PV 
21 Leaving out expert 2 does not significantly change the average expected cost figure: under 
the +50% RD&D scenario divergence across experts is extremely reduced. 
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A clear message emerging from the interviews is the evident efforts 
undertaken in Europe with respect to solar technology development and the 
high chances that the first country to reach a breakthrough in production 
costs will be European. However, experts recognize that also other countries 
(both developed, such as the USA, and developing, such as China) have a 
high probability of producing cost-competitive solar technologies. This clearly 
points to the importance of implementing a well-designed RD&D strategy 
that capitalizes on the comparative advantage of EU countries and gives 
them a cutting edge in this important field.  

The experts acknowledged that technical maturity and cost competitiveness 
are key for the success of solar power, but that non-technical issues and 
barriers could slow down their worldwide diffusion and consequently their 
success. The main obstacles to market diffusion and large-scale deployment 
relate to the inertia of existing power plants and to unfavourable power 
pricing rules. Those barriers need to be faced mainly through ad hoc policy 
interventions, as feed-in tariffs and standards.  

The share of total electricity produced using solar technologies by 2050, 
even according to the most optimistic experts, will not be greater than 30%. 
When assessing the likelihood that solar power will represent 5%, 20% and 
30% of electricity production in OECD countries, experts show very little 
consensus. Conversely, with respect to fast-developing countries the 
majority of experts associates the highest likelihood to the 20% scenario. 
When considering developing countries, half of the experts assign the 
highest probability to the 30% penetration scenario. The rationale behind this 
view is that in developing countries lock-in effects will be milder. 

The key findings from the ICARUS expert elicitation survey on solar 
technologies presented in this report should be of great relevance to guide 
policy making and to complement information derived from climate economy 
models. In particular, this report can guide policy-makers and researchers 
alike in drafting and implementing policies in support of solar technologies. 
To achieve widespread deployment of this carbon free energy sources, it will 
be necessary to address all the challenges highlighted by the experts, from 
cost-reduction to non-technical barriers.  

Acknowledgements 

We thank the participating experts listed in Table 1 and Matteo Bogana 
(Fondazione Politecnico di Milano), Gianpaolo Manzolini and Paolo Silva 
(Politecnico di Milano), who helped us for the pilot tests. We also wish to 
thank Erin Baker (University of Massachusetts), Jacopo Crimi, Barbara 
Racah, Tom Longden and Stergios Athanassoglou (FEEM) for their 
contribution and assistance. The research leading to these results has 
received funding from the European Research Council under the European 
Community’s Seventh Framework Programme (FP7/2007-2013) / ERC grant 
agreement n° 240895 – project ICARUS “Innovation for Climate  Change 
Mitigation: a Study of energy R&D, its Uncertain Effectiveness and 
Spillovers”. The usual disclaimers apply. 



Icarus expert elicitation reports Issue no. 1– June 2011 
 

39 
 

References 

Abdullah, S. and A. Markandya, A. (2009), ‘Rural electrification programmes in 
Kenya: Policy conclusions from a valuation study’, University of Bath, 
Department of Economics Working Papers 25/09. 

Baker, E., H. Chon and J. Keisler (2009a), ‘Advanced solar R&D: Combining 
economic analysis with expert elicitations to inform climate policy’, Energy 
Economics, 31, 37-49. 

Baker, E., H. Chon and J. Keisler (2009b), ‘Carbon capture and storage: 
combining economic analysis with expert elicitations to inform climate policy’, 
Climatic Change, 96, 379–408. 

Baker, E., H. Chon and J. Keisler (2010), ‘Battery Technology for Electric and 
Hybrid Vehicles: Expert Views about Prospects for Advancement’, 
Technological Forecasting and Social Change, 77, 1139-1146. 

Baker, E. and J. Keisler (2011), ‘Cellulosic Biofuels: Expert Views on Prospects for 
Advancement’, Energy, 36(1), 595-605. 

Baker, E. and Y. Peng (2011) The value of better information on technology R&D 
projects in response to climate change, Environmental Modeling and 
Assessment, Forthcoming 

Bloem, J., F. Monforti-Ferrario, M. Szabo and A. Jaeger-Waldau (2010), 
Renewable Energy Snapshots. Publications Office of the European Union, 
JRC 59050. 

Bloomberg (2009), New Energy Finance, http://bnef.com/.  

Breyer, C., A. Gerlach, J. Mueller, H. Beacker and A. Milner (2009), ‘Grid-Parity 
Analysis for EU and US Regions and Market Segments - Dynamics of Grid-
Parity and Dependence on Solar Irradiance, Local Electricity Prices and PV 
Progress Ratio’. Paper presented at 24th European Photovoltaic Solar 
Energy Conference, Hamburg, Germany, 21-25 September 2009. 

Chan, G., L. Diaz Anadon,  M. Chan and A. Lee (2010), ‘Expert Elicitation of Cost, 
Performance, and RD&D Budgets for Coal Power with CCS’, Working Paper, 
Energy Technology Innovation Policy research group, Belfer Center for 
Science and International Affairs, Harvard Kennedy School, 28 September 
2010. 

Clemen, R. T. and T. Reilly (2001), Making Hard Decisions with Decision Tools, 
Pacific Grove, CA: Duxbury Thomson Learning. 

Curtright, A., G. W. Morgan and D.W. Keith (2008), ‘Expert Assessments of Future 
Photovoltaic Technologies’, Environmental Science and Technology, 42 
(24), 9031-9038. 

Dechezleprêtre, A., M. Glachant and Y. Ménière (2010) ‘What Drives the 
International Transfer of Climate Change Mitigation Technologies? Empirical 
Evidence from Patent Data.” FEEM Working Paper No. 2010.12, Fondazione 
Eni Enrico Mattei, Milan. 

Denholm, P., E. Drury, R. Margolis and M. Mehos, (2010). ‘Solar Energy: The 
Largest Energy Resource’, in F. Sioshansi (ed) Generating Electricity in a 
Carbon-Constrained World, Boston: Academic Press, pp 271-302.  

EC – European Commission (2009), R&D Investment in the Priority Technologies 
of the European Strategic Energy Technology Plan, Commission Staff 
Working Document SEC(2009) 1296. 



Icarus expert elicitation reports Issue no. 1– June 2011 
 

40 
 

EIA – Energy Information Administration (2007). Annual Photovoltaic Module/Cell 
Manufacturers Survey", Form EIA-63B. 

Ginley, D., M. A. Green and R. Collins (2008), ‘Solar energy conversion toward 1 
terawatt’, MRS Bulletin, 33 (4), 355-364. 

Greenpeace International, SolarPACES and ESTELA (2010). Concentrating Solar 
Power Outlook 2009. 

Greentech (2009). PV Technology, Production, and Cost, 2009 Forecast — The 
Anatomy of a Shakeout. Greentech Media, Inc.   

Haščič, I., N. Johnstone, F. Watson and C. Kaminker (2010). ‘Climate Policy and 
Technological Innovation and Transfer: An Overview of Trends and Recent 
Empirical Results’, OECD Environment Working Papers, No. 30, OECD 
Publishing. doi: 10.1787/5km33bnggcd0-en 

IEA – International Energy Agency (2010a), Online Statistics and Balances, 
Accessed April 2011. 

IEA – International Energy Agency (2010b), Energy Technology Perspective, 
Paris: OECD/IEA. 

IEA – International Energy Agency (2010c), Technology Roadmap, Concentrating 
Solar Power, Paris: OECD/IEA.  

IEA – International Energy Agency (2010d), Technology Roadmap, Solar 
Photovoltaic Energy, Paris: OECD/IEA. 

IEA – International Energy Agency (2010e), World Energy Outlook Policy 
Database, Accessed April 2011. 

IEA – International Energy Agency (2011), RDD Budgets Database, Accessed 
April 2011. 

IPCC – Intergovernmental Panel on Climate Change (2011), WG III, SRREN 
Report http://srren.ipcc-wg3.de/report.   

Jacobson, A. (2007), ‘Connective power: Solar electrification and social change in 
Kenya’, World Development, 35(1), 144-162. 

Kazmerski, L. (2009). Best Research-Cell Efficiencies. Golden, CO: National 
Renewable Energy.  

Keeney, R. L. and D. Von Winterfeldt (1991), ‘Eliciting probabilities from experts in 
complex technical problems’, IEEE Transactions on Engineering 
Management, 38, 191-201. 

Kurtz, S. (2009), Opportunities and Challenges for Development of a Mature 
Concentrating Photovoltaic Power Industry, Technical Report, NREL/TP-
520-43208. 

Margolis, R. M. (2003). Photovoltaic Technology Experience Curves and Markets, 
NCPV SolarProgram Review Meeting, Denver, CO. 

Mehos, M. (2008), ‘Another pathway to large-scale power generation: 
concentrating solar power’, MRS Bulletin 33, 364-366. 

Meyer, M. A. and J. M. Booker (1991), Eliciting and Analysing Expert Judgment: A 
Practical Guide. London: Academic Press Ldt. 

Mills, D. (2004). “Advances in solar thermal electricity technology”, Solar Energy, 
76(1-3), 19-31.  

Morgan, G. and D. Keith (1995), ‘Subjective Judgments by Climate Experts’, 
Environmental Science & Technology, 29(10), 468-476.  



Icarus expert elicitation reports Issue no. 1– June 2011 
 

41 
 

Morgan, G. and M. Henrion (1990), Uncertainty: A guide to dealing with uncertainty 
in quantitative risk and policy analysis, New York: Cambridge University 
Press. 

Morgan, G. and D. Keith (2008), ‘Improving the Way We Think About Projecting 
Future Energy Use and Emissions of Carbon Dioxide’, Climatic Change, 
90(3), 189-215.  

Morgan, G., L. Pitelka and E. Shevliakova (2001), ‘Elicitation of Expert Judgments 
of Climate Change Impacts on Forest Ecosystems’, Climatic Change, 49, 
279-307. 

NREL – National Renewable Energy Laboratory (2010). 2008 Solar Technologies 
Market Report: January 2010, 131 pp. NREL Report TP-6A2-46025; 
DOE/GO-102010-2867. 

O’Hagan, A., C. E. Buck, A. Daneshkhan, J. R. Eiser, P. H. Garthwaite, D. J. 
Jenkinson, J. E. Oakey, T. Rakow, (2006), Uncertain Judgments: Eliciting 
Experts’ Probabilities, John Wiley & Sons, Ltd. 

Phillips, L. D. (1999), ‘Group elicitation of probability distributions: Are many heads 
better than one?’, in J. Shanteau et al. (eds.), Decision Science and 
Technology: Reactions on the Contributions of Ward Edwards, Norwell, MA: 
Kluwer Academic Publishers, pp. 313-330. 

Price, H., E. Lupfert, D. Kearney, E. Zarza, G. Cohen, R. Gee and R. Mahoney 
(2002), ‘Advances in Parabolic Trough Solar Power Technology’, Journal of 
Solar Energy Engineering, 124, 109 -125.  

SER – Solar Energy Report (2011). Il sistema industriale italiano nel business 
dell’energia solare, Politecnico di Milano & MIP. 

Shaheen, S. E., D. S. Ginley and G. E. Jabbour (2005), ‘Technical Theme: 
Organic–Based Photovoltaics: Toward low-cost power generation’, MRS 
Bulletin, 30, 10-15. 

Walls, L. and J. Quigley (2001). ‘Building prior distributions to support Bayesian 
reliability growth modelling using expert judgement’, Reliab. Eng. and Syst. 
Saf., 74, 117-128. 

Wamukonya, N. (2007), ‘Solar home system electrification as a viable technology 
option for Africa’s development’, Energy Policy, 35, 6-14. 



Icarus expert elicitation reports Issue no. 1– June 2011 
 

42 
 

Annex I: Elicitation protocol 

Self-evaluation of expertise  

Please indicate how you would evaluate your level of expertise with respect to each of the 
following solar technologies: 

 Not 
familiar 

Basic 
knowledge 

Good 
knowledge 

Expert 
knowledge 

Among top 
experts 

Crystalline-Si 
c-Si (Wafer-based 
crystalline silicon) 

     

c-Si ribbon or sheet      
mc-Si (Wafer-based 
crystalline silicon) 

     

mc-Si ribbon or sheet      
Thin-film PV 
a-Si (amorphous silicon)      
CdTe (cadmium telluride)      
CIS or CIGS (copper indium 
(gallium) diselenide) 

     

nano-crystalline silicon      
micro-crystalline silicon      
Concentrating PV 
c-Si up to 100x      
c-Si up to 100-1000x      
multijunction up to 100-
1000x 

     

Organic PV 
molecular       
polymeric      
dye-sensitized solar cell      
Third generation PV 
quantum dot      
thermophotovoltaics      
hot carrier cells       
intermediate band solar cell      
up/down converters      
Concentrated Solar Power 
Parabolic troughs      
Solar power towers      
Linear Fresnel reflectors      
Dish/Stirling system      

 

Questionnaire  

We are interested in understanding what specific conditions will lead to the commercial success 
of solar technologies for electricity production in the future and their diffusion thereafter. We will 
assume that solar technologies achieve “commercial success” when solar electricity is 
economically competitive with conventional fossil fuel electricity (with or without a price on 
carbon).  

Evaluation of the status of the technology and barriers to commercial success 
In this section we are interested in understanding which elements of solar technology represent 
potential barriers to the commercial success of sol ar technologies  and how RD&D might 
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help in overcoming these barriers . Figure A- 1 shows a simplified representation of the 
innovation chain which indicates the stages of the innovation, adoption and the diffusion 
process.  

 

Figure A- 1: Simplified representation of the innov ation chain (feedbacks are not 

represented). Source: IEA (2008). 

In order to evaluate the necessity of substantial advancements  to achieve commercial 
success, please insert a number from 1 to 3 for each technology.  

1 = Current status is excellent 

2 = Development can go on, but advances would be needed 

3 = Substantial advances are necessary 

Then, where necessary and according to your expertise, identify the main barriers and specify 
which stage of the RD&D process is most needed to be improved considering the following 
categories: 

 

BASIC RD&D:   

� for PV technologies, we include specific process improvements in: new materials 
development; understanding materials properties; materials optimization; …  

� for CSP, we include specific process improvements in: low-cost thermal storage; low cost 
mirrors; selecting mirror deposition; materials’ development for the heat-transfer fluid; ...  

ENGINEERING AND APPLIED RD&D:  

� for PV technologies, we include specific process improvements in: increasing device 
efficiency and reliability maintaining low costs; deposition methods; materials utilization; 
creating flexible modules (e.g., building incorporated materials) with a robust encapsulation 
material (transparent, durable, moisture proof, affordable); low-cost and reliable tracking 
system for concentrating PV; …   

� for CSP, we include specific process improvements: air cooling and wet/dry hybrid cooling 
systems; increasing the efficiency and durability of specific technology components 
(receivers, concentrators, reflectors, and the balance of solar field), optimizing 
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manufacturing techniques, and reducing O&M costs by simplifying systems and learning 
from experience …  

DEMONSTRATION:   

� We include the building of pilot projects for production of electricity both with PV and 
with CSP technologies. 

 

 Evaluation Specific barriers Type of RD&D 

 1 = Current status  
excellent 
2 = Advances needed 
3 = Substantial  
advances needed 

 A= Basic RD&D  
B= Applied RD&D 
C = Demonstration 

Technology    

 
Crystalline-Si 

   

 
Thin-film PV 

   

 
Concentrating PV 

   

 
Organic PV 

   

 
Third generation PV 

   

 
CSP 

   

 

Please, indicate which of the identified barriers could not be overcome with an increase in the 
level of investment in RD&D: ………………………………………………… 
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Evaluation of RD&D budget allocation 
We are interested in assessing how the RD&D budget should be allocated  over the period 
2010-2030 to make solar technologies commercially successful in 2030. We are aware that the 
RD&D allocation would change over time. However, for simplicity, we will assume that the 
chosen allocation will be replicated every year until 2030. Please factor this into your estimates. 

Consider the current annual budget and assuming that it corresponds to 100 chips , please 
allocate these chips among the selected research areas by writing the number of chips in each 
cell: 

0 chips  = there is no need for RD&D spending in this area for the given technology (e.g. 
technology is already mature; further advances are not foreseeable; …) 

> 0 chips  = with RD&D spending in this area the technology is more likely to be commercially 
successful in 2030. 

Technology Number of chips 

 
Crystalline-Si 

 

 
Thin-film PV 

 

 
Concentrating PV 

 

 
Organic PV 

 

 
Third generation PV 

 

 
Concentrating Solar Power 
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Evolution of solar technologies cost in different RD&D funding scenarios 
We are interested in analysing the evolution of the expected cost of electricity produ ced 
with solar technologies under different RD&D funding scenarios. The aim is then to assess 
whether solar generated electricity will eventually become competitive with fossil fuel generated 
electricity (with or without accounting for a carbon tax). Cost competitiveness does not 
necessarily imply immediate and extensive diffusion of solar technologies, as there might exist 
other barriers to diffusion that we will investigate in the subsequent section. For now, let us 
concentrate on cost improvements. 

Estimates of the costs of electricity produced using solar technologies (please refer to Figure 3 
and to Table 1 for current estimates of PV module costs and of CSP technologies, respectively) 
crucially depend on (assumptions about) the following factors:    

Technology Efficiency  (defined as the fraction of incident solar energy converted into DC 
electrical energy)  

Lifetime  (defined as the number of years of operation) 

Module Areal Cost  ($/m2) 

Balance of system  (BOS) cost  ($/m2)  (defined as the costs of all non-photoactive parts) 

Peak insolation power (the peak amount of solar energy received on PV cells) 

Discount rate 

The current status of the above characteristics could be improved via further RD&D in order to 
lower the costs of solar electricity production. To understand how technical characteristics 
influence costs, please refer to the formulae in the appendix A. 

While answering the questions on solar electricity costs, please consider no incentive or 
subsidy.  

If you already have in mind a specific amount of annual RD&D investment (for the next 20 
years) and/or a time horizon that would allow solar technologies to achieve commercial 
success, please state it now. 

………..……………………………………………………………………………… 

A) Please, estimate the expected cost of electricit y produced with solar technologies in 
2030 under the following public RD&D investment sce nario (you might refer to one or 
more solar technologies).  

 

Scenario 1: Suppose that research in the field of Solar technologies receives the 
current yearly amount of R&D expenditures for each year until 2030. Please 
provide your estimates of the expected cost of electricity under this funding 
scenario. (if needed, please refer to Figure 5 reporting the RD&D investment in solar). 
Please, draw the segment of expected module costs in the graph provided in the 
following page. 
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(Other RD&D scenarios will be proposed to you during the interview, contingent on your 
response.) 

To minimize the overconfidence bias, we remind you to reason in the following way: 

1. Use a pencil and eraser, rather than pen, so that you may revise your answers as necessary. 
2. Think of the highest possible value and the lowest possible value. This is your total estimate range. 
3. For each technology, provide the 90th percentile estimate of the characteristics in question. 
4. Ask yourself if there are any circumstances that would result in a value higher or lower than the value 

that you have reported. If so, please revise your estimate. 
5. For each technology, provide the 10th percentile estimate of the characteristics in question. 
6. Ask yourself if there are any circumstances that would result in a value higher or lower than the value 

that you have reported. If so, please revise your estimate. 
7. Having set your 10th and 90th percentile estimates, please provide your 50th percentile estimate, or 

best estimate. 
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B) Please, estimate the probability that the cost of electricity produced with solar technologies in 
2030 under the following public RD&D investment scenarios will be lower than the cost of 
electricity from fossil fuels (with and without a price on carbon) and the cost of electricity from 
nuclear.  

Scenario 1: Suppose that research in the field of Solar technologies receives the 
current yearly amount of R&D expenditures for each year until 2030. Please 
complete the table below. 

 

 (Other RD&D scenarios will be proposed to you during the interview, contingent on your 
response.) 

 Probability 

Cost of solar 
electricity 

Scenario 1 Scenario 2 Scenario 3 Scenario 4 

≤ 11.27 c$/kWh      

≤ 5.55 c$/kWh     

≤ 3 c$/kWh     

 

In this section, we have asked you to discuss the cost of solar technologies. Please, indicate 
whether upon answering the questions you were referring to the technology that you consider to 
be the most promising or to a mix of technologies.  

………..……………………………………………………………………………… 

When providing solar electricity costs in section 3, were you referring to an EU country? 

□  yes 

□  no 

Upon answering the question did you have in mind an optimal allocation of RD&D effort as you 
specified using ‘chips’ in section 3 or the current allocation as provided in figure 5? 

………..……………………………………………………………………………… 
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Discussion questions on knowledge spillovers and externalities 
Which of the following countries do you think is more likely to be the first to reach a 
commercially successful breakthrough in solar technologies? 

□  Europe 

□  USA 

□  Japan 

□  China 

□  Other (specify) …………………………… 

 

Do you think that the INNOVATION resulting from the EU R&D program will be affected by other 
countries’ R&D programs and innovation (KNOWLEDGE SPILLOVERS)? 

□ SECRECY/NO COOPERATION – NO KNOWLEDGE SPILLOVERS  

□ COOPERATION – KNOWLEDGE SPILLOVERS – NEED FOR OWN RD&D TO DEVELOP 
ABSORPTIVE CAPACITY 

□ NO SECRECY – FULL KNOWLEDGE SPILLOVERS – LITTLE ROLE FOR OWN RD&D 
PROGRAM  

 

Are you concerned about negative externalities which might derive from the diffusion of solar 
technologies and might impact the environment and society as a whole? 

………………………………………………………………………………………… 
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Diffusion 
In this last section, we are interested in assessing the conditions that would set back or even 
prevent the diffusion of solar technologies, even assuming they have become competitive with 
fossil fuelled power generation. 

We have selected a number of factors which could represent the non-technical barriers to the 
diffusion of solar technologies. Please confirm whether the proposed barriers are important and 
if necessary please add any further factors of constraint. 

Using the table below, assess the importance of each of the following factors limiting the 
diffusion of solar technologies, by providing a number from 1 (low)  to 3 (high) . 

Please also select from the following list the potential solutions to overcome the barriers that 
you consider as the most important with respect to each barrier, and if necessary add specific 
comments. The suggested solutions include: 

� policy interventions,  

� additional investments,  

� education, 

� marketing. 

 

Potential barriers Importance  
of the barrier 
1 low 
2 medium 
3 high 

Possible solutions and comments 
PI policy interventions, 
AI additional investments, 
ED education, 
MK marketing. 

 
Long-lived capital stock and 
turnover of power plants 

  

 
Intermittency 

  

 
Geographical constraints 

  

 
Unfavourable power pricing 
rules 

  

 
Rare metals supply 

  

 
Land availability  

  

 
………………………………… 

  

 

In this next section, assume that in 2030 solar technologies will be technically ready to compete 
with conventional fossil fuels. Considering the non-technical barriers that you have previously 
identified, we now ask you to provide your estimate on the diffusion trend of the solar 
technologies in power generation . 
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Figure A- 2: S-curve of technology adoption 

Since the date of invention, technologies can experience slow adoption or fast adoption. Figure 
A- 2 portrays a typical s-curve describing technology adoption. If adoption is slow, many years 
elapse between the date of first market appearance and the adoption of technology by the 
majority of firms. Figure A- 3 provides a concrete example by showing the penetration of nuclear 
electric power in the US electricity sector over the last 60 years. 

 

 

Figure A- 3: Share of Nuclear Electric power in US Electricity Net Generation, 1949- 2007 

Source: http://www.eia.doe.gov/emeu/aer/txt/ptb0802a.html 

We propose three scenarios, which correspond to specific penetration rates of solar 
technologies within the power generation mix. With the aim to facilitate the understanding of the 
proposed scenarios, keep in mind that currently 30% of power generation in Western Europe is 
provided by nuclear and 20% by natural gas.  

Please, assign a probability to the following scenarios: 

 Percent of power generation by 2050 

 5% 20% 30%  
OECD    = 100% 

ceiling

break-
through

time

%
 o

f u
se

rs

100%

0%

ceiling

 



Icarus expert elicitation reports Issue no. 1– June 2011 
 

53 
 

Fast growing    = 100% 

Developing 
countries 

   = 100% 

 

We would like these three scenarios to loosely represent all possible options, so we ask you to 
ensure that the sum of probabilities is 100%. 

 

The diffusion trend of solar technologies will eventually reach a ceiling. Can you specify what 
this ceiling may be (as percent of total power generation)?  

………………………………………………………………………………………… 

 

What do you believe will be the major causes of the ceiling?  

………………………………………………………………………………………… 

Once the technology reaches the market in the first  country, how long will it take for the 
technology to be diffused to other OECD countries? 

□  no time lag 

□  5 years 

□  10 years 

□  more (specify) …………. 

 

Once the technology reaches the market in the first  country, how long will it take for the 
technology to be diffused to fast growing countries ? 

□  no time lag 

□  5 years 

□  10 years 

□  more (specify) …………. 

Once the technology reaches the market in the first  country, how long will it take for the 
technology to be diffused to other non OECD countri es? 

□  no time lag 

□  5 years 

□  10 years 

□  more (specify) …………. 
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Annex II: Cost of electricity produced with solar t echnologies 

The cost of PV electricity can be estimated using the following equation (DOE, 2005) which 
depends on key parameters such as solar cell conversion efficiency and real cost of the module: 

ngConditioniPowerCost
efficiency

BOStareaModule
C +

⋅
+=

1000

cos
 

where: 

C is the cost per Watt of incident solar irradiance at peak solar intensity, $/Wp; 

Module areal cost is the cost of modules only per unit area, $/m2; 

efficiency is the fractional conversion efficiency, %; 

1,000 W/m2 is the assumed peak insolation power (namely the peak amount of solar energy 
received on PV cells of 1000 W per square meter);  

BOS areal cost is the balance of systems (support structure, installation, wiring, land, etc.) cost 
per unit area, $/m2; 

cost of power conditioning, AC-DC inverter, is assumed equal to 0.10 $/Wp. 

The following equation converts the PV system cost per peak watt ($/Wp) in the cost of the 
produced electricity ($/kWh): 

E

FCRC
yelectricitoftPV

1000
cos

⋅⋅=  

The cost of electricity produced from PV (c$/kWh) is calculated dividing the cost of the PV 
system C ($/Wp) by the amount of electricity produced in one year (E, measured in Wh). The 
term FCR indicates the fixed charge rate, assuming a lifetime of N years and a discount rate (r) 
of 10%: 

∑
= +

=
N

t
tr

FCR
1 )1(

1
 

The amount of electricity produced in one year (E, Wh) is derived assuming that the PV system 
operates at 20% of peak power on average (f) over the year (8760 hours per year). The PV 
peak power (P) is derived from the peak insolation power of 1000 W/m2, divided by the PV cell 
efficiency.  

8760⋅⋅= fPE  

For some of the PV technologies considered in this questionnaire, we provide in Table A- 1 an 
example of the values of the different parameters and the deriving final cost of electricity 
applying the formulae above. Improvements of the technological parameters would result in a 
reduction of the expected costs. 
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Table A- 1 Current and expected costs of electricit y produced from PV, according to 

different values of technological endpoints. Source : (a) Baker et al., 2009 

Technology 

Efficiency Lifetime 
(yr) 

Module 
areal cost 

(2005$/m2) 

Cost of PV 
module 

(2005$/m2) 

BOS 
(2005$/m2) 

Cost 
(2005 c$/kWh)  

Current       
c-Si - Wafer-based 
crystalline silicon (a) 10% 30 350 3,50 250 32,82 
a-Si - amorphous silicon  8% 20 - 1,50 250 25,42 
Expected       
Purely organic PV 
(pessimistic) (a) 15% 30 50 - 75 5,02 
Purely organic PV 
(optimistic) (a) 31% 15 50 - 75 2,18 
Thin film  (a) 15% 30 50 - 75 5,02 
Third generation (quantum 
dots and multi-junction 
cells) (a) 36% 30 100 -  3,15 

 

The cost of electricity from CSP ($/kWh) can be estimated by using the following equation 
(Enermodal, 1999): 

E

CFCRI
yelectricitoftCSP mo&cos

+⋅
=  

where I ($) is the installed capital cost, Co&m are the annual operation and maintenance costs, 
E is the annual energy production (MWh/yr), and FCR indicates the fixed charge rate, 
assuming a lifetime of N years and a discount rate (r) of 10%: 

∑
= +

=
N

t
tr

FCR
1 )1(

1
 

The installed capital cost (I, $) can be assessed by multiplying the investment cost per MW 
(Ispec, $/kW) and the total plant power (P, MW): 

I = Ispec · P · 1000  

The operation and maintenance costs (Co&m, $/yr) are a percentage of the installed capital cost 
(fo&m), assumed at 2%:  

Co&m = fo&m · I 

The annual energy production (E, MWh/yr), is estimated by multiplying the total plant power (P, 
MW), the plant capacity factor (f) and the hours per year (8760 hours per year): 

8760⋅⋅= fPE  

For some of the CSP technologies considered in this questionnaire, we provide in Table A- 2  
an example of the values of the different parameters and the deriving final cost of electricity 
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applying the formulae above. Improvements of the technological parameters would result in a 
reduction of the expected costs. 

Table A- 2  Current and expected costs of electrici ty produced from CSP. 

  Investment 
per kW 

O&M  
factor 

Total 
plant 
power 

Plant  
capacity 
factor 

Annual  
energy 
production 

Electricity 
cost 

 2005$/kW  MW  MWh/yr 2005c$/kWh 
Current       
Parabolic trough 
(a) 

5074 2% 50 0,30 131.400 22,06 

Power tower (b) 3878 2% 10 0,27 23.652 18,74 
Expected near 
term 

      

Parabolic trough 
(c)  

3490 2% 100 0,33 289.080 13,80 

Expected 
advanced 

      

Parabolic trough 
(c) 

2809 2% 200 0,53 928.560 6,91 

(a) SER, 2010; (b) Solúcar, 2006; Romero et al., 2002; (c) Price et al., 2002  
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