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Background to the Study
The IEA Greenhouse Gas R&D Programme (IEA GHG) evaluates technologies that can be used to
reduce greenhouse gas emissions. Much of IEA GHG’s work so far has been on assessment of capture
and storage of CO2 from power stations. To put these assessments into context, alternative greenhouse
gas abatement options are being assessed using the same technical and economic assumptions. This
study on grid-connected solar energy is the second in a series of studies on alternative electricity
generation technologies. The first such study was on wind energy (see report PH3/24).
This study was carried out in the Netherlands by Ecofys, who have substantial experience of
development and application of solar electricity generation.

Study Description
The study provides the following information:
•
•

•
•

A review of the main solar electricity generation technologies and their current (2000) and
projected (2020) states of development.
Estimates of the quantities of electricity that could be generated using three solar energy
technologies:
- Decentralised building-integrated photovoltaics (PV) using thin film cell technology
- Large scale centralised PV using concentrating cell technology
- Centralised solar thermal power generation, based on parabolic troughs and power towers.
The results are presented for 10 global regions.
Costs of electricity generation for each of the technologies and regions in 2020.
Costs of avoiding greenhouse gas emissions in 2020.

Decentralised solar thermal generation was not included in the cost assessment, to limit the scope and cost of
the study, but some description of technologies was included. Solar thermal energy can also be used for direct
production of hydrogen and chemicals but this was also beyond the scope of the study.

Results and Discussion
Solar electricity generation technologies
PV cells convert solar energy directly to electricity. The first solar PV cell was made in 1954 and since then
significant experience has been gained with production and application, mainly in systems that are integrated
with buildings. The total installed PV capacity is about 1000 MW of peak generation (MWp), of which 430
MWp is grid-connected but only 40 MWp is in large scale installations. The installed capacity has been
increasing at between 20% and 40% per year over the last 10 years. Several types of PV cell are
commercially available today. Crystalline silicon technologies are dominant at present but there are rapid
developments in thin film silicon technologies. It is hard to predict which will be the least cost PV
technology in 2020. For the purposes of the detailed costs in this study, thin film cells were assumed to be
used in 2020 for building integrated PV and concentrating solar cells were assumed to be used for centralised
PV. Ecofys projects that the efficiency of thin film PV modules will increase from 9% at present to 13% in
2020 and the efficiency of concentrating PV modules will increase from 23% to 30%.
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Solar thermal technologies are based on the concentration of solar radiation and its conversion to heat, which
is used in conventional power cycles such as steam cycles. Solar thermal technologies can only use direct
solar radiation, unlike PV which can also use diffuse radiation. This reduces the potential for electricity
generation and means that solar thermal technologies are only appropriate for areas which usually have clear
skies. The installed capacity of solar thermal generation is about 400 MWp, most of which is in large scale
plants that have been operating for over 10 years. The most proven and least cost solar thermal technology is
currently the parabolic trough technology, which has operated on a commercial basis at nine plants in
California. Other solar thermal technologies, i.e. the solar tower and parabolic dish have not yet been
operated on a commercial basis. Solar thermal energy is often used in combination with fossil fuel. For
example in some of the plants in California fossil fuel is used for steam superheating and in others it is used to
generate steam when insufficient solar energy is available. Solar thermal energy can also be used to provide
supplementary heat to the steam cycles in gas turbine combined cycle plants, so called Integrated Solar
Combined Cycle Systems (ISCCS). Solar energy could provide high temperature energy to gas turbine
topping cycles but the technology is not yet developed. For the solar thermal plants in this study, Ecofys
assumed that on average 50% of the power output would be from solar energy and the rest would be from
supplementary fossil fuel (gas). The efficiency of the solar thermal portion of the output would be 18%.
Solar energy is at an earlier stage of development than many of the other renewable energy technologies, for
example there was 31 GWp of installed wind energy capacity at the end of 2002. For comparison, the total
amount of power generation capacity of all types installed worldwide over the last ten years was over 1000
GW.
Solar energy potential
The overall potential to generate solar electricity depends on the amount of solar irradiation, the area of
suitable land and the power generation efficiency. In this study the solar energy potential was estimated
using GIS software for 10 global regions, for consistency with IEA GHG’s wind energy study.
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Figure 1 Average solar irradiation in the 10 study regions
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The average irradiation varies by a factor of less than 1.7 between the regions, as shown in figure 1, although
there are further variations within each region, for example some places have solar irradiation of more than
2200 kWh/m2.y, which is 25% higher than the highest regional average irradiation.
It was assumed that centralised PV and solar thermal plants would only be applied in areas with a relatively
high level of radiation, 120 W/m2 (1050 kWh/m2.y) for PV and 165 W/m2 (1450 kWh/m2.y) for solar
thermal. In addition, it was assumed that areas that currently have an economic use (including forests and
agriculture), areas that are protected for environmental reasons and areas with a slope greater than 5% would
not be used for centralised solar electricity generation. This provided an estimate of the maximum theoretical
amount of solar electricity that could be generated without disruption of existing economic activities.
However, in practice, not all of this potential could be realised. Social considerations, such as visual impact,
practical construction problems other than the slope of the site and remoteness from electricity consumers
would limit the exploitation potential. Also, the area devoted to other land uses may increase in future. To
take these factors into account, Ecofys considered that 5% of the technically suitable land could be used for
centralised solar electricity generation. This factor will in practise vary between regions and it will inevitably
remain highly uncertain until solar energy is applied on a large scale, when the extent of these constraints will
become clearer. Even with this 5% constraint, the potential electricity generation in most regions is still
significantly greater than the projected electricity demand in 2020.
Building integrated photovoltaics was assumed to be applicable in all areas. The potential depends on the
solar irradiation, the size of the population, the average suitable rooftop and facade areas per unit of
population and the degree of electrification in the region.
The predicted quantities of electricity that could be generated in each region using each of the technologies in
2020 are shown in figure 2. The predicted electricity demands in each region in 2020 are also shown. The
PV potential in Africa is 167 000 TWh/y but the axis of figure 2 has been truncated to better illustrate the
potentials in other regions.
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Figure 2 Global potentials for centralised generation
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Power demand

The overall potential for centralised solar electricity generation is very much greater than the projected
electricity demand in 2020. The total global potential of centralised PV generation is 365 000 TWh/y and the
potential of solar thermal is 69 000 TWh/y. For comparison, the projected electricity demand in 2020 is
about 24 000 TWh/y. The only regions where electricity demand in 2020 is greater than potential solar
generation are the EU, where demand is 3 times potential generation and the Rest of Asia where demand is
two times potential generation. However, in these regions, some relaxation of the land exclusion criteria
described earlier would enable solar generation to match demand.
The potential for building-integrated PV is much less than for centralised solar thermal generation but it is
still a substantial proportion of the projected demand in 2020, as shown in figure 3. The total global potential
is 7700 TWh/y.
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Figure 3 Global generation potentials for distributed PV generation
Capital costs
Capital costs of PV are currently around $6000/kW. Ecofys project that the costs will reduce to around
$1100/kW in 2020 for centralised and building integrated PV. The cost reduction predictions are based
partly on studies which look in detail at direct manufacturing costs and partly on “progress ratios” which
relate costs to production volumes. The costs are said to be ambitious but achievable and in line with current
developments. Significant R,D&D, scale-up and financial support would be needed to achieve these cost
reductions.
The capital cost of centralised solar thermal power stations in 2020 is projected to be $745-1120/kW. Costs
of currently constructed or proposed solar thermal power stations vary widely, from 720 to 4,700 $/kW
depending on the technology and the proportion of power that is derived from non-solar energy. The cost
reductions for solar thermal plants in this study are based on a variety of studies on potential improvements.
Experience gained during the construction and operation of the solar thermal power stations in California has
already resulted in substantial reductions in capital and operating costs.
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Electricity generation costs
Cost-supply curves were produced for the 3 technologies (distributed building-integrated PV, centralised PV
and solar thermal) and the 10 regions. Overall global cost curves based on a 10% discount rate are given in
figures 4 and 5.
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Figure 4 Cost curves for distributed building-integrated PV in 2020
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Figure 5 Global cost curves for centralised PV and solar thermal in 2020
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The only reason for the cost differences shown in these figures is the variation in solar irradiation. The costs
of solar electricity generation equipment and operation and the discount rate were assumed to be the same in
all regions. In practise, locally incurred costs would normally be lower in less developed countries but costs
of equipment that has to be imported would be higher. Discount rates may be higher in less developed
countries, which would tend to offsite any lower capital costs. The cost curves are based on the capital costs
stated in the previous section and do not take into account variations in equipment costs due to differences in
production volumes.
Based on average investment costs, the projected minimum cost of generation using PV in 2020 is about
8 c/kWh but most of the technical potential is available at generating costs between 10 and 15 c/kWh. The
projected costs of generation in centralised solar thermal power stations in 2020 are much lower, between
about 4 and 5 c/kWh based on average investment costs, but the technical potential is limited to areas with
high solar irradiation.
The cost of PV generation is mainly capital charges and maintenance, which would be a function of the
capital cost, so as a reasonable approximation, the sensitivity of generation cost to the capital cost could be
derived by direct scaling of the costs shown in figures 4 and 5. Land costs would not be a significant fraction
of the total cost provided expensive urban development land was not used.
To illustrate the regional variations in generating costs, regional cost curves for centralised PV are shown in
figure 6. The cost curves are truncated at 20 000 TWh/y for those regions with large solar potentials, to better
illustrate the costs and potentials in regions with relatively low solar potentials. 20 000 TWh/y is beyond the
projected 2020 electricity demand in any of the regions. It can be seen that the lowest costs are in the regions
with the highest intensity solar irradiation, namely Africa, Australia, India and the Middle East.
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Figure 6 Regional cost curves for centralised PV in 2020
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For comparison, IEA GHG’s wind energy study (report PH3/24) shows that most of the technical potential
for wind generation would be available at costs of less than 10 c/kWh and in several regions significant
amounts of electricity could be generated at costs of 3-5 c/kWh. The cost of generating electricity in fossil
fuel fired power stations with CO2 capture and storage, based on current technology and fuel prices, is
predicted to be about 3.5-7 c/kWh. IEA GHG will in future produce a more detailed comparison of solar,
wind and fossil fuel generating costs and potentials.
The predicted costs of solar electricity in this study do not include any allowance for penalties due to
intermittent generation. Further work would be needed to estimate such penalties or benefits. Solar
irradiation varies in a reasonably predictable manner throughout the day and between seasons. In addition
there are less predictable variations due to random weather variations. Solar electricity systems will have
their greatest outputs at times of highest solar irradiation, i.e. around midday in summer. This may
approximately coincide with the peak electricity demand in hot countries where there is a high electricity
demand for air conditioning. In such countries solar electricity may be more valuable than base load
electricity. The opposite would be true in countries, such as in Northern Europe, where peak demand is at
dark times in winter, when solar electricity generation would be low. In all countries there would be a
penalty due to the random variation in solar irradiation but this would vary between areas depending on the
consistency of the weather. In the timescale considered in this study, i.e. up to 2020, solar electricity is likely
to provide less than 2% of total electricity demand, as explained later. Electricity systems can normally
accept such small amounts of intermittent generation without significant cost penalties. However, by 2020
there may be significant amounts of other intermittent renewable energy supplies, such as wind energy in
many countries. The intermittency penalties for solar energy should be assessed on a regional basis in
combination with the penalties for wind and other intermittent energy sources.
Life cycle emissions
Significant quantities of CO2 are emitted during the life cycles of some solar power plants. If the energy used
for production of solar power plants is obtained from current types of power plants, emissions would be 98167 g/kWh for PV and 26-38 g/kWh for solar thermal. In the long term when most electricity is generated
from low-emission energy sources, the lifecycle emissions would be lower. For comparison, full fuel cycle
emissions are currently about 15 g/kWh for wind power plants and about 750-800 g/kWh from new
supercritical coal fired plants without CO2 capture.
Cost of CO2 abatement
The cost of electricity from centralised PV plants is higher than the cost from fossil fuel-fired plants. Typical
costs of fossil fuel based electricity generation in 2020 were predicted in IEA GHG’s wind energy study.
Base load generating costs based on the least cost technologies in each region were all around 2.5c/kWh. If
the cost of electricity generation in centralised PV plants is compared to this cost for fossil fuel based
generation, the cost of avoiding CO2 emissions in 2020 would be more than $100/tonne of CO2, as shown in
figure 7. Most of the capacity to avoid CO2 emissions would be available at costs of less than $300/t CO2 but
costs would be higher in some regions. Costs of CO2 avoidance using solar thermal technology would be
significantly lower in those regions where this technology is feasible, as shown in figure 8. Most of the
capacity would be available at costs of between 30 and 60 $/t CO2.
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Figure 7 CO2 abatement cost curves for centralised PV in 2020
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Figure 8 CO2 abatement cost curves for centralised solar thermal in 2020
It may be appropriate to compare solar electricity generating costs to the prices that consumers pay for
electricity, particularly in the case of distributed building-integrated PV. In most circumstances household
consumer prices for electricity are much higher than generating costs. The ratio between consumer prices and
generating costs varies widely between different countries. In some regions, particularly Europe, the Rest of
Asia and Latin America, household consumer prices are in some cases higher than the predicted 2020 costs of
solar electricity generation, which would make solar electricity appear to be an attractive consumer option, as
shown in figure 9.
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Figure 9 CO2 abatement cost curves for distributed PV in 2020
However, as emphasised by one of the expert reviewers, if the consumers have a grid connection then this
service would have to be paid for, and this could be of the order of 3c/kWh. A more detailed study would be
needed to determine the value of distributed generation in different countries. The value of distributed
generation would depend on the timing of peak solar electricity output and demand, as discussed earlier. It
should also be noted that the costs of generation in this report are calculated using a 10% discount rate, which
is appropriate for a utility company but consumers’ investment decisions often require higher discount rates.
Implementation potential
It is clear that the technical potentials shown these cost curves could not be realised by 2020 because very
rapid increases in deployment would be required. The contractor offered to estimate the implementation
potential of solar electricity. This was beyond the initial scope of work specified by IEA GHG but it was
recognised to be of interest. The amount of solar generating capacity that could be installed by 2020 was
estimated using saturation curves, taking into account the development in production capacity. It was
predicted that about 70 GWp of building-integrated PV could be installed by 2020, resulting in an emission
reduction of about 40 Mt/y CO2, at the range of costs shown in figure 9. The implementation potentials for
large scale PV and solar thermal power plants are predicted to be smaller, corresponding to emission
reductions of about 9 and 17 Mt/y CO2 respectively, at the range of costs shown in figures 7 and 8.

Expert Group Comments
A draft version of the report was sent for review to experts on solar energy. Comments were received from
members of the IEA Photovoltaic and Solar Power and Chemical Energy Systems Implementing
Agreements, other researchers and people in industry. The reviews were all generally favourable and it was
said that the report was comprehensive, it used an appropriate methodology and did a good job of comparing
the technologies. The reviewers’ comments were provided to Ecofys, who were asked to take them into
account as far as possible in the final version of the report.
One reviewer said that the current cost of PV used in the study is somewhat high. He also pointed out that
other countries would need to follow the examples set by Germany and Japan in terms of market support
programmes to achieve the large growth in capacity which would be needed to produce large reductions in
specific costs. Another reviewer said that the cost reduction and market growth data in the report tend to be
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on the progressive side. They are not unreasonably low, but they imply that considerable technological
evolution is anticipated.
It was pointed out that studies of this type do not take into account other added values of solar electricity,
such as energy security, and solar energy technology could serve large parts of the world that at present are
un-electrified. While they are important, these issues are difficult to quantify and are beyond the scope of this
study.

Major Conclusions
•

The technical potential for solar electricity generation is many times greater than the predicted
electricity demand in 2020.

•

In spite of rapid percentage market growth, solar electricity is not expected to make a major
contribution to global energy supply and emissions abatement by 2020. The total quantity of
CO2 that could be abated by grid connected solar electricity in 2020, taking into account the
likely rate at which the technologies could be implemented, is estimated to be about 70 Mt/y.

•

The cost of generation using PV is predicted to be more than 10 USc/kWh in most locations in
2020, even assuming rapid market growth leads to substantial cost reduction. The cost of
generation in solar thermal plants is predicted to be less, around 5 USc/kWh in the best locations
with high solar irradiation but some co-use of fossil fuel is normally needed in such plants.

•

If the cost of PV electricity generation is compared to the cost of generation in fossil fuel fired
power plants, the cost of CO2 abatement in 2020 would be more than $100/t of CO2 emissions
avoided. Most of the capacity to avoid CO2 emissions would be available at costs of less than $300/t
CO2 but costs would be higher in some regions. Costs of avoiding CO2 emissions using solar
thermal technology would be significantly lower in those regions where this technology is feasible,
most of the capacity would be available at 30-60 $/t CO2.

•

It may be appropriate to compare the cost of generation using distributed building-integrated PV
to consumer prices. If costs of generation are compared to household consumer prices, costs of
CO2 abatement could be lower or even negative in some locations. The real cost savings for
distributed generation are affected by the timing of peak power output and demand, which
depend on local circumstances. Further work is needed to define the basis for assessment in such
situations.

Recommendations
•

IEA GHG’s Phase 4 plan includes assessment of the potential and costs of greenhouse gas
abatement by other alternative energy technologies. This work should be continued.

•

Further work should be carried to define methodologies for assessment of distributed generation
on a common basis to centralised generation.

x

Ecofys bv
P.O. Box 8408
NL-3503 RK Utrecht
Kanaalweg 16-G
NL-3526 KL Utrecht
The Netherlands
www.ecofys.nl

THE POTENTIAL OF
SOLAR ELECTRICITY
TO REDUCE CO2
EMISSIONS

Yvonne Hofman
David de Jager
Edith Molenbroek
Frank Schillig
Monique Voogt

December 2002
M 70038

by order of the: IEA Greenhouse Gas R&D Programme

tel
+31 (0)30 280 83 00
fax
+31 (0)30 280 83 01
e-mail info@ecofys.nl

Foreword

The IEA Greenhouse Gas R&D Programme is systematically evaluating the cost and
potential for reducing emissions of greenhouse gases arising from anthropogenic
activities. While the IEA concentrates especially on the use of fossil fuels, also
attention is paid to the role of renewable energy sources in greenhouse gas abatement.
This study, performed by ECOFYS, focuses on the potential of solar electricity
generation to reduce CO2 emissions, both by means of grid-connected photovoltaic
(PV) systems and by solar thermal electric systems (parabolic trough, solar power
tower, solar dish).
By order of the IEA, a similar study has been carried out on the CO2 reduction
potential of wind energy, carried out by Garrad Hassan, a wind energy consultant. In
order to compare the findings of the wind study with this report on solar electricity, the
selection of regions is copied from the wind study. In addition, the GIS data used were
the same as the ones used for the wind study.

The Potential of Solar Electricity to Reduce CO2 Emissions
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The Potential of Solar Electricity to Reduce CO2 Emissions

Summary

Solar energy is expected to be of growing importance in the world energy supply in the
coming centuries. Especially in countries with high solar irradiation the potential of
solar electricity generation is significant. Various technologies for the generation of
both photovoltaic and solar thermal electricity are in development, and historic cost
reductions and performance improvements are indeed impressive. However, almost all
(applications of these) technologies still need significant R,D&D efforts to become
commercially attractive.
The basic aim of this study is to predict the costs of grid-connected photovoltaic (PV)
and solar thermal electricity generation and the quantities of electricity and correlated
greenhouse gas mitigation that could potentially be realised in all major regions worldwide in the year 2020. A distinction is made between decentralised solar electricity
and centralised application of solar electricity technologies.
The study provides the following information:
• A review and technological description of the main solar electricity generation
technologies and their current (2000) and projected (2020) states of development.
• A projection of the potential of solar, grid connected, electricity generation per
region for three selected technologies: decentralised building integrated
photovoltaic systems (BIPV), centralised photovoltaic plants (large-scale PV,
LSPV) and a model of centralised solar thermal power plants (STPP, resembling
the characteristics of power towers and parabolic troughs).
• Electricity cost/supply curves per region, per technology for 2020.
• (Lifecycle) Greenhouse gas mitigation cost curves for selected regions for 2020.
The stage of development differs highly between PV-technologies and solar thermal
electric technologies. Whereas significant experience has been gained with both PV
production and system applications (mainly building integrated), solar thermal
electricity generation technologies are still in an early stage of development. However,
for large-scale solar power generation more experience has been gained with solar
thermal electric technologies than with PV. The few installed solar thermal electric
plants do have a total capacity of circa 400 MW, whereas installed large-scale PV
capacity accounts to 40 MW. The total installed world-wide capacity of PV is circa
1000 MWp (1 GWp) of which 430 MWp is grid-connected.
Several PV cell types are commercially available today. At this moment crystalline
silicon technologies are dominant, while the developments in thin film silicon
technologies are going fast. It is hard to predict what will be the ‘winning’ PV
technology in 2020. At the moment PV is predominantly used in building integrated
The Potential of Solar Electricity to Reduce CO2 Emissions
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(BIPV) grid connected applications. The growth rate of the total installed capacity
between 1992 and 2000 was between 20% and 37% per annum. For the period to 2020
also large growth rates are foreseen. Due to these economies of scale, for 2020
investment costs are expected to decrease significantly for PV. The projections for PV
technologies show a decrease in investment costs from 5-7 US$ per Wp in 2000 to a 12 US$ Wp in 2020.
Today solar thermal electricity generation is the most proven and least cost option for
large-scale power generation using solar technologies. Basically this is due to the nine
Solar Electric Generating Systems (SEGS) with parabolic trough technology in
California with a total electric generating capacity of 354 MWel. Other technologies,
i.e. the solar tower and parabolic dish systems, have not been operated on a
commercial basis yet. Most promising, in terms of electricity costs, are hybrid systems.
These are systems in which a conventional electricity plant is combined with solar
technologies. Due to technological development and economies of scale, in the long
term costs can be reduced by 40 –55 %. For 2020, unit costs for combined cycle plants
range from 32 to 110 US¢/Wel.
The technical potential of solar electricity depends on the ‘suitable’ land area that is
available. Mountain areas and areas that have an economical or environmental
function at the moment are excluded in this study. An additional restriction is that
application of centralised PV and solar thermal plants is limited to regions with a high
level of direct radiation. BIPV is assumed to be applied in all regions.
The suitable area per irradiation class is determined with GIS-software. 5% of the
suitable area was considered to be a sustainable maximum of land to be used for the
purpose of solar electricity generation. The technical potential of both PV and solar
thermal electricity technologies, thus determined, is enormous. The world's final
electricity consumption, about 21,000 TWh in 2020, can be covered multiple times.
In terms of both costs and technological experience, building integrated photovoltaics
are the most interesting option for the period up to 2020. As BIPV electricity
production costs should be compared to electricity consumption prices (plus taxes, but
taxes were not included in the analysis of this study), BIPV can compete in many
regions with conventional electricity systems by 2020. Over 60% of the technical and
implementation potential can be realised at costs below 15 US¢/kWh. BIPV also offers
a considerable amount of CO2 abatement at negative costs (see figure below).
By 2020 solar thermal power plants (STPP) could show low production costs at
centralised solar electricity production (in hybrid configurations with thermal power
plants). Over 75% of the technical potential can be realised at costs below 6 US¢/kWh.
For centralised large-scale photovoltaics (LSPV) costs are still higher. LSPV and very
large-scale PV (in deserts) are therefore options for the longer term, with huge
resource potentials. Both technologies have a huge potential of CO2 abatement at
negative costs in the long term.
iv
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Global CO2 cost curve for decentralised BIPV, centralised LSPV
and decentralised solar thermal electricity (STPP)- 2020
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Global CO2 cost curve for BIPV and indications of the
implementation potential for LSPV and STPP - 2020
implementation potential

However, it is clear that the technical potential can not be realised before 2020 mainly
due to restrictions in the development of production capacity. For this reason, an
estimate for the implementation potential was derived, using saturation curves and by
taking into account the development in production capacities. The implementation
The Potential of Solar Electricity to Reduce CO2 Emissions
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potential is much lower than the technical, but high compared to the current installed
capacity of these technologies. For BIPV about 70 GWp installed capacity is derived,
resulting in an emission reduction of about 40 Mton CO2. The figures for LSPV and
STPP are smaller, summing up to about 9 to 17 Mton CO2 emission reduction.
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1

INTRODUCTION

1.1

General

Solar energy is expected to be of growing importance in the world energy supply in the
coming centuries. Especially in countries with high solar irradiation the potential of
solar electricity generation is significant. Various technologies for the generation of
both photovoltaic and solar thermal electricity are in development, and historic cost
reductions and performance improvements are indeed impressive. However, almost all
(applications of these) technologies still need significant R,D&D efforts to become
commercially attractive.
The basic aim of this study is to predict the costs of grid-connected photovoltaic (PV)
and solar thermal electricity generation and the quantities of electricity and correlated
greenhouse gas mitigation that could potentially be realised in all major regions
worldwide in the year 2020. The study provides the following information:
• A review and technological description of the main solar electricity generation
technologies and their current (2000) and projected (2020) states of development.
• A projection of the potential of solar, grid connected, electricity generation per
region for three selected technologies: decentralised building integrated
photovoltaic systems (BIPV), centralised photovoltaic plants and a model of
centralised solar thermal electricity plants (resembling the characteristics of power
towers and parabolic troughs).
• Electricity cost/supply curves per region, per technology for 2020.
• (Lifecycle) Greenhouse gas mitigation cost curves for selected regions for 2020.
• Sensitivity study for at least one of the regions and two of the technologies.

1.2

Set-up of the report

In chapter 2 the approach adopted in this study is described. Chapters 3 and 4 describe
the state of developments of the two solar electricity generating technologies: PV and
solar thermal electricity technologies. Outlooks on costs and performance factors are
also presented in these chapters. As the state of development of PV and solar thermal
electricity are different, the description of the technologies and market developments
will also vary. Due to the different stage of development and market size the chapter
on solar thermal electricity technologies is more elaborate and gives details on a
project basis, while the chapter on PV gives global trends and developments. Chapters
5 and 6 give the 2020 technical and the implementation potential of respectively
decentralised and centralised applications of PV and solar thermal electricity.
The Potential of Solar Electricity to Reduce CO2 Emissions
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The potentials are visualised in cost-supply curves. Chapter 7 gives the CO2 cost
curves as well as the relevant systems aspects for calculating these curves.
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Methodology

2.1

Introduction

The stage of development differs highly between PV-technologies and solar thermal
electric technologies. Whereas significant experience has been gained with both PV
production and system applications, solar thermal electricity generation technologies
are still in an early stage of development. However, for large-scale solar power
generation more experience has been gained with solar thermal electric technologies
than with PV. The few installed solar thermal electric plants do have a total capacity of
circa 400 MW, whereas cumulative installed large-scale PV capacity accounts to 40
MW. The total installed world-wide capacity of PV is circa 1000 MWp (1 GWp) of
which 430 MWp is grid-connected.
Sales of PV show an enormous growth in the past years, especially in the gridconnected markets in Europe, the US and Japan, with growth rates of 25 to 30% per
year in the past decade. The growth is mainly due to government support for
applications of PV on buildings and to consumers’ interest in green electricity. It is
expected that government and consumers’ interest will only increase if solar electricity
prices decrease through further technological development and economies of scale.
Figure 2-1 shows the factors that influence the development of the solar electricity
market.

Government
incentives

Customer
Demand
Solar
electricity
market

Production
capacity

Technological
development

Figure 2-1

Driving factors in the solar electricity market

Given the stage of development, the market penetration and the fact that the solar
electricity markets are highly policy driven, projections for future technical or market
potentials are hard to construct and ask for a different approach than for potential
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studies of technologies that are already in the implementation stage of their product
lifecycle.
In this study for each of the selected technologies/system configurations the global
solar electricity potential will be determined on a regional basisi in the following subtasks:
1. Inventory of regional solar irradiation data
2. Estimate of constrained technical and implementation potential for the year 2020
3. Description and quantification of system aspects, including the determination of
CO2-emission factors that will be used to calculate CO2 abatement costs
4. Construction of cost supply curves for electricity production and greenhouse gas
mitigation

2.2

Inventory of regional solar irradiation data

To estimate the technical potential of solar electricity generation the total amount of
solar irradiation in the specified regions has to be known. A geographical information
system (GIS) is used to calculate the total irradiation per region which allows a
division in irradiation classes. The GIS data-set gives the Global Horizontal Irradiation
(GHI) in W/m2. The solar electricity generated with PV can be calculated
straightforward from these irradiation data. For solar thermal electricity technologies
however some assumptions have been applied as the electricity generation with solar
thermal electricity technologies usually is calculated with the Direct Normal
Irradiation (DNI).

2.3

Estimate of technical and implementation
potential for the year 2020

In this study the technical potential as well as the implementation potential for the year
2020 of solar electricity technologies in various regions of the world will be
determined.
Technical potential
The technical potential is determined by the physical possibilities for harvesting solar
energy, such as the land area available for PV-plants. The technical potential is timedependent as technological improvements will increase the yield of renewables per
hectare land-use for example. Moreover, competition between renewable energy
technologies and other claims on land-use is in most cases more apparent than for
conventional energy sources (e.g. agriculture, buildings, nature, recreation, etc.).

i

Regions are defined according to the technical specification IEA/CON/01/69 in the invitation
to tender, see section 2.5.3.
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For renewable energy technologies technical potentials are generally hard to determine
as energy-intensities are usually low and therefore competition with other types of
land-use will occur. The technical potential is therefore determined using both
geographical information system (GIS) databases and statistical information sources.
In principle, a similar approach and data-set will be used as described in the wind
energy study as performed by Garrad Hassan for the IEA Greenhouse Gas R&D
Programme1. The technical potential will be determined by determining the land area
available for solar electricity taking into account slope constraints, land use
constraints, water constraints, nature area constraints and urban constraints or
opportunities. If specific geospatial data are lacking (e.g. roof surface (and orientation,
and tilt angle) per grid cell), statistical data or assumptions based on statistical data
will be used to determine regional or national potentials. These data will be
transformed into geospatial data, for instance by using population density data.
Implementation potential
In this study the implementation potential is defined as that part of the technical
potential which could be implemented if economic, technological and institutional
barriers and constraints are levelled out, taking into account the market growth of the
technologies. This implies that the influence of government support and consumers
interest will not be taken into account in this study.
The implementation potential for each technology in the year 2020 will in general be
determined using so-called S-curves (logistic curves, in analogy with biological
growth models) which are assumed to represent the development of the cumulative
capacity of installed system capacity per application, per region. Input for this S-curve
are the market size in 2000, the technical potential and the year in which 90% of this
potential will be reached. As centralised applications of PV and solar thermal
electricity are still in an early stage of market development this approach is not useful.
For centralised applications therefore a different approach has been adopted, based on
expert views on future market developments.
The study focuses on grid-connected applications of PV and solar thermal electric
systems. For PV this implies that the large potential for stand-alone PV systems will
not be taken into account. For solar thermal electric applications it is not expected that
off-grid applications will be of importance before 2020. However, it should be noted
that both types of technologies could be applied in so-called mini-grids (with sizes of
about 50 MW).

The Potential of Solar Electricity to Reduce CO2 Emissions
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2.4

Construction of cost supply curves for
electricity production and greenhouse gas
mitigation

The costs expressed in this study refer to direct costs: the additional resources that are
directly used in implementing solar electricity technologies. The specific net costs for
each measure E (US$/kWh electricity or US$/tonne CO2-equivalent) are determined as
follows:
Specific net costs of solar electricity (US$/kWhe)
Ee,i = Ci - Pi
with Ee,i = specific net costs of solar electricity production in irradiation class i
(US$/kWhe)
Ce,i = specific costs of solar electricity production in irradiation class i
(US$/kWhe)
Pe,i = specific cost savings of solar electricity production in irradiation class i
(US$/kWhe)
The specific costs Ce,i is calculated by dividing the yearly costs of the solar technology
by the yearly electricity production in irradiation class i.
Ce,i = α * Ce,iinv + Ce,iO&M
with Ce,i

=

Ce,iinv =
Ce,iO&M =
α
=

specific costs of solar electricity production in irradiation class i
(US$/kWhe)
investment costs (US$)
annual operation and maintenance costs (US$/year)
annuity factor: r/(1-(1+r)-n)
r = discount rate (in %/year) (in this study: 10%/year)
n = depreciation period (in years) (in this study: technical lifespan of the technology)

The investment costs are defined as the purchase price to be payed to the supplier of
the solar technology. These can refer to mechanical and electro-mechanical equipment,
construction work and/or land purchase. Operation and maintenance costs comprise
costs for personnel, consumption of energy and materials, accomodation, insurances,
et cetera. Note that the specific net costs are negative if the cost savings (Pi) are sufficiently large. The cost savings (Pi) are savings on the purchase or production of conventionally produced electricity (see section 7.3). Transaction costs, which are defined
as the costs of collecting information on, making decisions about, and monitoring the
performance of a particular investment, are not taken into account.
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The costs calculated this way are meant to be the life-cycle costs: i.e. the total costs
taking into account the technical life-span of the equipment required for the measure.
The prices used are market prices. Taxes are not included.
Note that all costs are expressed in US$ of the year 2000. The applied discount rates
are 10%/year.
Specific net costs of CO2 emission reduction by solar electricity (US$/tCO2)
The specific net costs of CO2 emission reduction can now be calculated as follows:
ECO2,i = 1000 * Ei / EFr
with ECO2,i =
EFr

=

specific net cost of CO2 (-equivalent) emission reduction by solar
electricity production in irradiation class i (US$/tCO2)
emission factor of reference electricity production in region r
(kg CO2/kWhe)

Regional emission factors for the reference electricity production will be derived in
section 7.2. In this study the emission factor will be corrected for lifecycle emissions
of the solar electricity technologies, see sections 3.4 and 4.4. Note that all tonnes of
CO2 presented in this study are metric tonnes.
The most well-known graphic representation of both the electricity production potential or emission reduction potential and associated costs is the cost supply curve. Such
a curve is constructed as follows: all measures are sorted in order of increasing specific
costs and, subsequently, the cumulative amount of electricity that can be produced or
the emission that can be saved is depicted on the horizontal axis, against the specific
costs shown on the vertical axis. In this study several supply curve representations will
be constructed.
The role of solar electricity generation in greenhouse gas emission mitigation depends
on various energy system aspects. This is notably relevant for the assumed emission
factors of the reference electricity system that is being ‘replaced’ by the solar
electricity technologies, possible interactions of solar electricity systems with the
electricity system et cetera. This could also influence the total costs of the solar
technologies (inclusion of system effects, grid connection et cetera). Another issue are
the lifecycle emissions associated to solar electricity.
In this study both the electricity generation costs and the CO2 mitigation costs and
potentials of solar electricity technologies are determined for the year 2020, according
to the IEA GHG R&D Programme’s Technical and Financial Assessment Criteria. Per
region the cost-abatement for greenhouse gas emissions will be produced, by
combining the electricity cost curve data and the data on emission factors (in- and
excluding lifecycle aspects, in- and excluding system integration aspects). Overall
global cost curves curves per technology will also be shown.
The Potential of Solar Electricity to Reduce CO2 Emissions
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The above will result in a qualitative description of the system aspects and a
quantitative set of data that are needed for the integrated analysis:
• CO2 emission factors for the reference electricity systems
• lifecycle CO2 emission factors for the solar electricity systems
• costs of electricity generation in the reference electricity system
• additional system costs of implementation of solar electricity systems

2.5

Project definition

2.5.1

Technologies

The study focuses on technologies for PV and solar thermal electricity generation
which is connected to the grid. With this approach a substantial part of future
decentralised PV applications are not taken into account, as it is expected that
application of building integrated PV in remote areas will experience a high growth in
the future. The focus on grid connection also implies that electricity to hydrogen
technologies are not covered in this study. It is recognised that hydrogen applications
are promising options for future energy supply, although it is not considered to be a
feasible option in combination with renewable electricity generation before 2020.
Out of the context of this study are also very large-scale plants in desert regions. It is
expected that desert regions will be a major solar electricity source for intercontinental
electricity supply in the future, but not before 2020. In chapter 6 this option will
shortly be described.

2.5.2

Constraints

The technical potential in this study is determined by applying different technical and
environmental constraints for the land area that can be used for solar electricity
generation. Distance to the grid is not taken into account as no GIS data-sets were
available for all regions. Especially data for the regions with a high solar electricity
potential like Africa and the Middle East were lacking. The GIS data-sets were
available for Europe, China, USA and India. However these regions all have an
extensive electricity grid. For this reason it is assumed that solar electricity plants in
these regions can be placed close to the (existing) electricity grid.
The only solar electricity application where the distance to the grid is an important
factor in investment costs is the employment of large-scale plants (>100 MW or even
>1GW) in desert regions. As stated before, this is not considered to be a feasible
option for 2020.
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Social constraints, which also restrict the implementation potential, are not taken into
account in this study. Social aspects that may influence the market penetration of solar
electric technologies can be the availability of skilled personnel and/or the creation of
new employment, technology transfer aspects and the opportunity to manufacture a
large share of the needed components locally etc.

2.5.3

Regions

In accordance to the terms of reference of this study, the following regions are
covered:
• Africa
• Australia (including Tasmania)
• China (excluding Hong Kong)
• EU15: Austria, Belgium, Denmark, Finland, France, Germany, Greece, Ireland,
Italy, Luxembourg, Netherlands, Portugal, Spain, Sweden, United Kingdom.
• FSU and Eastern Europe: The Former Soviet Union, Mongolia and Central and
Eastern Europe
• India
• Latin America: South and Central America and the Caribbean Islands
• Middle East: Iran, Iraq, Pakistan, Afghanistan, Oman, Saudi Arabia, Syria, Jordan,
Turkey.
• Rest of Asia: Indonesia, New Guinea, Japan, New Zealand, Singapore, Cambodia,
Vietnam, Thailand, Malice, Bangladesh, Philippines.
• USA (excluding Alaska and Hawaii)
This set of regions was used in an earlier IEA GHG study of greenhouse gas abatement
from wind energy. To facilitate comparison with the latter study, the same set of
countries is used in this study. Note that Canada, Switzerland and Norway are missing
in this list.

2.6

References

1 IEA Greenhouse Gas R&D Programme, The potential of wind energy to reduce
CO2 emissions, October 2000
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3

Photovoltaic Technologies

3.1

Technologies and developments

3.1.1

Solar cell technology

Since the first solar cell was made in 1954, many developments have taken place.
Several solar cell types are commercially available today, and research is conducted on
even more cell types in labs all over the world, notably in the USA, Germany and
Japan. The cell types that are commercially available today are listed in Table 3-1.
Also shown are the ‘best cell efficiency’ and the ‘typical module efficiency’ for each
type.
Table 3-1

Overview of commercially available cell technologies and their
efficiency

Cell technology

Monocrystaline silicon
Polycrystalline silicon
Amorphous silicon
Copper Indium Diselenidebased cells
Cadmium Telluride
III-V –compounds such as
Gallium Arsenide

Abbreviation

mc-Si
p-Si
a-Si
CIS/CIGS

Best cell
efficiency
(%)
24.7
19.8
12.7
18.4

Cell efficiency in
commercial modules
(%)
16
14
7
9

CdTe
GaAs

16.4
30.3

8

The best cell efficiencies are record efficiencies obtained in the laboratory, whereas the
typical module efficiencies are the efficiencies from cells from production lines
incorporated into commercial PV-modules. Other cell types that are still in the
laboratory stage of development are organic solar cells and polymer solar cells. The
technologies are promising because they can be made out of cheap and abundant raw
materials and utilise relatively simple and well known manufacturing methods.
Improving their efficiency and environmental stability are the main research issues.
Considering their premature stage these technologies are not likely to become
dominant by 2020 and therefore will not be considered in further detail.
Instead of giving a technological description per cell type, this chapter focuses on the
issues that are important to this study. The main issues are: what is the efficiency and
The Potential of Solar Electricity to Reduce CO2 Emissions
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cost of these cell and module types today and how are they expected to develop in the
future?
As far as efficiency is concerned, this study uses typical efficiencies of commercially
available modules as the base case. The much higher best-cell efficiencies achieved are
used as indicators for the improvement of production cell efficiencies in the future.
For the purpose of this study, the six cell types above could be grouped into three
types. The first (mc-Si) and the sixth type (GaAs) could be grouped into a high
efficiency cell group, suitable for concentrator applications. They could be
characterised as high in cost (per square metre) and high in efficiency. The second
group would be the cell technology that is used most often today: polycrystalline
silicon. Its characteristics would be medium efficiency and medium cost. The third
group of cell types is the thin film cell group, to which a-Si, CIS and CdTe belong. Its
characteristics would be low efficiency and low cost. Table 3-2 shows the global
market share of the different cell technologies in the year 2000.
Table 3-2

Market share (in MWp and in % of total) of different
c e l l / m o d u l e t e c h n o l o g i e s , 2 0 0 0 [ P V - N E W S 1]

mc-Si
flat plate p-Si
a-Si
a-Si on Cz slice
c-Si concentrators
ribbon Si
Si on low cost substrate
TOTAL

Market share (MWp)
89.72
140.56
26.97
12
0.5
14.7
2
286.45

% of total
31.3%
49.1%
9.4%
4.2%
0.2%
5.1%
0.7%
100.0%

As one can see the cell technologies listed at the beginning of this paragraph do not
coincide with the list in the table. There are two reasons for this: 1) the last three
technologies from Table 3-1 did not have a significant market share in 2000, and 2) the
division of the silicon-based technologies into monocrystalline, polycrystalline and
amorphous silicon is nowadays oversimplified. To make this last point clear, some
description of cell technology is necessary. Polycrystalline and monocrystalline cells
resemble each other in that they both use wafers cut out of Si-blocks, which are in turn
crystallised from a melt. The thickness of the cells is typically 300 µm. An example of
monocrystalline cell is given in Figure 3-1.
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Figure 3-1

Figure 3-2

A monocrystalline silicon cell

Example of a-Si cells
incorporated into PV-modules

The whole process of making cells from wafers (slices of silicon) requires substantial
amounts of cell-material (Si). Apart from the thick wafers required, 50% of the silicon
is lost in the wafer sawing process. These costs dominate the overall system costs. To
overcome this, the development of thin film solar cells such as those based on
amorphous silicon was started. Such ‘thin film’ cells are about 1 µm thick. An
example of modules incorporating thin film cells is given in Figure 3-2.
This difference represents an enormous potential for cost reduction and also for
reduction of the energy required to make the cells. Thin film cells are deposited onto a
substrate like glass or stainless steel foil. However, the efficiency of a-Si cells is still
substantially lower than that of c-Si cells. Combined with the still much smaller scale
of production, this has prevented a-Si from becoming significantly cheaper and more
attractive than c-Si. Meanwhile, c-Si research efforts for cost reduction continue as
well. This has resulted in technologies such as ribbon Si and Si on a low cost substrate.
The first technology almost eliminates sawing losses. The second technology makes
thinner cells possible and also avoids sawing losses.
Apart from the efforts to reduce material usage in Si-cells, research on the production
of solar grade Si is ongoing. With such a booming PV-market it will be impossible in a
few years to produce all feedstock material from waste of the chip industry, as has
been the case until today.
Thin film a-Si technology and c-Si technology are also learning from each other,
resulting in hybrid technologies such as c-Si/a-Si sandwiches and microcrystalline
cells grown from a substrate. An example of a hybrid technology is ‘a-Si on Cz slice’
(a-Si on Czochralski grown mc-Si). The effort is to combine the high efficiency of c-Si
cells with the low material cost of a-Si. Various ways of making thin cells of silicon on
substrates is also-called ‘thin film Si’.
Some experts expect that film silicon will become the dominant technology on the
long term (2020), replacing crystalline silicon2. It is in any case clear that for flat plate
applications the dominant technology today will be replaced by cheaper technologies
in the future. Which technology or technologies that will be is very difficult to say.
However, it is not necessary to know this for the purpose of this study. The cost and
The Potential of Solar Electricity to Reduce CO2 Emissions
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efficiency predictions of the thin film technologies converge in the long term, which
makes the distinctions between them irrelevant. When these technologies will start to
replace regular c-Si is a more relevant question but also hard to predict. It is likely that
flat-plate c-Si will remain dominant until at least 2010.
The solar cell in a PV-module represents the largest cost factor today. In addition, the
PV-modules comprise 50% or more of the cost of a total system3. Therefore, the
dominant part of research funding world-wide is used for cell research.

Manufacturing
process
21%
Finishing
materials
10%

Solar cells
48%

Laminated
materials
21%

Figure 3-3

Cost breakdown of materials and processes in the ex-work
price of a c-Si PV-module4

3.1.2

Module technology

A very common way to incorporate solar cells into a module is to encapsulate the cells
into a structure with a glass plate and EVA (ethyl vinyl acetate) polymer at one side
and a combination of EVA and tedlar foil on the other side. This is the way it is done
usually in the case of c-Si wafer technology. This is the rigid, standard so-called ‘flat
plate module’. However, many combinations are possible. Glass-glass modules are
made as well, for both thin film and thick film technology. For thin film technologies,
both the front and back can be polymer based. In some cases the thin film cell has
stainless steel foil as a substrate. Such modules, shown in Figure 3-2, can be made
flexible. This flexibility could open up new market segments.
Apart from flat-plate modules, solar cells can also be incorporated into concentrating
modules. Concentrating concepts include line focus or point focus concepts5. Line
focus can be achieved by applying parabolic troughs or linear Fresnel lenses; point
focus can be achieved by applying point focus Fresnel lenses or dish concepts. A
picture of a prototype module with a Fresnel lens is shown in Figure 3-4. For such
concepts only high efficiency solar cells (mc-Si or GaAs-based) are interesting.
Concentration factors that are achieved vary from less then 10 to 1000. Concentrator
14
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modules are only interesting in climates where a dominant part of the yearly irradiation
comes directly from the sun. In countries at high latitudes (50 degrees and higher) over
50% of the yearly total irradiation is diffuse. In this study, application of concentrators
is assumed to be limited to latitudes from –45 to +45 degrees.

Figure 3-4

Concentrator PV-modules with Fresnel lenses and two axis
tracking

3.1.3

Balance of System components technology

For photovoltaics to produce grid-connected electricity, inverters are necessary to
convert from dc to ac. They come in sizes varying from 100 Wp to over 100 kWp.
Example of a 2.5 kWp inverter on an attic of a home is given in Figure 3-5.

Figure 3-5

Example of a 2.5 kWp inverter on an attic in a home
(Amersfoort, the Netherlands)

The function of the inverters is to track the MPP (Maximum Power Point) of the PVarray and to convert dc to ac at specified intervals of voltage and frequency. The
conversion efficiency is generally quite high. Inverters with conversion efficiencies
approaching 95% are on the market today.
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There are different inverter types, but, just as was said for the thin film technologies,
for the purpose of this study their differences are not extremely large. Some research is
done, for example to reduce materials usage (and therefore cost). However, the most
important topic for improvement today is reliability of inverters. They are designed for
a lifetime of about 15 years, but failure in the field is still an issue. The conversion
efficiencies of different inverter types are similar and their cost differences are small as
well. The dominant factor that holds a promise for cost reduction in the future is
enlargement of the production scale.
The PV-modules need to have a support construction for mechanical support and for
orientation toward the sun. In case the PV is used solely for power generation
purposes, the support construction is designated for this purpose only. This is a socalled freestanding system. Cost savings and space saving can be achieved by giving
the PV-modules a function in addition to power generation, such as a façade or a roof
of a building or a noisebarrier. Space saving can also be achieved by putting PVsystems on flat roofs of buildings. In this case no cost saving is achieved for the
support construction is still necessary. Now PV-modules are still the most expensive
part of the PV-system, cost savings of the support structure are less urgent. However,
as PV-modules will get cheaper this will change. Examples of building integrated PVsystems, flat roof systems and free standing systems are given in Figure 3-6.

a)
Figure 3-6

b)

c)

Examples of a) building integrated PV-systems, b) flat-roof PV
systems, c) a free standing PV-system.

3.1.4

System technology

For the purpose of this study it is necessary to describe a few technologies on a system
level. On a system level, many of the cell, module, inverter and construction
technologies can be permutated to obtain numerous different kinds of ‘system
technology’. On a system level the size often determines the kind of technology. On a
small scale (0.1 – 10 kW) any kind of cell, module and inverter technology can be
applied for grid connected systems. Most of these systems will be building integrated.
On a medium scale (10 – 1000 kWp) the kind of technology applied will likely depend
on the application, i.e. for building integration any cell and inverter technology will be
16
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applied, but for free-standing applications there might be a focus on high yield cell
technologies, thereby reducing balance of system (BOS) cost. In that case thin film
technologies would not be the technology of choice. With small and medium size
systems the PV-systems might have other functions besides the generation of power,
such as function as a roof, façade or noise barrier.
Large-scale systems (> 1 MWp) are likely to be free standing and have the sole
purpose of generating power in the cheapest possible manner, on ground that has little
other value. This will certain exclude urban areas and will very likely exclude areas
that can be used for agricultural or nature preservation purposes. Thus, in table form, if
we define systems according to their size, we arrive at the following system
characteristics:
Table 3-3

Cell
technology

Module
technology
Construction
technology

Characteristics of different systems sizes

Small scale
(0.1 – 10 kWp)
Any kindi

Medium Scale
(10 – 1000 kWp)
Any kindi

Any kindii

Any kind

Building integration

Building (or other,
such as sound barrier)
integration

Large-scale
(> 1 MWp)
Medium and high
efficiency such as
mc-Si, mono-Si or
GaAs
Rigid flat plate or
concentrators
Free standing support
structure

An example of a ground based large-scale PV-system is given in Figure 3-7.

i
ii

High efficiency cells such as GaAs are likely to be too expensive
Versatility is necessary in building integrated applications
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Figure 3-7

A 3 MWp PV system in Serre, Italy

Small systems will generally be connected to the low voltage grid. Medium size
systems will be connected to the low or medium voltage grid, depending on their size
and location. Large-scale systems are likely to be far away from areas where electricity
is consumed and will be connected to the medium or high voltage grid.
For the analyses in this study three system technologies have been chosen: thin film
decentralised (i.e. small or medium scale), c-Si decentralised (small or medium scale),
concentrator centralised (large-scale). In building integrating applications issues like
aesthetics and ability for building integration are important, besides the need to reduce
cost. In large area systems, cost will be the dominant factor. Using concentrator
technology and high efficiency cells will require less area per unit of power, thereby
reducing area related BOS- and O&M cost. This could make the concentrator
technology more favourable. Tracking can in some case also give better matches to the
local load profile.

3.2

Current market developments per system
type, region and market

In the eighties and early nineties application of photovoltaic modules was focused on
areas without grid connection. Nowadays, the PV-market is dominated by grid
connected applications in well-developed and highly industrialised countries. Figure
3-8 shows the cumulative installed PV capacity in a selection of IEA countriesiii
broken down into the four primary applications6. The figure indicates that until 1998
the greatest percentage of PV systems installed in the reporting countries were for offgrid applications. This is still true in the majority of the reporting countries. E.g. in
Mexico, Norway, Finland, Canada, Sweden, Israel, France and Korea over 90% of the
total installed capacity is off-grid. However from 1999, the greatest percentage of
installed PV systems were grid-connected. The growth rate of the total installed
capacity between 1992 and 1999 was between 20% and 31% per annum. Between
1999 and 2000 the growth-rate amounted to 37%.
Market growth rates in grid-connected distributed applications are especially high in
countries where strong subsidy programs exist, such as Japan and Germany. Generally
the countries with high demand are also countries with high production volumes.
Production volumes are shown in Figure 3-9, for USA, Japan, Europe, the rest of the
world (ROW) and the world total, from 1993 – 2001.

iii
The selected countries are Australia, Austria, Canada, Denmark, Finland, France, Germany,
Israel, Italy, Japan, Korea, Mexico, Netherlands, Norway, Portugal, Sweden, Switzerland,
United Kingdom, USA.
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Growth rates in module shipments world-wide have been enormous in the last six
years: 25% per year on average, with 32% per year in Japan. Japan takes care of
almost 50% of the world module production. It also comprises about 50% of the
market today. The goal in Japan is to have 4820 MWp installed by 2010, for which
growth rates of 40-50% are necessary7. These impressive figures show that highgrowth scenario’s are not only theoretically possible, but actually take place. This
justifies extrapolating such growth percentages into the future. Even though the high
growth percentages should be partly attributed to demand created by subsidy
programs, the lower cost of PV in the future will make it easier to obtain high growth
rates with less subsidy, and in the farther future without subsidy.
As of 2000, 1 GWp of PV had been installed world-wide. The regional distribution is
likely to resemble the regional distribution of production.
In Japan residential systems dominate the market, just as they do in Europe. In
Southern Europe experience has been gained with large size systems (up to 3 MWp),
such as in Serre, Italy and Toledo, Spain. MW-size systems have been built in the last
years in Germany in the commercial building sector.
In the USA system types vary. Residential systems as well as utility scale applications
have been built. Systems sizes vary from residential systems ranging from 0.4-0.5 kWp
to 5-10 kWp systems. In the desert area in the southern part of the country experiments
with larger scale systems have been made. The first large system was already installed
in 1984: 6.5 MWp in the Carissa planes. Residential systems have the advantage that
they enable consumers to participate financially and that they can be placed over the
whole country. Large systems in the most sunny parts of the country would be
advantageous because in these areas peak PV-load coincides with peak demand. Since
the full cost for delivering electricity to a customer during summer peaks can be as
high as $0.40 / kWh, PV becomes cost effective much more rapidly in such areas8.
Today, countries where residential systems and systems on commercial buildings
dominate the market are the most booming. From this, we could expect this market
segment to become more and more dominant in the future. On the other hand, it only
takes one really big project (a GW-size PV-plant in a desert) to change this image
dramatically. In chapter 5 a section on the potential of large-scale electricity plants in
deserts has been included.
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3.3

Cost development, in past years and for
2020

Currently, the large-scale module price is about 3.5 - 4.0 $/Wpiv. According to a recent
report by IEA PVPS Task 8, the average module price has been about $6/Wp in the last
year4. This includes small modules at retail prices and is therefore much higher than
the average price in large volumes. System prices (including installation) range from
$6-12/Wp9.
As stated in paragraph 3.1.1, the cost of a PV-system is dominated by the PV-modules.
PV-module price has steadily decreased in the past two decades, as is shown in Figure
3-10. This figure shows the development of PV module price as a function of the
cumulative PV-module production volume.
100,0
ASP all modules (const $/Wp) [12PVSEC]
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ASP c-Si Power Modules (const$/Wp) [12EPVSEC]
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Figure 3-10 "Learning curve" of crystalline silicon and thin film
photovoltaic modules8

From the learning curve of PV-modules a progress ratio of 82% can be deduced8. In
other words: a factor of two increase in production volume results in a price reduction
of 18%. Since the market to date is dominated by c-Si technology, it dominates the
progress ratio as well. If another technology would become dominant, this could very
well change the progress ratio in the future.
Inverters cost on average $0.70/Wp today. In large-scale projects this is less than
$0.50/Wp. Inverter price will also go down significantly with increases in production
volume.
It will be assumed here that the same progress ratio applies to systems as to PVmodules. This is not unreasonable because progress ratio’s generally range from 70 –
90%. For inverters, a progress ratio of 75% was mentioned17. Installation cost will
iv

Costs of PV modules usually are expressed per Wp, but can also be given in costs per m2.
The relation between them is: Wp= # m2 * 1000* efficiency.
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likely drop significantly as well, for three reasons: (1) there is still room for efficiency
improvement in the installation process by designing less labour-intensive system
concepts and going to larger modules, (2) a higher cell efficiency and thus lower area
will reduce installation cost and (3) as more and more systems are installed in sunny
countries where labour cost is less than in the highly industrialised countries, the
average installation cost will go down.
Extrapolation of the progress ratio and growth rates of production volumes into the
future can be used to make estimates of module prices in the future. This will be done
in paragraph 3.5. In this paragraph, we show the numbers that are the basis of the
calculations.
An alternative to this macro-economic way of looking at cost is to examine in detail
the production processes and materials necessary to produce the modules and the
systems. Frantzis used a calculation model of manufacturing cost, based on direct
manufacturing costs such as materials, manufacturing labour, depreciation of
equipment and facilities10. It includes assumptions on improvements in efficiency,
yield, scale (from 10 to 100 MWp/year capacities of individual production facilities)
and material utilisation. Their results are shown in the table below.
Table 3-4

Direct manufacturing cost of thin film technologies

Technology
Poly c-Si
a-Si
CdTe
CIS

Manufacturing cost
2000 (US$/Wp)
2.10 – 2.45
2.70
2.30
2.25

Manufacturing cost
2010 (US$/Wp)
1.15 – 1.45
1.40
0.95
1.00

In an EPRI study on thin film PV a long-term prediction of direct manufacturing costs
of thin film PV modules amounts to $43/m2, which would amount to $0.29/Wp at an
efficiency of 15%, and $0.43/Wp at an efficiency of 10%. It should be noted here that
the numbers are estimated direct manufacturing cost not market prices. Roughly 5090% should be added to the direct manufacturing cost to arrive at the market price.
Since experience with concentrators is still limited in terms of market volume, it is
harder to determine the ‘average’ price or the large-scale price. To date, system prices
are within the range of those of flat-plate modules. Naturally, this depends on the local
conditions and kind of concentrating system.

3.4

Embedded energy and CO2

PV-systems do not use energy or emit CO2 during operation. However, manufacturing
systems costs energy and causes CO2-emission. The dominant factor causing emission
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of greenhouse gases is the embedded energy of the systems, that can be expressed in
terms of CO2-emission. For c-Si and thin films, Alsema, Frankl and Kato have done
life-cycle analysis studies11. Wheldon calculated energy payback times for
concentrating systems as well, based on the module LCA-data of Alsema12. In Table
3-5 embedded energy parameters are summarised for the various module technologies
and for BOS-components. In the studies, 35% conversion efficiency of converting
primary energy into electricity was used. In other words, 1 MJ of primary energy is
avoided with the generation of 0.097 kWh electricity by photovoltaic energy
generation.
Table 3-5

Life cycle analysis results modules and BOS(from [11])

Technology
mc-Si frameless module
pc-Si frameless module
a-Si frameless module
frames
BOS (free-standing system)
BOS (rooftop system)

Energy
(MJprim/m2)
6000
4200
1200
300
1800
700

In Table 3-5 embedded energy parameters are summarised for the various system
technologies, including systems using concentrator modules.
Table 3-6

Embedded energy parameters for various system technologies

Technology
mc-Si – free-standing
pc-Si - free-standing
pc-Si - rooftop
thin film - rooftop
pc-Si - free-standing
Lens concentrator – free standing

Energy (MJprim/m2)
8100
6300
5200
2200
5270
3600

Reference
11
11
11
11
12
12

Even though a-Si was the module technology examined, we assume that other thin
film is comparable in this context. For free standing p-Si, the calculated embedded
energy for systems, based on the same calculated embedded energy for frameless
modules, was somewhat different for the two sources. Both are given in Table 3-6, to
facilitate comparison of the numbers. A PV-system with an embedded energy of 5200
MJprim/m2 would have an energy payback time of about 4 years in a Southern European
climate (DNI = 1700 kWh/m2/year).
For further calculations in this study a range of 98 to 167 g CO2/ kWhel is used13.
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3.5

Energy production indicators and costs

The annual energy production (P) per m2 of ground area can be described as:
P = sf*d*H*PR*η,
sf
space factor
d
direct fraction of the light directly from the sun (applicable for concentrating
systems)
H
yearly irradiation on a horizontal surface (kWh/m2)
PR
performance ratio (measure of the ac performance under real conditions
compared to dc-performance at standard test conditions)
η
Total area system efficiency at standard test conditions
The space factor (sf) refers to the ratio of the panel-area to the ground area. For largescale systems the space factor is influenced by the distance in between the rows in the
PV-array. Space factors of several medium to large-scale PV plants world-wide vary
from 25 to 56%, with an average of 43%14. The EPRI study states a ‘packing factor’ of
40%. IEA Task 8 assumes a space factor of 50%. We use a space factor of 50% for
free standing, large-scale systems. For rooftop systems a space factor of 100% is
assumed.
It was chosen to approximate the diffuse fraction at a given location by:
d = 0.000218*H - 0.1276 for H > 1500 kWh/m2
This is an empirical formula, derived by examining diffuse fractions as a function of
total global horizontal irradiation of various locations around the world using a
simulation program. The outcomes are not very accurate but adequate for the purpose
of this study.
It was considered not to be necessary to make the performance ratio location
dependent. Even though temperature losses, which are taken into account in the PR,
are higher for warmer climates, this is approximately compensated by reduced lowirradiation losses in warmer climates with higher irradiation.
As already mentioned, the efficiency η in the above formula represents the total area
efficiency, and not the cell area efficiency. The difference between the two is the
density factor at which the cells are packed in a module. For example: a 1 m2 module
with 14% efficient cells (cell efficiency) will not be rated 140 Wp (14% of the standard
1000 Wp/m2), but 100 – 120 Wp depending on how effectively the module area is used.
The total area efficiency is then 10 – 12%.
Another note is that the above formula should actually contain the yearly irradiation on
a tilted surface instead of the yearly irradiation on a horizontal surface. However, for
24

The Potential of Solar Electricity to Reduce CO2 Emissions

the purpose of this study it will suffice to use horizontal irradiation: at the equator the
tilt factor is zero, whereas at 50° latitude this factor is about 1.15. Considering the
uncertainty in the space factor, this difference can be ignored.
In the tables below, indications of performance indicators and cost indicators for
several technologies are given. The numbers are based for a large part on the EPRI
study in 19975 but are adapted and complemented when that was deemed necessary.
For example, the state-of-the art-efficiencies stated in the tables for polycrystalline
silicon and thin film silicon here are based on module efficiencies of actual modules
on the market in 200015.
Table 3-7

PR
η(%)

Performance ratio and efficiency of flat-plate c-Si (BIPV)

2000
0.75
12

2020
0.80
15

Remarks
EPRI-study: 16% in 2000, 19% for 2020 assumed

Studies on PV-performance over the years (such as from USA test sites) have shown
that a slight decrease in power over the years can occur. This decrease is 0 – 1% per
year. It is not taken into account in the calculations.
Table 3-8

PR
η(%)

Performance ratio and efficiency of flat-plate thin film (BIPV)

2000
0.75
9

2020
0.80
13

Remarks
EPRI-study: 16% for 2020 assumed

The best a-Si modules on the market today have η up to 7%. CIS modules have
efficiencies up to 9.4%. Even though a-Si modules comprise by far the largest market
share in the thin film module market, 9% efficiency was taken as a ‘best practice’
efficiency.
Table 3-9

PR
η(%)

Performance ratio and efficiency of concentrating systems

2000
0.66
23

2020
0.66
30

Remarks
From EPRI study
2000 from EPRI, 2020 more conservative

Cost data for the various technologies are given below. The relationship between
US$/Wp and US$/m2 is the efficiency and the standard of 1000 Wp/m2. Thus
investment costs of 1.5 US$/Wp and an efficiency of 0.15 corresponds with
1.5*1000*0.15=225 US$/m2.
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Table 3-10

Cost data flat-plate c-Si

Cost data
Investment costs
(US$/Wp)
Investment costs
(US$/m2)
O&M costs

Technical
lifetime

2000
6

2010
3

2020
1.5-2

720

380-440

225-300

$2/m2 [8]
or 2% of capital
cost3
20 years system
life3

$2/m2 [8]
or 2% of capital
cost3
25 yr. modules,
15 inverters

$2/m2 [8]
or 2% of capital
cost3
30 modules,
20 inverters

A lifetime of 20 years is assumed for a system as a whole. It is shown today already
that 18-year-old modules are still functional16. From that point of view, a lifetime of 20
years with modules made today or in 2020 is a conservative estimate. On the other
hand, inverters have a shorter lifetime. They are designed to last 15 years17. Therefore
a system lifetime of 20 years is taken.
Table 3-11

Cost data of thin-film PV

Cost data
Investment costs
(US$/Wp)
Investment costs
(US$/m2)
O&M costs
Technical lifetime
Production costs
(US$/kWh)
at GHI 190 W/m2

2000
5-7 (5.3 EPRI)

2010
1.5 (EPRI)

2020
1.1 (EPRI)

450-630

150-200

115-150

2% of system cost
15
0.39 - 0.55

1% of system cost
20
0.11 - 0.15

1% of system cost
25
0.08 - 0.12

For thin film PV the EPRI study gives a long term cost projection of $43/m2. This
would be $0.29/Wp at 0 15% efficiency. The long term cost goal will not be reached
yet in 2020. Comparing the $1.5 W/m2 from the EPRI study for 2010 with the numbers
of direct manufacturing cost of Table 3-12, the EPRI-numbers seem on the optimistic
side, but not unreasonable.
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Table 3-12

Cost data of concentrating systems

Cost data
Investment costs
(US$/Wp)
Investment costs
(US$/m2)
O&M costs
Technical lifetime
Production costs
(US$/kWh)
at GHI 190 W/m2

2000
6
(= c-Si flat plate)
1380

2010
1.55 (EPRI)

2020
1.1 (EPRI)

390-450

270-360

3% of system cost
15
0.68

2% of system cost
20
0.16 - 0.19

2% of system cost
25
0.11 - 0.15

O&M cost are estimated to vary between 0.2 and 2% of the system cost per year.
Three recent projects in the SMUD district in California all reported O&M cost of less
than 0.25 – 0.7%, even in a project with single axis tracking4. One would generally
expect concentrating systems to have higher O&M cost. For very large systems in the
desert O&M cost are not very well known yet. Therefore, 1-2% is taken for flat-plate
systems and 2-3% is taken for concentrating systems.
A check on the system cost in 2020 can be done as follows: if one assumes a system
price of $6/Wp in 2000, a progress ratio of 82% and 30% growth annually, one arrives
of a system price of 22% of the price in 2000 or $1.3/Wp in 2020. This shows that the
estimates from the tables are ambitious, but achievable and in line with current
developments.
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Solar thermal electricity technologies

4.1

Technologies and developments

4.1.1

Solar thermal power plant technology –
state of the art

Today solar thermal electricity generation is the most proven and least cost option for
large-scale power generation using solar technologies. Basically this is due to the nine
Solar Electric Generating Systems (SEGS) with parabolic trough technology in
California with a total electric generating capacity of 354 MWel, ranging in size from
14 MWel to 80 MWel. Although the last plant was built in 1990 great efforts in all
fields of solar thermal technologies have been put into research and demonstration.
The main goal of the resulting technological advancements is the lowering of the
component and system costs to facilitate the further market introduction of these
technologies.

Figure 4-1

SEGS plants III-VII with parabolic trough technology at Kramer
Junction, California1

In contrast to solar electricity from PV systems solar thermal electricity systems are
based on the concentration of solar radiation and its conversion to heat. The
concentration process limits these technologies to regions with a high level of direct
radiation but enables the generation of high working fluid temperatures and thus
higher solar-to-electric efficiencies.
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Three solar concentrating technologies have reached the commercialisation stage:
parabolic troughs, power tower and parabolic dish systems. Where commercially
operating parabolic trough power plants in California have gained world-wide
reputation, solar tower plants and solar dish systems have only come to large-scale
demonstration units. For all of the three technologies their components and systems are
being developed further to reduce the electricity costs in order to facilitate the market
penetration.
By using reflectors these technologies concentrate the sunlight up to 5000 times its
normal intensity to generate high temperatures in a heat transfer fluid (HTF). This heat
is then used to drive a heat-to-electricity-conversion unit e.g. a conventional steam
cycle or a Stirling engine - in size ranging from a few kilowatts for remote power
systems up to 200 MWel and more for large-scale grid connected power plants.
The process of solar thermal electricity generation can be divided into three functional
steps: concentration of solar energy on to a receiver and conversion into heat, transfer
of heat to a process fluid, conversion of the heat in a power cycle into electricity. Each
of these three steps varies according to the solar concentration technology used and
will be described in the following. The last step – the conversion from heat to
electricity – is very similar to conventional power cycles and engine technology only
using a different fuel. The expansion of operating hours towards a security of
electricity supply can be provided either by “dual”-fuel or hybrid system concepts
(solar + fossil fuel) or with a heat storage or the combination of the two options.

4.1.2

Comparison of solar thermal technologies

Each of the three major solar thermal technologies –namely parabolic trough, power
tower and dish systems - has its own characteristic, advantages and disadvantages. An
overview of the different technologies is given in the following and Table 4-1 shows a
comparison between them with respect to typical applications, the current state of
development and special features.
Parabolic trough systems use one-axis tracking line-focusing parabolic collectors to
concentrate the direct sunlight onto a series of receiver tubes - also-called heat
collection elements (HCE). A heat transfer fluid (HTF), commonly a thermal oil, is
pumped through the tubes to transfer the collected heat of the solar field and to be
converted to steam to drive a conventional steam turbine cycle. Advanced parabolic
trough systems are planned on using direct steam generation or molten salt as working
fluids. In the case of molten salt, the working fluid will also provide thermal storage.
Power Tower and Dish technology are point focusing systems, thus the reflectors of
both systems need to track the sun in two axis in order to guarantee the collection of
the direct sunlight. Power tower systems consist of a field of heliostats, which focus
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the sunlight onto a receiver on top of a tower. The solar energy is transferred to a HTF
- commonly air, salt or water - which then generates steam to use a similar conversion
technology to produce electricity. Systems up to the size of 10 MWel have been
demonstrated to be a reliable technology for solar electricity generation.
In contrast to Power Towers and parabolic trough systems the parabolic reflector and
the solar-to-electric generator of Dish systems are one unit, which is continuously
tracking the sun. Due to its size - systems ranging from 5 to 100 kWel - dish systems
are of modular nature and can be used as stand-alone systems.
Table 4-1

Comparison of major Solar Concentrating Technologies

Central receiver systems - Solar

Dish System

tower (CRS)
Applications

Parabolic Trough collector
(PTC)

!

grid-connected electric plants

!

stand-alone applications

!

grid-connected electric plants

!

(process heat for industrial

!

small power systems

!

process heat for industrial use

!

test as demonstration units:

!

commercial power plants

use)
Experience

!

several test and demo units

!

largest: Solar TWO: 10 MWel

stand alone systems ≤ 25

with 30-80 MWel units; total

!

integrated combined cycle

kWel

354 MWel operating

designs

!

farms ≤ 5 MWel

!

hybrid (solar/fossil) operation

!

Integrated combined cycle
designs

demonstrated and in further
development
!

Advantages

dispatchable electricity with

!

hybrid operation and/or
!

very high conversion

!

efficiencies

hybrid operation and/or

storage

!

modularity

storage

good long-term perspective

!

hybrid operation

!

for high conversion

experience
!

storage at high temperatures
hybrid (solar/fossil) operation

!

investment cost projections

!

not yet verified
!
!
!

hybrid (solar/fossil) concept
proven

possible
Disadvantages

commercially available with
4500 GWh operational

efficiencies and energy
!

dispatchable electricity with

fossil back-up only been

!

storage capability

!

lower operating temperatures

demonstrated

restrict output to moderate

heliostats require very high

!

storage a problem

steam qualities due to

tracking accuracy

!

development has only

temperature limits of oil

air and salt receivers have

reached prototype stage

!

direct steam technology has

only reached prototype stage

only reached demonstration

operating projections and

state

system reliability not yet
proven

Reference: Price et al. (1998)2 and Pilkington (1996)3
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4.1.3

Electricity market assessment

Depending on the electricity demand at certain times there exist three market segments
in the power market satisfying three distinct needs. Commonly they are classified into
the categories base load, mid load and peak load. According to the load concept a
typical number of annual full load hours can be assigned (see Table 4-2) and thus
opening different technical and economically competitive options to produce the
electricity.
Table 4-2

Typical operating hours for power plants4

Plant concept
Base load
Mid load
Flat peak
Spiky peak

Annual full load hours
> 8000
4000 - 4400
2000 - 2200
< 1000

Capacity factor
> 90%
< 50%
< 25%
< 12%

In markets with a well-developed infrastructure and reasonable priced fossil fuel e.g.
lignite, coal or natural gas base load power would be valued to the order of 34US¢/kWhel.5 The competitive price for mid- and peak-load power (capacity factors of
20-40%) is notably higher than base load power and usually in the range of 4-6
US¢/kWhel. In most cases power is needed only for parts of the day in order to provide
additional power e.g. for morning, midday or evening peaks. Exceptional market
opportunities may exist – markets with high fossil fuel prices - where the generated
electricity is valued higher up to a value of 8 US¢/kWhel.
For solar thermal power plants it is important to provide dispatchable power in order to
match the different demand profiles and to get the generated electricity rewarded
accordingly. Thus, the appropriate technological option to fulfil these needs would be
either the use of thermal storage or the employment of hybrid solar/fossil fuel
concepts. The dispatchability of solar thermal power offers this technology significant
advantages over other renewable energy technologies such as wind power or electricity
from photovoltaic cells. Moreover common mid-day peaks can be perfectly met due to
high insolation at the same time; by adding storage capacity to solar thermal power
plants also the typical evening demands can be easily answered. Without thermal
storage capacity solar thermal technologies are limited to a solar capacity factor of
approximately 25%6.
Concluding the above discussion the major future markets for competitive solar
thermal power generation are seen in the mid- to peak-load sector or niche markets
with higher competitive electricity prices. Nevertheless base-load power concepts for
hybrid solar thermal power plants have also been developed and will be discussed in
the following paragraph.
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4.1.4

System concepts and system integration

When comparing conventional thermal power plants with solar thermal power
technology, the major difference results from the heat source used to generate the
steam for the steam cycle. Various concepts for the integration of solar thermal energy
into the power cycle have been developed and demonstrated and are continuously
being further developed for new solar thermal power projects.
Today, several solar thermal power project developments with parabolic trough or
tower technology are underway, either as base-load combined cycle plants, as midload concepts or as "solar only" concepts. Future system concepts, currently being
investigated in international research and development activities, are e.g. molten salt
trough systems, the direct steam generation (DSG) in the absorber tubes of parabolic
troughs and closed volumetric hot air receivers for power towers (REFOS concept) for
integration into the toppingi cycle of combined cycle plants or into Braytonii cycles.
Table 4-3

Solar thermal power cycle options

Plant/Cycle
Solar
Field/Turbine
SEGS I
SEGS III-V
SEGS VIII/IX
SEGS
DISS
ISCCS
Solar Two
REFOS
ORC

Solar
technology

Working Fluid

Trough
Trough
Trough
Trough
Trough
Trough
Tower
Tower
Trough

Caloria/Steam
Therminol VP1/Steam
Therminol VP1/Steam
Salt HTF HitecXL/Steam
Steam/Steam
Therminol VP-1 /Steam
Molten salt
Air
Caloria/Organic Fluid
7

Solar Outlet
Temp.
(ºC)
307
349
390
450
550
390
565
800 (1200*)
307

Turbine
Inlet Temp.
(ºC)
418
327
371
430
550
565
550

Solar
Mode Eff.
(%)
32
31
38
41
42
45

293

22

8

Reference: Price et al. (2001) and Buck et al. (2000)

Since the efficiency of a thermal power cycle depends mainly on the temperature
difference between the upper and lower process temperature, the integration of solar
thermal energy into a power cycle is one of the key challenges for economically
feasible solar thermal power concepts. Next to the demonstrated cycles several new
concepts have been and are still being developed in order to improve the efficiency of
the power cycle, to increase dispatchability and to facilitate the market introduction of
solar thermal power generation technology; after all lowering the system costs. In the

i

The gas turbine part of a combined cycle process is commonly referred to as the “topping
cycle”; whereas the bottoming cycle references the steam cycle of a combined cycle power
plant.
ii
Brayton cycle is another expression for the conventional gas turbine process, consisting of a
compressor, a combustion unit and a expansion unit with a generator
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following the demonstrated steam cycle concepts will be presented, as well as further
developed concepts and some of the existing plants and current project developments.
Experience with Solar Electric Generating System (SEGS)

During the years 1984 to 1990, LUZ International Ltd. built nine parabolic trough
power plants, ranging from 13,8 to 80 MWel in the Mojave Desert of southern
California. With a capacity of 350 MWel they are producing more than 80% of the
world-wide generated solar power every year. Daggett Leasing Corporation (DLC) is
operating the SEGS I+II plants located near Daggett. The SEGS VIII+IX projects
located near Harper Dry Lake are run by Constellation Operating Services, while
Kramer Junction Company Operating Company (KJC OC) operates SEGS III-VII
projects at Kramer Junction. Kramer Junction is located approximately 100 miles
north-east of Los Angeles in the Mojave Desert. The SEGS plants generated electricity
economically, producing electricity as cheaply as some new coal plants and with no
hidden pollution costs. Due to a drop in oil prices and problems with tax credits, LUZ
was forced to file for bankruptcy at the end of 1992 shortly before the already planned
SEGS X plant could be installed. However, the solar electric generating systems
continue to operate.
Each SEGS facility was developed as an independent power producer (IPP) which
sells power to the local utility – in all cases Southern California Edison Company
(SCE) – under terms of a power sales agreement between the owners of the plants and
the utility. The owners of the plants are investor groups typically composed of large
corporations, insurance firms, utility investment arms and some individual
participants.
By US federal law, the energy supplied by natural gas is limited to 25% of the total
effective annual thermal plant energy input. Three different concepts have been
applied to integrate the energy from fossil fuel into the solar cycle:
1. Superheating of solar generated steam (SEGS-I),
2. Using fuels in a separate fossil-fired boiler to generate steam when insufficient
solar energy is available (SEGS-II-VII), or
3. Using fuels in an oil heater parallel with the solar field when insufficient solar
energy is available (SEGS-VIII-IX).
The type of hybridisation of the plants has been basically selected in order to lower the
levelised electricity cost. The hybridisation of the plants - being able to provide
dispatchable power - has been essential to the operational success of the projects.
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Figure 4-2

Schematic Flow Diagram of Reheat SEGS Plant

(Courtesy of Flagsol, Cologne, Germany)
DSG - Direct Steam Generation

Using parabolic trough technology one obstacle for further improvement of the steam
cycle efficiency is the relatively low operating temperature due to the temperature
limitation of the HTF used in the solar field. Thermal destabilisation and
decomposition of the today used type of thermal oil starts at temperatures above
395°C. But an increasing solar field outlet temperature would result in an higher upper
process temperature of the steam cycle and consequently improve the steam cycle
efficiency gradually.
At present the second phase of a large European research and technology development
project called DISS has just been demonstrated successfully. In this project water is
used as HTF in parabolic troughs for direct steam generation By generating the steam
directly in the absorber of a parabolic trough the use of thermal oil is not necessary
anymore, thus the heat exchanger (steam generator) can be eliminated, which shall
also augment the system efficiency. If steam temperatures of 550°C at 100 bar can be
reached a peak efficiency increase of up to 23% is projected 9. A reduction of the
levelised electricity costs of 20-30% is expected by the employment of direct steam
generation10 instead of using the conventional thermal oil.
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Figure 4-3

DISS test facility at PSA, Tabernas, Spain

Integration of solar thermal energy into combined cycles or Brayton
cycles

Combined cycles offer several possibilities to integrate solar thermal energy; basically
they can be classified in those concepts where solar thermal energy is either fed into
the bottoming or the topping cycle of the combined cycle. The most discussed
technical bottoming-cycle-option is the Integrated Solar Combined Cycle System
(ISCCS) concept described in the following. The integration of solar thermal energy
into the topping cycle offers higher solar shares but the technological component
development is not as advanced yet, as the necessary technologies for the ISCCS
concept In general, four advantages are seen for solar thermal combined cycle plant
concepts compared to solar thermal Rankineiii cycle power plants and which shall
facilitate the market penetration of solar thermal power generation:
1. The additional costs of the solar field and the necessary auxiliary equipment are
relatively low compared to solar only or hybrid solar thermal power plants with
Rankine cycle.
2. The solar-to-electric conversion efficiency is higher than for solar thermal power
plants with Rankine cycle.
3. Aiming at market segments with higher capacity factors - mid- and base-load
rather than peak load - less thermal losses due to frequent turbine start-up
procedures will improve the annual overall solar-to-electric efficiency, too.
4. Solar thermal heat output can compensate and overcome efficiency decreases of
the gas turbine due to high ambient temperatures since the solar thermal peak falls

iii

A Rankine cycle refers to a conventional water/steam cycle, consisting basically of a steam
generator, a steam turbine with a generator, a condensator and a feedwater pump
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together with times when those decreases are largest; in particular in the countries
of the world’s solar belt. This concept is called the “power booster” concept.
ISCCS - Integrated Solar Combined-Cycle System
In the Integrated Solar Combined Cycle System solar thermal energy is integrated into
the bottoming steam cycle of a combined-cycle power plant. The most discussed
technical concept is to oversize the steam turbine as to operate with an increased
amount of steam during solar operation. The waste heat of the gas turbine is used for
preheating and superheating, while the solar heat is mainly used for steam generation.
In this way the capacity of the steam turbine could be increased up to the double of
conventional combined cycle (CC) power plants. With this concept annual solar shares
of up to 10% could be reached with Power Tower-technology without thermal storage.
At design solar conditions solar thermal energy could contribute up to 25% of the
whole energy output 6. Unfavourable for this concept is the fact that the steam turbine
has to run in part load whenever solar radiation is different from solar design
conditions.
At present several solar thermal power plant projects in developing countries to be
funded by the Global Environmental Facility (GEF) consider the ISCCS configuration
with parabolic trough technology.

Yazd Solar Thermal Plant
Envisaged in MFP Study
Solar Field up to 498’000m²

Low Pressure Solar Steam

Planned: Addition of steam turbine
and conversion to Combined Cycle

Expansion
Vessel HTF

90-180 MW
Steam Turbine
oversized for
solar steam
e l

High Pressure Solar Steam

Expansion
Vessel HTF

Forced
draught fan

Fuel

X MW
Supplementary Firing
e l

60MW Gas Turbine

Fuel

60MW Gas Turbine

60MW Gas Turbine

Fuel

Fuel

3 x 60 MW Gas Turbines are currently at Yazd

Figure 4-4

ISCCS diagram with parabolic trough technology (Courtesy of
NREL)

REFOS concept
A second concept with a high potential to increase the peak and annual solar-toelectric efficiencies up to 30% (peak)(25% annual) is based on the integration of the
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solar heat into the topping cycle of a combined cycle power plant or a gas turbine
cycle 11. Power towers using heat transfer fluids like air or molten salt offer the
possibility to generate higher fluid temperatures; with air temperatures up to 800°C are
reached today and 1200°C are seen as possible in the near future 8. A solar preheating
of the combustion air of a gas turbine would enter the solar thermal heat where the
high conversion efficiency of a CC can be reached. Moreover this concept would offer
faster start-up times and it is expected to have lower installation and operating costs.
One receiver that offers the needed characteristics for a coupling with a CC or gas
turbine process has been developed by DLR and tested at the solar thermal research
centre Plataforma Solar de Almería/Spain (PSA). The REFOS receiver is a pressurised
volumetric air receiver with a secondary concentrator that is able to operate at 15 bar
and at temperatures up to 800°C. Another concept that is actually being tested in Israel
makes use of a secondary concentrator on top of a tower from where the sunrays get
directed on to a high temperature air receiver at the bottom of the tower where the hot
air is used in a gas turbine.

Figure 4-5

Refos system concept or picture (Courtesy of DLR)

ORC - Organic Rankine Cycle
The Organic Rankine Cycle (ORC) is already state-of-the art in the field of bioenergy
with several systems installed e.g. in Austria. Also first applications of unattended
operating geothermal plants with ORC’s have been demonstrated. ORC in
combination with solar thermal concentrating technologies are in an early stage of
development.
Integrating heat from solar thermal concentrating systems into ORC processes with
air-cooling would offer a number of advantages compared to a conventional Rankine
steam cycle. Basically this is due to the properties of the organic working fluid which
can be condensed at above atmospheric pressure. ORC’s can be operated at lower
pressures, resulting in cost reductions of various components and the operation and
maintenance with less onsite personal. Pumping parasitics are lower and the efficiency
of ORC’s is comparable to well trimmed Rankine steam cycles. Moreover the water
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consumption can be reduced drastically by about 98% compared to SEGS type plants.
The considered size of solar thermal power plants with ORC technology range from
100 kWe to 10 MWe. Smaller compact systems employing parabolic trough technology
with ORC’s are expected to be produced at costs to about US$1/W installed capacity.
Currently electricity costs of about 20¢/kWhe appear to be possible. With optimised
ORC’s operating at upper process temperatures of 300°C and thermal storage, solar
capacity factors of 50% or higher and solar electricity costs of 12US¢/kWhe can be
reached 7.
Thermal Storage

Naturally, solar energy is available only during daylight hours. Moreover a certain
threshold has to be exceeded before solar energy can be used for electricity generation
so that a limited amount of solar thermal electricity is available to match the demand
of electricity. Solar capacity factors of 25% - approximately 2100 full load operating
hours – can be reached at good sites in solar only mode. Thermal storage systems
could be used e.g. for sites with a moderate and consistent rise in electrical demand in
early evening, thus collecting and storing the excess solar energy during the day, and
shifting its utilisation to the evening to produce energy. With a corresponding increase
in the capacity of the solar field, thermal storage can also be used to increase the
capacity factor of a solar power plant without the use of a fossil backup system where
fuel is costly or its availability restricted. In either case, thermal storage improves the
operation of a solar plant by buffering any rapid changes in solar radiation during the
day. The integration of a thermal storage system into a SEGS configuration is shown
as an option in Figure 4-6.

Steam Generator

Power Tower
exhaust

Oversized
Steam Turbine

fuel

Oil-fired Boiler
Steam
Power Plant
Figure 4-6

Solar thermal power plant with integrated thermal storage
(Courtesy of Sandia)
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A large 2-tank thermal storage system was installed in the SEGS I plant to supply 3
hours of full plant capacity, but thermal storage was not incorporated into the later
SEGS plants. At Solar One a 1-tank thermocline storage system with a rock/sand filler
was used; both of them worked well but experienced a fire; the Caloria mineral oil is
very flammable. Where fossil backup is available, it is generally a more cost-effective
option for extending the plant capacity factor and meeting demand requirements,
though it increases plant emissions. Hence thermal storage is more attractive from an
environmental point of view and adds operating flexibility to a plant using solar energy
alone as the heat source12. At the Solar Two demonstration tower power plant a 2-tank
molten-salt storage system with a capacity of three full load hours was installed and
demonstrated successfully Several new storage concepts are currently being
considered for new plants using storage materials such as concrete, molten inorganic
or organic salts. Some of them have been demonstrated on a laboratory scale, others
are design studies only.

4.1.5

Parabolic troughs

More than 2,000,000 m2 of parabolic trough collector technology have been in daily
operation since the first SEGS plant went online in 1984. During the years of operation
significant progress in collector design and operation of the SEGS plants could be
made by the operating companies, the involved industry and world-wide research
institutions, so that the operation and maintenance (O&M) costs could be reduced
continuously and future plants will profit from lower capital costs.
Parabolic trough collectors consist of a parabolic shaped reflector that directs the
sunrays onto a receiver, a support structure and a drive and control unit. The solar
radiation is reflected by the mirrors, focused to the receiver and absorbed by a highly
selective coating and transferred to the heat transfer fluid that is pumped through the
receiver tube. From the commercial viewpoint trough technology is the most proven
solar thermal technology today.
A set of parabolic trough collectors with one drive and control unit is called Solar
Collector Assembly (SCA). A number of SCA’s make up a solar field where the solar
radiation is collected and supplied to the steam generator.
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Figure 4-7

SEGS plant with LS-3 parabolic trough collector at Kramer
Junction, California

During the last years several improvements in parabolic trough technology have been
made, resulting in an increased system performance. In particular the O&M
improvement programme of SunLab together with KJCOC has lowered the O&M
costs significantly at the Californian STPP’s. Further technical improvement and
advances have been made or is envisaged, including an improved optical efficiency, a
redesign of the structural framework, mirror washing techniques, logistic aspects,
installation and replacement of reflector & receiver (HCE) and several other
component improvements. A European consortium of industry and research partners
have developed the new EuroTrough collector; similar approaches are being made
with the USA Trough.

4.1.6

Power towers

In power plants using solar thermal tower technology the sunlight is focused with
hundreds of mirrors onto a receiver mounted on top of a tower. The mirrors - called
heliostats - track the sun in two axis to concentrate the sunbeams, thus reaching
concentration ratios up to 1000 times the intensity of normal sunlight and more. The
radiation energy is transferred in the receiver to a heat transfer fluid (HTF), which
passes the collected heat to a steam generator to drive a conventional steam turbinegen-set. Receiver outlet temperatures may vary between 800 °C (today) and 1200°C
(future)10.
Several solar power tower systems using different receiver technologies and HTF
concepts have been and are currently operating world-wide. Table 4-4 shows the most
successful power tower projects.
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Table 4-4

Project

World wide power towers experience

SSPS
Eurelios
Sunshine
Solar One
CESA-1
MSEE/Cat B
THEMIS
SPP-5
TSA
Solar Two

Nom. Capacity
(MWel)
0.5
1
1
10
1
1
2.5
5
1
10

Refos

0.35 MWth

Figure 4-8

HTF

Storage Medium

Country

Liquid Sodium
Steam
Steam
Steam
Steam
Molten Nitrate
Hi-Tec Salt
Steam
Air
Molten Nitrate
Salt
Air

Sodium
Nitare Salt/Water
Nitare Salt/Water
Oil/Rock
Nitrate Salt
Nitrate Salt
Hi-Tec Salt
Water/Steam
Ceramic
Nitrate Salt

Spain
Italy
Japan
USA
Spain
USA
France
Russia
Spain
USA

Starting
year
1981
1981
1981
1982
1983
1984
1984
1986
1993
1996

-

Spain

1998

Solar Two, Barstow/California1

In the U.S. the 10 MWel rated Solar One and Solar Two plants were the most
successful demonstration plants. Solar One operated successfully from 1982 to 1988
using water/steam as HTF and proved that solar thermal electricity from solar tower
systems can be produced in large-scale applications. The upgraded Solar Two tower
worked with molten nitrate-salt as HTF, which added the ability of providing a more
efficient heat storage with a capacity of three full load hours after sunset. Solar Two
operated from 1996 until 1999.
In Europe latest developments in tower technologies are demonstrated mainly at the
test facilities of the Plataforma Solar de Almería (PSA) in Southern Spain. The most
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successful receiver/tower concept that had extensively been tested at PSA was the
Phoebus concept with the TSA receiver developed mainly by the German company
Steinmüller. Lately the first pressurized volumetric air receiver (REFOS) had been
tested at PSA.
A number of tower technology components are being improved at the various test
centers for solar thermal concentrating power, including
" The receiver tube metallurgy, allowing a higher flux on the receiver and a larger
resistance to stress corrosion cracking, leading to an improvement of 3% in
thermal receiver efficiency
" Heliostat field improvements: better optical properties, lower cost structures, better
control; large area heliostats (90-150 m2) developed by Inabensa, Ghersa,
Advanced Thermal Systems (USA), SBP
" A simplified heliostat design resulting in 45% reduction of the manufacturing
costs
" An improved control for the high temperature nitrate salt process13
" system integration aspects, like reducing the plant parasitics, optimisation of the
start-up procedures, better control strategies.
" the integration of solar steam into the conventional power cycle and the
hybridisation of the solar cycle. The coupling of the high temperature solar system
to a gas turbine would allow a higher efficiency, faster start-up times so that a
lowering of installation and operation costs are expected14. E.g. by solar preheating
of combustion air of gas turbine in combined cycle10.

4.1.7

Parabolic dishes

Today’s solar dish systems consist mainly of a parabolic concentrator (the “dish”), a
receiver, where the solar radiation is converted to heat, and a Stirling engine with an
electric generator. The nominal power capacity of dish/Stirling systems range from 5 –
100 kWe, basically determined by the size of Stirling engines that are available on the
current market. The dish/Stirling system tracks the sun in two axis so that solar
radiation is received at all times. Among solar electric generating systems dish/Stirling
systems are reported to have reached the highest solar-to-electric efficiency: 29.4%
(the Advanco Vanguard system)15.
Dish/engine technology dates back to the 19th century, the basic idea of current
systems, though, was not developed before the 1970’s when United Stirling AB,
Advanco Corporation, McDonnell Douglas Aerospace Corporation (MDAC) produced
their first dish/Stirling system with a directly-illuminated, tubular solar receiver. Eight
prototypes were built until 1986 when the MDAC stopped their dish/Stirling
programme. In the same period the German company Schlaich, Bergermann & Partner
(SBP) built their first prototype of a 50 kWe dish; two of this type got erected in Saudi
Arabia in 1984. In 1989 SBP tested their first prototype of a 8 kWe dish at the
University of Stuttgart. Public demonstrations of the new 9 kWe dish followed in
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1991. In 1992 the demonstration and durability test of three 9 kWe dishes at PSA/Spain
started. The follow-up system - the 10-kWel-DISTAL II system – started operation in
199716. Also in the early 1990’s the American Cummins Engine Company together
with Sunlabiv started the development of a 9-kWel-dish/Stirling system with a multifacet reflector. Another dish/Stirling system with a size of 20 kWe and a multi-facet
reflector was developed by Solar Thermal Motors (STM) and Science Applications
International Corp (SAIC)15. So far the largest dish/Stirling system that got erected is
the so-called Big Dish with a nominal thermal peak capacity of 360 kWth (450 ºC,
7 MPa) for use in Rankine cycles at ANUTECH, near Sydney, Australia.
Today the available pre-commercial systems with the most operating hours are the
Distal I/II systems of SBP with more than 40,000 operating hours in total. In
2000/2001 two new EuroDish units got erected for testing at PSA driving down the
unit costs from 11000 US$/kWe to 5500 US$/kWe 17. Further approaches towards
commercialization of dish/Stirling systems have been made with the development of
hybrid solar-propane-receivers. A first unit got tested at PSA in 1998/1999.
In order to further reduce the investment costs of dish/Stirling systems the following
advances are seen as most important:
• Lower reflector and structure costs
• Enhancements of the receivers coupled to Stirling and Brayton processes,
including heat pipe receivers
• Fully automatic operation
• Hybrid operation of the Stirling and Brayton engines10.
In near-term annual efficiencies of dish/Stirling systems are expected to reach 23%
paired with a higher reliability and availability15.

iv
The solar thermal programs at the two American research institutions Sandia National
Laboratories and the National Renewable Energy Laboratory together form the virtual institute
SunLab
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Figure 4-9

Dish/Stirling systems Distal I and II, Plataforma Solar de
Almería/Spain

Power [kW] and yearly energy production [MWh/System]

(Courtesy of DLR/PSA)
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Figure 4-10 Performance improvements with increasing production rates

(courtesy of SBP)
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4.2

Current market developments per system
type, region and market

The current industrial developments on solar energy technologies mainly take place in
Australia, Europe and the USA while projects take place world-wide.

Italy Greece
Spain

USA

Iran

Morocco
Egypt
Mexico

India

World bank funding
Australia

Other funding

Figure 4-11 Current solar thermal power project development

4.2.1

Developments in Europe

In Europe four projects are currently being developed; three of them in Spain and one
on the Greek island of Crete. Most promising are the projects in Spain where a
particular royal decree is ratified in 2002 that regulates the feed-in of solar thermal
electricity and its tariffs. Attractive feed-in tariffs are expected to provide an
environment where solar thermal projects can be economically feasible. Three
multinational consortia are developing the projects in Spain as Independent power
producer (IPP) projects, two of them are tower projects and one aims to apply
parabolic trough technologyIn order to comprehend the current state of the art of solar
thermal technologies, below a brief description of the Spanish projects is given.
The project "Planta Solar 10" (PS10) foresees the construction of a 10 MWel solar only
solar thermal power plant (STPP) with a 1-h-storage at the location of Sanlúcar la
Mayor nearby Seville in Spain. The Phoebus power plant concept with an open
volumetric air receiver based on the TSA technology that had been extensively tested
at the Plataforma Solar de Almería shall be applied. Such receiver technology can
operate at temperatures up to 1500°C and could therefore also be used in gas turbine
cycles and combined cycles. Cost targets for the initial investment costs are set below
2800 US$/kWe 18. The Seville based company Abengoa is leading the consortium to
develop this plant. The STPP shall reach an annual solar-to-electric efficiency of
10.5% and a peak efficiency of 13.2%; resulting in a capacity factor of 22%. Recently
a hybrid configuration with biomass is being considered (SOLBIO).
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The second solar tower project in Spain, called Solar Tres (S III), is being developed
at a site near Cordoba by a consortium lead by the companies Ghersa, Bechtel, Boeing
and Nexant19 It is based on the molten salt technology and the experiences made with
the Solar Two plant in Barstow. Its planned power capacity is 15 MWel with a 24-h
molten salt storage that enables the plant to a capacity factor of over 60%13.
The Spanish Abengoa group and Milenio Solar S.A. are developing a 50 MWel
parabolic trough project, called AndaSol, in the province of Granada, Spain. Proven
thermal oil technology with 9-h storage and the newly developed EUROTrough
collector will come to use in this project.
On the island of Crete (Greece) the 52 MWel STPP project THESEUS is being
developed by a European consortium lead by the private venture capital fund Solar
Millenium. This has been funded by the European Commission in several stages. This
solar only STPP is based on the EUROTrough parabolic trough technology.

4.2.2

World-wide developments

At present several solar thermal power projects are being developed world-wide.
Various American and European industry consortia develop these projects together
with local partners. Most of them are projects supported by the World Bank's Global
Environmental Facility (GEF). STPP's are not only interesting in the context of Joint
Implementation Activities to reduce the worldwide carbon dioxide emmissions but
also in the context of creating local jobs. According to US-DOE (1998)28 2½ times as
many skilled high paying jobs are being created in the municipalities where STPP's are
operated compared to conventional power plants. Table 4-5 shows the different project
developments that are currently being undertaken.
Table 4-5

Current developments of worldwide STPP projects

Location
Northern Morocco
Rajasthan, India
Northern Mexico
Egypt
Yazd, Central Iran
South Africa
Egypt

Type
ISCCS - advanced parabolic trough technology
or solar tower technology
ISCCS - advanced parabolic trough technology
ISCCS - advanced parabolic trough technology
ISCCS - advanced parabolic trough technology
or solar tower technology
ISCCS - advanced parabolic trough technology
Standard SEGS + 6 h thermal storage
ISCCS - solar tower technology

Capacity (MWel)
178
135
140 - 300
140
298
100
140

Reference: Aringhoff (2001)20
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Although since 1990 no commercial STPP's had been built the technology advances
and project development activities have been manifold. These developments are not
only pushed forward by research institutions but also by industry and government
policies. Taking into account the current status of the number of installed systems - the
nine SEGS plants in California with a total capacity of 354 MWel - and the
technological advances during the past few years as well as the actual worldwide
project development activities it is most likely that new solar thermal power plants will
be built in the near future. In the developing countries with the appropriate solar
resources solar thermal power offers a sustainable option for power generation where
large parts of a STPP can be manufactured locally. In the European, US and Australian
markets green pricing incentives give way for the development of solar thermal power
projects.

4.3

Cost development, in past years and for
2020

The commercial experience in the field of solar thermal electric power plants is limited
to the nine SEGS plants and some semi-commercial solar tower and solar dish
projects. Thus, the cost data that has been collected and the derived projections, which
are displayed in this subchapter, are based on those plants and projects as well as cost
estimations from a number of companies and institutions. Aiming at different market
segments the solar thermal technologies are divided into centralized - parabolic trough
and solar tower - and distributed - dish engine systems - electricity generating systems.
Where solar thermal power plants compete with conventional on-grid power plants,
distributed or decentralised dish engine systems mostly aim at the off-grid market for
remote locations, thus competing with photovoltaic or diesel engines.
Centralized electricity generation with solar thermal power plants
During the construction and operation of the SEGS plants- from SEGS I to SEGS IX the costs of electricity could be reduced to a third of the initial costs - from 24 ¢/kWhe
to 8 ¢/kWhe (1988 US$)5. Translating this to 2002 US dollars the electricity costs
would be 12.1 ¢/kWhe today. The investment costs for the SEGS plants dropped down
from 4490 US$ (SEGS I) to 2890 US$ (SEGS VIII) per kWe21. The specific
investment costs in project development activities in the past and today range from a
minimum of 2026 US$/kWe to a maximum of 4666 US$/kWe for Rankine cycle-type
plants (Table 4-6), from 801 US$/kWe to 3689 US$/kWe for ISCCS plants (Table 4-7).
For solar thermal power plants the variation in investment costs arise from various
factors; the most important to be named are the location and its related aspects such as
the solar radiation, the ambient temperature, the cooling type and local labor costs.
Other aspects are the fuel type, the plant configuration and whether storage is used or
not. The applied solar technology - parabolic trough or tower - also influences the
overall costs but as it can be seen in the above tables, the range of investment costs
using either technology does not show a clear difference between the technologies
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used. In the future solar tower systems may reach higher overall efficiencies due to
possible higher operating temperatures and thus better integration characteristics in
combined or gas turbine cycles. Therefore several studies, e.g. Enermodal (1999)24 or
Morse (2001)26, indicate that due to the technical development potential the investment
costs for solar tower plants will be lower than for STPP's using parabolic trough
technology. Nonetheless since only scarce cost data of built plants exist both solar
technologies are treated in this study as one central solar thermal technology - in
contrast to dish technology.
Other economical aspects, such as the economies of scale, also influence the
investment costs and had been investigated in Pilkington (1996)21, an example is
shown in the first three rows of Table 4-6, where the specific investment costs were
determined for different plant sizes ranging from 40 to 160 MWel. The increase in size
is reflected in the unit costs, decreasing from 3128 US$/kWel to 2376 US$/kWel.
In order to determine future unit costs for solar thermal power plants the cost reduction
potential had been investigated in various studies for parabolic trough and tower
technology. Price et al. (1999, 2001)5,7 show several cost reduction opportunities to
drive down the initial investment costs for solar thermal power plants with parabolic
trough technology. For instance the Eurotrough project has shown that a weight
reduction of 14% was possible, resulting in a cost decrease of similar size, a further
decrease of the variety of parts may also lower the costs by 10%.
The overall potential for cost reduction is estimated to be in the range of 40 - 55% in
the long-term, based on a number of technical and economical improvements (Table
4-8). In this study it was assumed that the technological advances and the driving
forces of a larger market would be in place by the year 2020. The cost reduction
projections for 2005 will be mainly due to technological advances and first projects
realized mainly in developing countries but also in Europe and the USA. In 2010 mass
production and further technological developments come into place, resulting in
further cost reductions. By 2020 a competitive market would be established where
solar thermal electricity generation could compete with other electricity generating
technologies in the mid-peak to high peak market segments. Following this approach
the cost reduction ratios in the near-term will be higher, as shown in Table 4-9, and
decrease the closer a competitive market position has been reached.
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Table 4-6

Unit costs of different worlwide proposed projects - Rankine
cycle based

Plant type Location

Power
Costs Remarks
MWel US$/kWel

SEGS

Nevada, USA

40

3128

SEGS
SEGS
SEGS
SEGS
SEGS
SEGS
SEGS
SEGS
SEGS
SEGS
SEGS
SEGS

Nevada, USA
Nevada, USA
Ouarzazate, Morocco
Ouarzazate, Morocco
Crete, Greece
Crete, Greece
Brazil
Jordan
developing countries
developing countries
Crete, Greece
India

80
160
80
78
50
50
100
130
30
200
50
35

2751
2376
3206
3403
3511
4431
2862
2054
2971
2026
2200
3100

Rankine
Rankine
Solar Tres
PS10

Jordan
developing countries
Spain
Spain

160
30
15
10

3342
4209
4666
2800

Table 4-7

economies of scale
wet cooling
dry cooling
with 3h storage

50% cap. factor
50% cap. factor

molten salt
50% cap. factor
molten salt, 24-h storage
open volumetric air
receiver

Solar
Ref.
technology

Year

PT

21

1996

PT
PT
PT
PT
PT
PT
PT
PT
PT
PT
PT
PT

21

1996
1996
1996
1996
1996
1996
1997
1997
1999
1999
2000
2000

CRS
CRS
CRS
CRS

23

21
21
21
21
21
22
23
24
24
25
26

24
25
18

1997
1999
2001
2002

Unit costs of different worlwide proposed projects - ISCCS with
parabolic troughs

Plant
type

Location

ISCCS
ISCCS
ISCCS
ISCCS
ISCCS
ISCCS
ISCCS
ISCCS
ISCCS
ISCCS

Huelva
Nevada
Mexico
Brazil
Morocco
Morocco
Morocco
Morocco
Morocco
dev. countries

Solar CC developing
countries

50

Power Costs Remarks
MWel US$/kWel
137
135
128
148
179
178
196
194
253
30

1683
1461
1195
1836
801
1048
877
1234
720
2629

30% solar of total plant cap.
20% solar of total plant cap.
10% solar of total plant cap.

30

3689

30 MWel solar of 130 MWel total
capacity

+3h storage

30 MWel solar of 130 MWel total
capacity; 3 h storage

Solar
Ref. Year
technology
PT
PT
PT
PT
PT
PT
PT
PT
PT
PT

21
21
21
22
27
27
27
27
27
24

1996
1996
1996
1997
1997
1997
1997
1997
1997
1999

CRS

24

1999
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Table 4-8

Estimated cost reduction potential for parabolic troughs

Improvement
Oil-based Parabolic Trough System Design
- collector improvements (weight, reflector, receiver)
- system improvement

Direct steam generation
Larger Single Plant Installations
(economies of scale)
SEGS # ISCCS
Power park development (Mass
production and procurement)
Standardised engineering
Market competition

Estimated cost reduction potential
(%)
10 - 25

5
12 – 14
9 - 22
25 - 30
5
15 - 20

References: Price et al. (1999, 2001)5,7, Pilkington (1996)21

Table 4-9

Cost reduction scenarios for Rankine cycle based solar thermal
power plants*

Cost reduction scenarios
max.-reduction (55%) scenario
Unit costs
(starting at 2000 US$/kWel)
Unit costs
(starting at 4700 US$/kWel)
min.-reduction (40%) scenario
Unit costs
(starting at 2000 US$/kWel)
Unit costs
(starting at 4700 US$/kWel)
*

2000

Unit costs (US$/kWel)
2005
2010
2015

2000

20%
1600

20%
1200

10%
1000

5%
900

4700

3760

2820

2350

2115

2000

15%
1700

12.5%
1450

7.5%
1300

5%
1200

4700

3995

3408

3055

2820

2020

Model of Rankine cycle based STPP as used in this study

As it had also been stated by Mariyappan (2001)25 the unit costs for ISCCS plants in
Enermodal (1999)24 are comparably high due to a capacity factor of 50%, that had
been chosen for comparison reasons. Therefore the last two values in Table 4-7 are left
out of consideration when determining the future costs for ISCCS’s. By the year 2020
cost reductions in the order of 40 – 55% would lead to unit costs ranging from
900 - 2820 US$/kWel for Rankine cycle based STPP’s, whereas for combined cycle
based STPP’s costs would go down to as low as 324 – 1104 US$/kWel.
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Table 4-10

Cost reduction scenarios for combined cycle based solar
thermal power plants*

Cost reduction scenarios
2000
max.-reduction (55%) scenario
Unit costs (starting at 720
US$/kWel)
Unit costs (starting at 1840
US$/kWel)
min.-reduction (40%) scenario
Unit costs (starting at 720
US$/kWel)
Unit costs (starting at 1840
US$/kWel)
*

Unit costs (US$/kWel)
2005
2010
2015

2020

720

20%
576

20%
432

10%
360

5%
324

1840

1472

1104

920

828

720

15%
612

12,5%
522

7,5%
468

5%
432

1840

1564

1334

1196

1104

Model of combined cycle based STPP as used in this study

Operation & maintenance costs. In general STPP’s require higher operation and
maintenance (O&M) costs than conventional power plants due to the large solar or
heliostat field. Therefore strong efforts on the reduction of O&M costs also play an
important role in building up solar thermal power in the future. In 1999 the SEGS
plants at KJC were running at O&M costs of about 3 – 3.5 US¢/kWhel24. The
development of the O&M costs from 1992 until 1997 is shown in Figure 4-12. It
illustrates also the increased annual electrical output showing the improved
performance of the SEGS plants and the decreasing total amount of O&M costs30.
According to Enermodal (1999)24 the O&M costs for future plants would drop down to
1.1 – 2.6 US¢/kWhel, depending on the size of the plant, the location (labor costs in
developing countries are lower compared to e.g. Europe) and the plant type. Price et al.
estimate future O&M costs for STPP’s with parabolic trough technology to be in the
range of 0.5 – 1 US¢/kWhel, implying a reduction of 50% from the O&M costs of
plants that would be built today. The US-DOE (1998)28 approximates the O&M costs
of parabolic trough plants to be ca. 1 US¢/kWhel, and for tower plants roughly
0.7 US¢/kWhel. Taking into account these different O&M costs a value of 2% of the
investment costs reflects the development in O&M costs well; automatically
decreasing together with decreasing investment costs.
Dish/Stirling systems
Less cost data is available on the existing dish/Stirling systems and new projects.
Current project development activities mainly focus on larger electricity generating
plants. Within the SunCal 2000-project it is planned to install 0.4 MWel with 8 dishStirling systems of Stirling Engine Systems (SES) in Huntington Beach, California,
USA. Further more the U.S. Solar Dish industry and SunLab plans to carry out a large
field test with a total installed capacity of 1 MWe near by Las Vegas, Nevada. The
Australian Big Dish was supposed to be erected at an Australian power station in
hybrid mode with fossil-fired steam (18 dishes, 2.2 MWe) but was recently cancelled
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due to being unable to gain an appropriate power purchase agreement. A linear fresnel
collector (4.2 MWe planned for a Queensland coal-fired power station, again solar
steam in hydrid mode with coal-fired steam) has also been cancelled.
SBP has made cost estimations based on the number of annually produced systems,
concluding that at an annual production rate of 3000 systems, equaling 30 MWel the
unit costs would go down from today’s costs of ca. 5500 US$/kWel for the EuroDish
system to below 3000 US$/kWel. With 3000 US$/kWel for 2000 systems Braun
(1998)29 indicates a similar cost development for dish/Stirling systems based on the
American developments. Based on assumed production rates of 50,000 – 60,000
systems per year in the time frame 2020 – 2030 further cost reductions down to 1000
US$/kWel are not unrealistic, states the DOE (2002)15. Assuming the system size to be
in the 25 kWel range, the above production rate would result in an increase of
1250 MWel of solar thermal power from dish/Stirling systems. The US-DOE (1998)28
also expects that in near term markets the LEC for stand-alone or grid-connected solar
dish systems will drop to less than 150 USc/kWh.
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4.4

Life cycle assessment of solar thermal
power technology

Weinrebe et al. (1998)31 carried out a life cycle assessment (LCA) on two generic solar
thermal power plants, an 80-MWel-parabolic trough plant and a 30-MWel-tower plant.
The whole chain from construction, operation and dismantling had been taken into
account. The specific greenhouse potential in CO2-equivalents for the different plant
configurations range from 17 g CO2-equ./kWhel (parabolic trough plant) to 25 g CO2equ./kWhel (tower plant) in solar only mode. In hybrid mode the respective amount for
the fossil fuel used increases the CO2-equivalents in the order of one magnitude. The
SO2-equ. are estimated to be in the order of 0.098 – 0.107 g/kWhel. Table 4-11 shows
the results of a study that compares the emission equivalents of PV and solar thermal
electric systems and coming to slightly higher values for STPP’s compared to
Weinrebe et al. (1998)31 but being in favor for solar thermal electricity compared to
photovoltaic systems. Norton et al. (1996)32 determines CO2-equivalents for parabolic
trough plants ranging from 30 to 80 g/kWhel and from 21 to 48 g/kWhel for central
receiver plants.
Table 4-11

in g/kWhel
CO2
SO2
NOx

Emission equivalents for solar thermal and PV electric systems

Solar PV
98-167
0.20-0.34
0.18-0.30

Solar thermal-electric
26-38
0.13-0.27
0.06-0.13

Reference: Renewable Energy World (2001)33

4.5

Energy production indicators

Since solar thermal concentrating systems only use the direct fraction of the solar
radiation this technology is limited to certain regions of the world. Moreover due to its
complex system, the size and the dependence of the costs on the specific
characteristics of a site, several boundary conditions are given and explained in the
following before turning to the energy production indicators.

4.5.1

Boundary conditions for solar thermal
electric plants

Insolation: Suitable regions for solar thermal concentrating technologies for electricity
generation should have a minimum annual direct solar insolation of 1700 kWh/m2a;
excellent sites have Direct Normal Irradiation (DNI) values of more than
2700 kWh/m2a. Although the solar radiation is high in tropical regions, the diffuse
fraction is too high compared to semi-arid and arid regions which would be most
favourable for solar thermal power generation. Suitable regions would include e.g.
Northern and South-western parts of Africa, the Saudi Arabian peninsula, Central
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Asian regions, most of Australia, high plateaus of the Andean countries, Northern
Mexico, North-eastern Brazil, parts of India, South-western USA and Southern
Europe.
Topography: Sites with slopes of < 0.5% are preferred but slopes up to 5% may be
acceptable depending on the geological formation of the site (rocks, soil etc.) since the
grading costs depend strongly on this. Further preferences should be given to sites with
slopes in the direction North-South since collectors can be installed on sloped sites of
up to 8%. Dish systems (especially) and heliostats (to a lesser extend) are not that
affected by topography, however.
Plant water requirements: The parabolic trough plants SEGS VI-IX have a water
consumption of approximately 4 m3/MWhel21. The amount of raw water usage for the
SEGS plants III-VII had been improved continuously during the O&M improvement
programme for concentrating solar power plants30. Starting in 1989 with
4.16 m3/MWhel and ending with the programme with 3.63 m3/MWhel. Evaporation
cooling towers are used for cooling at the SEGS plants. Twenty times more water
would be needed if fresh- or seawater cooling would be applied34. At SEGS VIII
approximately 88% of the total water consumption was used for the evaporation
cooling circuit; the rest is used for mirror washing (3% of total) and feedwater makeup (9% of total) (numbers derived from Price et al. (1998)12 and Cable (1998)35).
Dish/Stirling systems and other air-cooled systems do not require water for the cooling
of the engine but only for mirror washing.
Logistics: With respect to infrastructure it is important that the location of STPP’s is
chosen taking into account the following aspects in order to lower the project costs:
" Proximity to electrical transmission lines and local substations with the appropriate
capacity
" Proximity to major sea ports, airports, railroad terminals and trucking centres
" Road access
" Availability of fossil fuels in the region (for hybrid configurations)
Land use: The need for land is directly related to the collector or heliostat area of the
solar field. Moreover it depends on the latitude of the site. The closer the site gets to
the equator the shorter may be the distance between the rows of collectors or the
heliostats. For most of the suitable regions on earth are located between the 25° and
35° an average land use factor of 3.5 - reflecting the ratio of land needed for a solar
thermal power plant and the collector or heliostat area21. So that a parabolic trough
plant of e.g. 80 MWel with a solar share of 75% and a solar field size of 0.46 km2
would need an area of 1.61 km2. Roughly 20,000 m2/MWel are needed for a parabolic
trough plant. In comparison to this Dish/Stirling systems require only approximately
12,000 – 16,000 m2/MWel. New developments may reduce land use requirements
significantly (e.g. to land use factors of even 1.1, i.e. 90% coverage of land).
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4.5.2

Energy production

Collector or heliostat area specific annual energy production of the single solar thermal
concentrating technologies can be simplified as follows:
ESolar = HI*η
ESolar
Annual energy output [kWh/(m2 collector or heliostat area * year)]
HI
Annual direct normal insolation [kWh/(m2 * year)]
η
Annual average solar-to-electric efficiency [%]
Total land used specific annual electricity generation:
ESolar = HI*η/fland
ESolar
Annual energy output [kWh/(m2 surface area * year)]
fland
land use factor (= 3.5 m2 surface area/m2 collector or heliostat area)
Total annual energy production:
ESolar = Aref*HI*η in kWhel/year
Reflective mirror area
Aref
In the following the efficiencies for the different solar thermal technologies are given.
Another important factor is the development of the capacity factor for future plants.
The capacity factor is defined as the ratio of the generated full load hours to the total
annual hours (8760 h/a); in case of a solar thermal capacity factor this equals the
amount of full load hours that can be supplied by solar thermal power. Because the
solar resource is so variable, typical solar-only capacity factors are between 20 and 30
percent. For 2020 a capacity factor of 35% is expected. Limiting aspects in increasing
the solar capacity factor are mainly related to the costs and are made possible by
adding a thermal storage to the STPP. Thus, the solar capacity factors are also given
for the future.
Parabolic trough plants

η = 10,8% (measured annual efficiency, SEGS VI, 19975)
η = 14,2% (theoretical value31)
ηfuture = up to 18% (expected efficiency improvements)
ch-future = 25% - 70%14
Power tower plants
η = 14,2% (theoretical value31)
ηfuture = up to 19% (expected efficiency improvements14)
Solar Dish/Engine systems
η = 19% (Distal 217)
ηfuture = up to 23% (expected efficiency improvements14)

56

The Potential of Solar Electricity to Reduce CO2 Emissions

Model of solar thermal energy production plant
In this study we will use a model of solar thermal electricity plants (resembling the
characteristics of power towers and parabolic troughs, hybrid configuration) with the
following key characteristics for the year 2020:
Unit costs:
745 - 1120 US$/kWe
O&M costs:
2%/year of investment costs
Fuel costs:
upto 3%/year of investment costs (variable, depending on
irradiation)
Lifetime:
20 year
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5

Decentralised solar electricity potential

5.1

Introduction

In this chapter we will determine the technical and the implementation potential of
decentralised solar electricity technologies. The major technology for decentralised
solar electricity generation is PV. One of the solar thermal electricity technologies, the
parabolic dish, can also be used for decentralised applications. This technology is not
expected to have a significant market penetration in 2020 compared to PV due to the
smaller range of application possibilities and the higher costs of maintenance. In this
study therefore only PV will be considered for decentralised electricity generationi.
Grid-connected decentralised PV can be employed in many ways. The most common
application is on roofs and façades of buildings (BIPV: building integrated PV). Other
possible applications are on land adjacent to airports, sound screens next to highways
and railway lines. It is expected that the contribution of these applications will be small
compared to building integrated PV. For this reason this study will focus on BIPV.
First, per region, the technical potential will be determined based on geographical
information system datasets. The technical potential is input for the implementation
potential, which will be determined secondly.

5.2

Technical potential

5.2.1

Approach

The technical potential is determined by the physical possibilities for generating solar
electricity. The approach for the estimation of the technical potential of decentralised
solar electricity is based on the potential of PV on buildings. The following data are
used for estimating the technical potential:
• irradiation per km2 (GIS)
• population per km2 (GIS)
• suitable building area per inhabitant (statistics)
• degree of electrification per region (statistics)
• module efficiency parameters (derived from chapter 3)
i

The Terms of Reference for this study stated that at least three typical technologies would be
selected for further analysis in this study. At least one PV and one solar
thermal electricity technology will be taken into account. The most important
selection criterium is the expected market share in 2020.
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For each region we determined the potential suitable building surface per inhabitant.
Per region this figure is corrected for the degree of electrification. E.g. if the total
suitable building area in Africa is 50 m2 per inhabitant and if 10% of the African
population is connected to the grid, on average 5 m2 per inhabitant can be used for
grid-connected electricity generation.
With the GIS-software (IDRISI) each region is divided in classes of irradiation with a
class-size of 5 W/m2. The GIS software is then used to multiply the irradiation per
gridcell with the population in the same gridcell. The total irradiation per inhabitant is
converted to electricity with the module efficiency parameters for 2020. This approach
is schematically shown in the figure below.
Gis data generation
Irradiation
(W/m2)
population*irradiation
Population
(inhabitants/km2)

Average rooftop and
façade area
Unelectrificatied degree

Solar electricity
potential
per region
and irradiation class

Module efficiency
parameters
Figure 5-1

5.2.2

Approach for the estimation of the technical potential

Irradiation-data

The irradiation dataset is obtained from the Climate Research Unit (CRU)1 and gives
the global direct insolation in W/m2. The resolution is 1 km2. The irradiation is the
annual average irradiation on a 24 hour basis. To convert to kWh, the value has to be
multiplied with 8760 (hours per year) and divided by 1000 (conversion from W to
kW).
The maximum amount of electricity generated with a PV-panel is obtained when a
tracking system positions the PV-panel perpendicular to the solar irradiation. By
‘following’ the sun the amount of direct irradiation is optimized. These systems are
used for large-scale plants. For PV on roofs the use of tracking systems is unusual. In
our approach we assume that the average solar irradiation is equal to the global direct
insolation.
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5.2.3

Population-data

For calculating the irradiation per inhabitant GIS-data on global population in 1995
were available. The dataset gives the population per km2 world-wide2. A correction to
2020 population is carried out based on UN population trends3.

5.2.4

PV capacity per inhabitant area

The suitable rooftop and façade area per inhabitant for Europe, Australia and the USA
is based on a study from the IEA 4. For the other regions estimation is made based on
the IEA-study and the population density. In the IEA-study the total area for roofs and
façades is given, divided in residential, agricultural, industrial, commercial and other
buildings. The suitable area is related to the ground floor area, taking into account
factors for solar yield and architectural unsuitability. A factor of 40% of the ground
floor area for the roof area and 15% for the façade area is given. A ground floor area of
100 m2 results correspondingly in 40 m2 of suitable roof area and in 15 m2 of suitable
façade area. As in example in Table 5-1 the potential per inhabitant for Central
Western Europe is given for five building categories. In Table 5-2 we present the
assumed effective rooftop and façade area per inhabitant for all regions.
Table 5-1

Suitable roof and façade area per inhabitant in Central Western
E u r o p e 5.

Residential buildings
Agricultural buildings
Industrial buildings
Commercial buildings
Other buildings
All buildings

5.2.5

Ground area per
inhabitant (m2)
22.5
7.5
6.25
6.25
3.75
45

Suitable roof area
(m2)
9
3
2.5
2.5
1.5
18

Suitable façade
area (m2)
3.5
0.5
1
1
0.5
6.5

Degree of electrification

This study focuses on grid connected electricity generation. According to the World
Bank6 an estimated 2.5 billion people remain without access to modern energy
supplies today. Extremely low degrees of electrificication can be found e.g. in SubSaharan Africa where less than 8 percent of the population is connected to the
electricity grid system.
For Africa and a number of countries in Latin America and Asia the rate of
electrification in 1995 is obtained from the IEA7,8. The data show a large variation in
electrification rates in various countries within a region. For the assessment of the
The Potential of Solar Electricity to Reduce CO2 Emissions
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technical potential an average electrification rate for each region has been determined
based on the available data. For 2020 it is assumed that the unelectrification degree
will decline by 10% compared with the level in 1995. The assumed unelectrification
degree per region for 2020 is given in Table 5-2.

5.2.6

Module efficiency and cost parameters

The module efficiency parameters are the 2020 factors for conversion of irradiation to
electricity. As substantiated in chapter 3 the parameters of the thin film technology are
used as a reference for the PV technology that will be available in 2020.
• Performance ratio (PR): 0.8
• Efficiency: 13%
Investment costs in 2020 are projected to be within the range of 115 to 150 US$/m2 (on
average 1.1 US$/Wp), O&M costs are 1% of system costs and the technical lifetime of
PV systems is assumed to be 25 year. Electricity production costs are calculated by
annualising the investment costs (using a discount rate of 10%/year) and dividing these
annual costs by the net electricity production. The latter is determined by the
performance ratio, the efficiency of the module (as presented above) and the annual
irradiation. In this analysis the global variation in solar irradiation is the only
parameter responsible for differences in regional production costs. It most be realized
that this is a simplification as in practice regional differences in investment and
variable costs will prevail.

5.2.7

Technical potential for decentralised solar
electricity

Table 5-2 shows the technical potential for decentralised electricity generation in GWp
and TWh as well as the share in total electricity generation in 2020. Also the average
rooftop and façade area, the degree of electrification in 2020 and the average
irradiation per m2 per inhabitant as assumed in this study are given. The table shows
that building integrated photovoltaics by itself already has a large technical potential in
generating electricity (provided that the modules can be fabricated, see next section).
The world average equals about 30% of total electricity consumption in 2020.
Table 5-2 presents the electricity generating costs for the global technical potential of
the cumulative electricity production with decentralised PV for minimum, average and
maximum investment costs in 2020. The kWh-costs have a linear dependency to the
solar irradiation. The shape of the curve is determined by the number of inhabitants
that live in an area with a certain level of irradiation and that are connected to the
electricity grid.
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Table 5-2

Decentralised solar electricity generation: 2020 technical
potential per region

Region

Effective surface per
inhabitant

Africa
Australia
China
EU-15
FSU/Eastern Europe
India
Latin America
Middle East
Rest of Asia
USA

roof

façade

(m2)

(m2)

9.0
19.9
7.2
13.6
9.0
7.2
9.0
9.5
7.2
32.0

Unelectrif
ication
degree
2020
(%)

2.4
5.0
1.8
3.9
2.8
1.8
2.4
2.2
2.0
8.0

70%
5%
18%
3%
45%
61%
27%
45%
45%
5%

World
Table 5-3

Average
Technical potential in 2020
irradiation
(GHI)
Installed
Electricity % of total
2
(kWh/m ) capacity
production electricity
(GWp)

(TWh)

demand

1514
1753
1255
1054
1071
1676
1363
1688
1357
1272

421
54
1067
637
238
451
552
325
575
1279

663
82
1394
698
266
786
782
570
811
1692

77%
28%
38%
23%
8%
53%
38%
68%
21%
37%

1385

5599

7744

32%

Cost breakdown of the technical potential for decentralised
solar electricity

Region

Technical
potential
(TWh)

Africa
Australia
China
EU-15
FSU/Eastern Europe
India
Latin America
Middle East
Rest of Asia
USA

663
82
1394
698
266
786
782
570
811
1692

World

7744

Technical potential at costs
Technical potential at costs
< 10 ¢/kWh
< 15 ¢/kWh
(TWh)
(TWh)
Min. Average
Max.
Min. Average
Max.
33
281
538
538
663
663
0
8
68
68
82
82
0
0
485
485
1394
1394
0
2
140
140
644
698
0
0
42
42
255
265
0.1
586
786
786
786
786
0
37
530
530
782
782
74
366
561
561
570
570
0
1
612
612
811
811
0
28
706
706
1692
1692
107

1309

4468

4468

7679

Min, average and max relate to the assumed investment costs for the decentralised systems
(high, average and low, respectively).
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Global electricity production cost curve for decentralised solar
electricity production in 2020 (BIPV)
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Figure 5-3

Regional electricity production cost curves for decentralised
solar electricity production in 2020 (BIPV) - Technical potential
(average investment costs for the decentralised PV systems)

The cost supply curve for the different regions, based on the average investment costs,
is shown in Figure 5-3 (see section 2.4 for an explanation of the cost supply curve).
This figure clearly illustrates the regional differences in generation potential and costs.
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To estimate which part of the technical potential would be commercially competitive
the generation costs should be compared to the end-user prices in 2020 as the building
integrated systems will compete with electricity delivered to the end-user. As the
outlooks on the electricity prices for 2020 differ highly per region, we give the
technical potential for two different cost/price levels in the table below and at different
assumed investment costs for the PV-systems. It is no surprise that the cheapest
electricity has the highest potential in the countries with the highest irradiation.
Furthermore, if costs go down as projected in chapter 3 of this study, photovoltaics
will become a competitive technology for end-users of electricity in some regions.

5.3

Implementation potential

5.3.1

Approach

The technical potential of decentralised solar electricity (building integrated
photovoltaics) as determined in the previous section is huge compared to the presently
installed capactities: about 5600 GWp in 2020 compared to 0.4 GWp installed in 2000.
A more realistic projection of the implementation potential will be much lower. In this
study the implementation potential is defined as that part of the technical potential
which could be implemented if economic, technological and institutional barriers and
constraints are levelled out, taking into account both the time of such a process and the
penetration rate of the specific technology. This implies the implementation of a
successful policy with respect to solar electricity or renewables in general: financial
incentives, research and development, and elimination of institutional barriers.
The projection of the implementation potential of decentralised solar electricity is built
out of S-curves (in analogy with biological growth models) which are assumed to
represent the development of the cumulative installed generating capacity.
Subsequently the implementation potential in 2020 is compared to the maximum
cumulative installed production in 2020.

5.3.2

S-curve

The S-curve (saturation curve) is fixed with the following parameters:
• the present cumulative installed capacity;
• estimate of the saturation level of the application in the specific region (the
technical potential)
• the year in which 90% of the saturation level is reached
The parameters for each region and the implementation potential in 2020 are shown in
Table 5-4.
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saturation levelA
cumulative installed PV

B

1995

Figure 5-4

year

C

20..

The saturation curve

The cumulative installed PV capacity in 2000 for Australia, Rest of Asia, EU15 and
USA is based on a study from the IEA9, the data for China and India are derived from
other sources10,11. The current market sizes for the remaining countries are estimates.
The saturation level is determined by multiplying the technical potential with a factor
of 0.5. This implies that the market will be saturated if 50% of the domestic houses,
industrial buildings and service buildings will have the technical potential
implemented. This estimation is derived from the approach in the study of van
Brummelen and the Jager (1995)12 and it incorporates the practical difficulties in
integrating photovoltaic systems in buildings.
The year in which 90% of the saturation level is reached is based on Ecofys expert
opinion. Countries which currently are market leaders in solar electricity or which
have favourable climates for solar electricity are assumed to have 90% of the
saturation level reached in 2040, the other regions are assumed to have reached this
point in 2050.
The highest implementation potentials are reached in the countries which are the
market leaders in 2000: EU-15, USA and Rest of Asia (Japan). Countries with a small
market in 2000 will still have a relatively small market in 2020. This is visualised in
the S-curve, where the growth in first part of the curve is small.
The total global implementation potential for decentralised solar electricity equals
0.4% of world electricity demand in 2020. The share of decentralised solar electricity
in total electricity demand is highest in the ‘Rest of Asia’ with 0.9% and lowest in FSU
and Eastern Europe with 0.01%.
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Table 5-4

Input data for the S-curve and implementation potential of
decentralised PV

Cumulative Saturation
installed PV level
in 2000
(GWp)
(GWp)

Africa
Australia
China
EU15
FSU/Eastern Europe
India
Latin America
Middle East
Rest of Asia
USA

0.002
0.002
0.015
0.104
0.001
0.010
0.010
0.005
0.253
0.028

World

0.430 50%* 5599

5.3.3

50%*
50%*
50%*
50%*
50%*
50%*
50%*
50%*
50%*
50%*

421
54
1067
637
238
451
552
325
575
1279

Year of 90% 2020
saturation
cumulative
installed
(GWp)

2050
2040
2040
2040
2050
2050
2050
2040
2040
2040

2020
electricity
production
(TWh)

0.5
0.7
8.4
16.4
0.3
1.3
1.4
2.7
23.5
12.5

0.8
1.1
10.9
18.0
0.3
2.3
2.0
4.7
33.1
16.5

0.09%
0.39%
0.30%
0.59%
0.01%
0.16%
0.10%
0.56%
0.86%
0.36%

68

90

0.4%

Production growth rates

Figure 5-5 shows the development of the global cumulative production of the PVindustry with different annual growth rates for the coming 20 years.
In Table 5-5 an overview is given of the production capacity for PV and the correlated
cumulative installed PV-capacity at different annual growth rates (from 20% to 40%
per year). In the table we assume that in 2020 50% of the total PV production will be
employed for off-grid applications and 50% for grid-connected applications,
encompassing both centralised and decentralised applications.
The implementation potential of the cumulative installed capacity of decentralised PV
in 2020 is 68 GWp (see Table 5-4). With an annual growth of 20% of the production
capacity, the production of PV systems would not be enough to meet this demand. An
annual growth of 30% over two decades would be more than enough. In that case,
about 30 GWp would be available for centralised grid-connected PV-plants.
As mentioned in chapter 3, data on annual shipments of PV show an average annual
growth of 20% in the last ten years, with a growth rate of 38% in 2000. In a study
published by Greenpeace/EPIA (2001)13 the average annual growth rate up to 2009 is
projected at 27% and then rising to 34% between 2010 and 2020. This forecast is more
or less in line with an assumption of an average annual growth of 30%. Note that the
cumulative installed capacity of PV (all applications) at an annual growth of 40% is
about 700 GWp, which is about 10% of the total technical potential of decentralised
systems.
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PV Market growth with different growth-ratios

Table 5-5

Maximum production growth with different growth-rates

2000
2020 at 20% growth
at 30% growth
at 35% growth
at 40% growth

70

Total PV
production
capacity
(GWp)
0.239
9
45
97
200

Total cumulative
installed PV

Of which
grid-connected

(GWp)

(GWp)
1.0
54
197
373
700

0.356
27
98
186
350
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5.3.4

Regional breakdown of the implementation
potential

The S-curve approach does not take into account regional differences in electricity
generation costs. The nature of the S-curve is that regions with relatively high market
volumes in 2000 will have the highest installed capacities in 2020 if other parameters
are more or less the same (90% saturation level, year at which this level is reached). In
order to determine the regional distribution of the implementation potential
indicatively, the electricity production data in the regional supply curves of the
technical potential are multiplied by a factor representing the ratio of the regional
implementation potential (taken from Table 5-4) and the technical potential (Table
5-2). Doing so, it is assumed that the market developments of decentralised solar
electricity have the same pace in all irradiation classes. The results are depicted in
Figure 5-6.
Japan, the USA and Europe have the largest implementation potentials, whereas
regions with significant technical potentials as China, India and Africa have much
lower implementation potentials.
In Table 5-6 the implementation potential of 2020 is given for two different cost/price
levels and at different assumed investment costs for the PV-systems. Taking into
account the high value of decentralised electricity generation, the economic part of the
implementation potential of 90 TWh can be estimated to be about 50 TWh in 2020.
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Figure 5-6

Regional electricity production cost curves for decentralised
solar electricity production in 2020 (BIPV) - Implementation
potential (average investment costs for the decentralised PV
systems)
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Table 5-6

Cost breakdown of the implementation potential for
decentralised solar electricity

Region

Implement
ation
potential
(TWh)

Africa
Australia
China
EU-15
FSU/Eastern Europe
India
Latin America
Middle East
Rest of Asia
USA

Implementation
potential at costs
< 15 ¢/kWh (TWh)

Min.

Min.

Max.

Max.

0.8
1.1
10.9
18.0
0.3
2.3
2.0
4.7
33.1
16.5

0.04
0
0
0
0
0
0
0.61
0
0

0.6
0.9
3.8
3.6
0.05
2.3
1.4
4.6
25.0
6.9

0.6
0.9
3.8
3.6
0.05
2.3
1.4
4.6
25.0
6.9

0.8
1.1
10.9
14.7
0.3
2.3
2.0
4.7
33.1
16.5

90

0.65

49

49

86

World

5.4

Implementation
potential at costs
< 10 ¢/kWh (TWh)
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6

Centralised solar electricity potential

6.1

Introduction

In theory the total global available land area could be covered with solar thermal
electric and PV-plants with capacities of 1 MW to several hundreds of MW. This
theoretical potential could generate a few hundred times the global electricity demand.
In the figures below the world breakdown of the global irradiation is presented. The
technical potential is based on a share of the total amount of land-categories with a
potential economical function, and we estimate the solar electricity that can be
generated on this land.
Figure 6-1

Breakdown of global irradiation

Australia Europe Middel East
Latin America

Africa
Rest of Asia
China
Breakdown of global irradiation
Total 18876 TW

USA

India
FSU and
Eastern Europe

The outlook for solar thermal electric technologies is especially positive for hybrid
systems. These are systems in which a conventional electricity plant is combined with
solar technologies (see detailed description in chapter 4). These plants therefore
produce partly solar electricity and partly fossil electricity. This implies that only a
share of the electricity produced can be considered as ‘solar’. Some assumptions have
been made to deal with this issue.
The potential for very large-scale PV (VLS-PV) plants in desert areas is not considered
to be implemented significantly before 2020. In this chapter however a short section
on this issue is included.
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6.2

Technical

potential

6.2.1

Available land area

The selection of land categories that qualify for PV or solar thermal electric plants is
based on the current function of the land. Areas that have an economical or
environmental function at the moment are excluded. Another criterion is the technical
possibility to install an electricity plant.
Table 6-1

Criteria for potential land disqualification

Criterion
Environmental Nature areas
Economical
Agricultural areas
Forests areas
Technical
Mountainous areas: exclusion of regions with a slope of 5% or more
Areas covered with snow or ice
Other
Built environment (included in decentralised potential)
The remaining ‘suitable’ land area per region is divided in solar irradiation classes.
For each class the total land surface was calculated with the GIS-software. This
resource of suitable land area is still enormous. In order to allow an increase of other
types of land use (agriculture and forestry, buildings, other renewable energy sources),
5% of this suitable area was considered to be a sustainable maximum of land to be
used for the purpose of solar electricity generation. Per irradiation class the total
production of solar electricity per square kilometre is determined for PV-plants and
solar thermal electric plants.
The following data-sets have been used to determine the total irradiation on the 5%
suitable land area:
Solar irradiation
The dataset from CRU1 gives the global horizontal irradiation in W/m2 with a
resolution of 0.5 degree. The global horizontal irradiation is used to calculate the
potential for PV. In contrast to photovoltaic plants however, solar thermal electric
power plants are not based on the photo effect, but generate electricity from the heat
produced by sunlight. For solar thermal electricity therefore it is not the global
horizontal irradiation that determines the solar electricity generation but the direct
normal irradiation. This is the direct irradiation on an area perpendicular to the sun.
For solar thermal electric systems the irradiation therefore has to be adjusted with a
factor. Although the factor is higher for lower latitudes, we took a global average
correction factor of 1.3.
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Figure 6-2

Irradiation in Africa, example of GIS-data, resolution 1 km2

(red: 90 W/m2 to dark green: 250 W/m2)

Landcover
The landcover data-set is obtained from USGS EROS Data Center2. The landcover
dataset identifies 24 classes of land cover, including 15 natural vegetation classes, 6
developed land classes, one of which is a mosaic with natural vegetation, permanent
snow or ice, barren or sparsely vegetated land, and water. The resolution is 1 km2.
Appendix 1 provides the total list of vegetation classes. For the establishment of solar
power plants all agricultural areas, forest areas and areas covered with ice or snow are
excluded. This is an conservative approach as especially in densely populated areas as
Europe agricultural areas are planned to be set aside for other purposes.
IUCN areas
All areas recognized by the International Union for the Conservation of Nature
(IUCN) as protected areas are excluded. The geospatial data provided by the IUCN are
presented as polygons defining the referred area. In some cases the area is not presented as a polygon but as circles scaled in proportion to the enclosed area, thus not
covering the real area. For this study this was considered reasonable as the variation in
irradiation between the nature area and its representation in the data set is negligible.
Establishing powerplants will also be restricted by local and regional environmental
designations. Considering this, the use of IUCN areas alone represents an under-estimation of environmental constraints. This under-estimation however, will partly be
canceled out by the exclusion of all forest areas in the land cover data set.
Elevation
The elevation dataset is obtained from the USGS EROS Data Center (resolution
30’’)2. With GIS the elevation data has been converted to a slope data-set and all
regions with a slope of more than 5% were excluded.
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Other constraints
Apart from the technical, environmental and economical constraints also social
constraints can play a role in applying solar technologies. Possible social constraints
are:
• availability of skilled personnel and/or the ability of creation of new employment,
• technology transfer aspects
• opportunity to manufacture a large share of the needed components locally
These aspects of market development however are beyond the focus of this study.
Availability of electricity grids is not taken into account.
Results
In Table 6-2 the total available land area for PV and solar thermal electricity
generation is given. It is assumed that PV-plants will only be installed on land areas
with a minimum irradiation (GHI) of 120 W/m2 (1051 kWh/m2). For solar thermal
electric installations the minimum irradiation (GHI) level is even higher: 165 W/m2
(1445 kWh/m2).
Table 6-2

Available land per region

Region

Suitable land area

(1000 km2) share (%)
Africa
19,274
65%
Australia
6,280
78%
China
3,022
32%
EU-15
170
5%
FSU/Eastern Europe
4,561
18%
India
457
14%
Latin America
4,800
24%
Middle East
4,730
63%
Rest of Asia
339
6%
USA
2,284
29%
World
*

45,919

38%

5% of suitable land area
irradiation > 120 W/m2
irradiation > 165 W/m2
(1000 km2) share (%)
(1000 km2) share (%)
960
3.23%
884
2.98%
314
3.91%
311
3.87%
150
1.61%
15
0.16%
7
0.22%
1
0.03%
184
0.74%
50
0.20%
23
0.70%
22
0.67%
234
1.15%
113
0.56%
237
3.17%
232
3.11%
17
0.28%
2
0.04%
114
1.46%
40
0.51%
2,238

1.9%

Share of total land area
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1,671

1.4%

6.2.2

Technical potential for centralised solar
electricity

The technical potential for centralised solar electricity is estimated to be the electricity
generated if 5% of the total suitable area will be used for solar electricity generation.
In the previous chapters on PV and solar thermal electric technologies the relevant
technical parameters are mentioned for converting solar irradiation to the amount of
generated electricity. An overview of these factors is given in the table below. An
explanation of the space factor, the capacity factor, the efficiency and the performance
ratio can be found in the respective chapters. The correction factor DNI is used to
correct for the difference between Global Horizontal Irradiation (GHI) and Direct
Normal Irradiation (DNI). The GIS dataset contains GHI-data while the solar thermal
electric systems use the DNI.
Besides the factors mentioned in the table below, for solar thermal electric
technologies a solar share has to be adopted as the solar technologies are assumed to
be applied in hybrid plants. The ‘solar share’ in existing plants varies from 40% to
75%. Currently the choice of the particular solar share depends on the requirements of
the subsidy schemes being into force. In this study an average solar share of 50% is
assumed.
Table 6-3

Performance factors of centralised solar electricity technologies
(2020)

Technology

PV plants

Space
factor
0.5

Land use Capacity Efficiency Perfor- Correction
(W/m2) factor
mance factor DNI
ratio
50
0.3
0.66

(Concentrating systems)

Parabolic Throughs /
Central Receiver
Dish Stirling

0.28

50

0.35

0.18

1.3

0.28

70

0.35

0.23

1.3

The estimation of the capacity potential is based on land use factor. Hence on one
square kilometre of land a total capacity of 50 MW of PV plants can be installed.

The Potential of Solar Electricity to Reduce CO2 Emissions

77

Table 6-4

Centralised solar electricity generation: 2020 technical
potential per region

PV-plants
Parabolic Throughs /
Centralised solar
Concentrating systems
Central receivers
electricity
Technical potential Installed capacity
Electricity
Installed capacity
Electricity
2020
(GWp)
production
(GWp)
production
Region
(TWh)
(TWh)
Africa
47,984
167,453
44,224
37,254
Australia
15,700
55,261
15,542
12,963
China
7,502
20,195
745
512
EU-15
359
953
50
35
FSU/Eastern Europe
9,178
24,149
2,513
1,746
India
1,143
4,004
1,088
911
Latin America
11,688
33,130
5,667
4,102
Middle East
11,826
42,361
11,623
9,878
Rest of Asia
829
2,161
114
79
USA
5,707
15,394
1,999
1,433
World

111,915

365,062

83,564

The estimation of the technical potential of the amount of electricity generated is based
on the following formulas. The formulas are adapted from the formulas in chapter 3
and 4. The yearly energy production (E) per m2 can be described as:
PV:

E = sf*HI*hours*PR*η

Solar thermal electric:

E = sf*HI*hours*η* CorF*CF

sf
H
Hours
PR
η
CorF
CF

represents a space factor
yearly irradiation on a horizontal surface (W/m2)
annual number of hours: 8760
performance ratio
Total area system efficiency at standard test conditions
Correction factor: 1.3
Capacity factor: 0.35

Cost data are taken from chapter 3 and 4.
In Table 6-4 the technical potential of centralised PV and solar thermal electricity
options is given. The potentials for the solar thermal electric systems are much lower
than the potential for PV as solar thermal electric systems can only be installed at high
irradiation areas. It is assumed that solar thermal systems are only installed in regions
with a minimum irradiation of 165 W/m2. In Europe this value can e.g. be found in the
south of Spain and Greece. Centralised PV systems are only installed at areas with an
irradiation higher than 120 W/m2.
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68,913

For densely populated regions like Europe the data show that the availability of land is
the most important restriction for the installation of large plants. Large parts of Europe
consists of agricultural land. To be able to install a significant amount of solar plants a
part of the agricultural area has to be taken out of production.
Needless to say that the technical potential of centralised PV and solar thermal electric
plants is enormous: respectively 15 and almost 3 times world electricity demand in
2020 under the assumption that only 5% of the suitable land will be made available for
solar electricity generation. In the next section the implementation potential will be
estimated, which will resemble a more realistic projection for the year 2020.

6.2.3

Electricity cost curves

The cost curves for centralised PV and solar thermal electric technologies are shown
below. The curves are produced from the cost and efficiency data from chapters 3 and
4. Figure 6-3 shows the cost curves for both systems in one graph. The technical
potential for solar thermal electricity is much lower, while the costs are more
favourable. The kWh costs of both systems have a linear dependency to the solar
irradiation. The shape of the curve is determined by the availability of suitable land.
The graph shows that the technical potential of both systems is much larger than the
projected global electricity generation in 2020. Figure 6-4 shows the cost curves for
centralised PV for the different regions.
For most regions the technical potential is much larger than the projected electricity
generation in 2020. The large amount of land available in Africa is the reason for the
huge potential in this region. In this region also the lowest costs per kWh can be
achieved.
Centralised solar electricity production will have to compete with other power plants.
As a reference, current (2002) electricity production costs in Europe are between 3 and
5 US¢/kWh. Table 6-5 and Table 6-6 show the technical potential for different
electricity production costs for PV and solar thermal electricity. For PV the technical
potential is given in case electricity production costs are below 10 ¢/kWh and 15
¢/kWh. The lowest production costs for PV is 7.6 ¢/kWh and can be achieved in high
irradiation areas in Africa. For solar thermal electricity the technical potential is given
in case electricity production costs are below 4 ¢/kWh and 5 ¢/kWh. From both tables
and from Figure 6-4 one can conclude that centralised solar electricity may be an
important energy resource for several regions.
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Figure 6-3

Global electricity production cost curve for centralised PV and
solar thermal electricity production - 2020 technical potential
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Regional electricity production cost curve for centralised solar
electricity production - 2020 technical potential for PV plants
(average investment costs for the centralised PV systems)
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Figure 6-5

Regional electricity production cost curve (with adapted scale)
for centralised solar electricity production - 2020 technical
potential for LSPV plants

Table 6-5

Cost breakdown of the technical potential for centralised PVplants

Centralised PV
Technical potential
2020
Region
Africa
Australia
China
EU-15
FSU/Eastern Europe
India
Latin America
Middle East
Rest of Asia
USA
World
% of world tech.
pot.
(*)

Technical Technical potential at costs < Technical potential at costs <
potential
10 ¢/kWh (1000*TWh)
15 ¢/kWh (1000*TWh)
(1000*
min.
average max.
min.
average max.
(*)
(*)
TWh)
167
0
6
82
111
158
166
55
0
0
31
43
55
55
20
0
0
0
0
2
19
1
0
0
0
0
0
1
24
0
0
0
0
7
21
4
0
0
2
3
4
4
33
0
0
0
1
17
31
42
0
0
28
33
42
42
2
0
0
0
0
0
2
15
0
0
0
0
6
13
365
100%

0
0%

6
2%

143
39%

191
52%

292
80%

Potential at average electricity production costs
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355
97%

Table 6-6

Cost breakdown of the technical potential for solar thermal
electricity

Solar thermal
electric
Technical potential
2020
Region
Africa
Australia
China
EU-15
FSU/Eastern Europe
India
Latin America
Middle East
Rest of Asia
USA
World
% of world tech.
pot.
*

Technical
potential

Technical potential at costs
< 4 ¢/kWh (1000*TWh)

Technical potential at costs <
5 ¢/kWh (1000*TWh)

(1000*
TWh)

min.

min.

average

max.

average

(*)

37

0

0

31

0.4

31

37

13
1
0.03
2
1
4
10
0.08
1

0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

12
0
0
0
1
1
8
0
0.2

0
0
0
0
0
0
0
0
0

12
0
0
0
1
1
8
0
0.2

13
1
0.03
2
1
4
10
0.08
1

69
100%

0
0%

0
0%

53
76 %

0.4
1%

53
76%

69
100%

Potential at average production costs

6.3

Implementation potential

The markets for PV and solar thermal electricity technologies are in their initial phase
of development. The commercial experience with solar thermal electric power plants is
limited to nine parabolic through plants and some demonstration solar tower and solar
dish projects. Worldwide only a few PV-plants larger than 1 MWp have been installed.
The lack of statistics makes it difficult to give an outlook for the development of these
technologies. The methodology for determining the implementation potential for
centralised solar electricity generation is therefore different as the one for decentralised
PV. For the centralised implementation potential no S-curve is used. The reason is that
the difference between the saturation level and the market size in 2000 is too large. In
many regions the current capacity of centralised PV or solar thermal is even zero. The
approach applied is a more pragmatic, bottom-up approach based on current market
knowledge and assumptions about production growth.
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Considering the early stage of development it is not possible to give a breakdown of
the implementation potential over the various regions based on current market
developments.

6.3.1

Photovoltaic plants

Currently about 40 MW of grid-connected centralised PV-plants have been installed
world-wide. Based on current market developments a doubling of this capacity is not
expected before 2005. However as solar thermal electric technologies are expected to
become a cheaper option, centralised PV is not expected to have the same growth
potential as decentralised PV. An annual implementation potential of 100 MW on
average is assumed to be installed after 2005, which brings the total implementation
potential at 1.6 GWp in 2020. In chapter 5 for PV manufacturing an annual production
capacity growth of 30% is assumed. The total installed grid-connected PV-capacity for
both centralised and decentralised PV will then be 98 GWp. When 68 GWp will be
employed for decentralised PV, 30 GWp capacity is available for centralised PV which
is more than enough for installing the implementation potential.

6.3.2

Solar thermal electric plants

The market for solar thermal electric technologies is in its initial phase of
development. As mentioned above, the commercial experience with solar thermal
electric power plants is limited to nine parabolic through plants and some
demonstration solar tower and solar dish projects. This is a poor basis for future
extrapolations. As for centralised PV plants, the implementation potential will be
estimated in a pragmatic way.
A number of recent studies have predicted the future growth of installed solar thermal
electric capacity, world-wide and for different regions, like the USA or the developing
countries. For the year 2010 the worldwide estimates for the installed solar thermal
power plants range from 4.3 - 8.3 GWel. For the USA this is 2.9 - 4.5 GWel. For solar
dish systems the prediction for 2010 ranges from 0.3 - 0.4 GWel, with a third installed
in developing countries and 2/3 in the USA. For 2020 predictions for parabolic trough
and tower systems range from 20 to 45 GWel of installed solar thermal electric
capacity worldwide, whereas dish systems show a range of 1 - 6 GWel (see Table 6-7).
The various studies base their predictions basically on the development of the
worldwide power market and the increasing demand for electricity, as well as on cost
reductions and market opportunities such as green markets. In 1996 the US
Department of Energy (DOE)3 developed a strategic plan for solar thermal electricity
according to which by 2020 an installed capacity of 20 GWel is achievable with
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levelised electricity costs of 5 US ¢/kWhel. According to this plan alternative
manufacturing approaches will reduce the solar system costs by 40% and more.
Table 6-7

Predictions of installed solar thermal power capacity

Technology
Solar thermal power
Troughs and towers

Source Region

Installed capacity (GW)
by 2010
by 2020
7.0

4

Worldwide

5
6
3
7

Worldwide
Worldwide
Worldwide
USA

8.3

7

Worldwide
USA
developing countries
Worldwide

0.3
0.2
0.1
0.4

4.3

30.0
45.0
20.0
2.9 - 4.5

Dish systems

7

1.00
0.44
0.56
6.00

A prediction for dish engine systems by the DOE states that in 2005 a production rate
of 2000 modules per year can be achievedwhich is also supported by the advancing
market for Stirling engines in general. The production rate will further increase to
30,000 modules/year by 2010 up to 50,000 - 60,000 modules by 2020/2030. Dish
technology is supposed to reach maturity by 2010. This implies a similar development
of the solar dish technology like parabolic trough and solar tower systems as
centralised electricity generating plants with dish engine plants, so that typical plants
may consist of several hundred up to over a thousand systems and have a capacity of
up to 30 MWel8.
In 2000 worldwide 430 MW of solar thermal power plants has been installed, of which
the nine plants of the parabolic trough project in California amount to 350 MW. About
1500 MWel of different solar thermal power projects are under development.
Assuming a probability of 30% - 70% that these projects will be realised by 2005 this
would lead to an increase in solar thermal capacity between 450 and 1050 MWel.
Adopting the lower prediction for the year 2005 the total installed solar thermal
capacity will be 0.9 GW. The estimate for the implementation potential in 2020 is
based on a further growth in production capacity of 25-30% annually, similar to the
current annual market growth for photovoltaic systems. The current production
capacity is circa 50 MW for the different solar thermal electric systems. In 2020 the
cumulative installed capacity will then be 20 to 40 GW.
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Table 6-8

Market growth and future installed solar thermal power
capacity (cumulative)

2000
2020 at 20% growth
at 25% growth
at 30% growth
at 35% growth

6.4

Total STPP production
capacity (GW)
0.05
1.9
4.3
9.5
20.2

Total cumulative installed
STPP (GW)
0.43
11.7
21.8
41.3
78.0

Potential of very large-scale plants in desert
areas

Although desert regions typically are sparsely or not populated and therefore have no
electricity grid, these areas are interesting because of their very high solar irradiation.
Furthermore, the suitable land area is enormous and land is cheap in these regions as it
has no alternative use.
In IEA PVPS Task 8, VLS-PV, feasibility studies are undertaken for VLS-PV (Very
Large Size PV) projects9. Deserts like the Gobi desert, the Sahara, and the Middle East
desert are analysed in case studies. To give an idea of the PV-potential of deserts: if
the Gobi desert between the western part of China and Mongolia were to be covered
with PV with a space factor of 50%, this would yearly generate 384 EJ, equal to the
global annual primary energy supply in 1995. A project of this size is not likely to
commence before 2020. Steps in between are necessary to increase from several MWpsystems, the maximum size achieved to date, to GWp-size systems. For example,
O&M cost of very large systems in the desert are not known yet.
As most desert locations however are far from the grid, transmission costs will be a
significant part of total costs. Whether the installation of large-scale PV plants in
deserts is a feasible option in 2020 depends on cost developments. No thorough study
has been carried out so far on the feasibility of plants in desert areas. In this study we
therefore assumed that large-scale plants in desert areas are no option in 2020 yet.
Nevertheless, desert regions contribute to the centralised technical potential, as part of
the suitable land area is desert region.
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7

CO2 emission reduction costs

7.1

Introduction

In this chapter the costs of emission reduction of greenhouse gases by means of solar
electricity generation is presented in the form of CO2 abatement cost curves. The role
of solar electricity generation in greenhouse gas emission reduction depends on
various energy system aspects. This is notably relevant for the assumed emission
factors of electricity generation by the reference electricity system that is being
‘replaced’ by the solar electricity, possible interactions of solar electricity systems with
the electricity system, et cetera. This could also influence the total costs of the solar
technologies (inclusion of system effects, grid connection). Another issue is the
lifecycle emissions associated to solar electricity. In this study the following system
aspects will be analysed:
• Characteristics of the electricity supply system in the reference scenario (i.e.
determination of CO2 emission factors and electricity generation costs). These
parameters are determined using IEA energy outlook data and outlooks on 2020
fuel prices. These reference characteristics differ per region and per technology
application (centralised and decentralised).
• Lifecycle greenhouse gas emissions of solar electric systems
Not only the direct emissions caused by the system operation but also the indirect
emissions resulting from e.g. the manufacturing of the components, the
construction and the dismantling are quantified. The CO2 emission factors are
derived from the respective chapters on PV (chapter 3) and solar thermal
electricity (chapter 4).
Other system aspects are the adaptations that have to be made due to the intermittent
pattern of solar electricity and the capital costs of grid connection and transmission.
The intermittent pattern of solar electricity is no problem as long as the share of solar
electricity (and other intermittent electricity generators) in total electricity supply stays
below 10%. The implementation potential by 2020 found in this study only amounts to
a maximum of 2%, even when the potential of centralised PV and solar thermal
electricity and decentralised PV are added. For this reason this system aspect is not
taken into account in this study.
If the solar electricity share would be higher than 10%, the electricity system may have
to be adapted towards a large-scale deployment of these intermittent sources (e.g. the
risk of ‘islanding’, issues of power quality, the possible need for back-up generating
capacity or energy storage facilities). This will be reflected in the ‘indirect costs’ and
change in emission factors associated to the integration of solar electricity.
The Potential of Solar Electricity to Reduce CO2 Emissions

87

Grid connection and transmission could also be a cost factor for the implementation of
solar electricity. For decentralised systems the costs for grid-connection are small as
this study only focuses on grid-connected PV in buildings. For centralised solar
electricity plants it is assumed that the capacity, corresponding to the implementation
potential, can be installed on locations close to the grid. This assumption can be made
due to the overall availability of solar irradiation. This is a different situation then for
wind energy where the best locations can be far from the electricity grid. Within a
region the level of irradiation varies, but in this study it is assumed that there can
always be found a location close to the grid with favourable levels of irradiation. This
is especially valid for solar thermal electricity plants which are assumed to be applied
in a hybrid system, i.e. in combination with an existing coal or gas plant. For the
reasons described in this study costs for grid connection and transmission are
considered negligible and are therefore not taken into account.

7.2

Fuel mix and emissions of electricity supply

The amount of CO2 emissions prevented per region by generating solar electricity
depends on the fuel mix of the new power plants that would be build if the solar
capacity would not be installed and of the emission factor of the energy source. This
assumption is valid if the renewable energy plant supplies energy for the regional
market. If for example large solar electricity plants would be built in the Sahara for
export to Europe, then the European fuel mix characteristics have to be used in
calculating emission reductions.
The implementation potential of centralised and decentralised PV and solar electricity
generation in this study stay below the regional electricity demand. The technical
potential however, exceeds the regional electricity demand. The effect of transport of
electricity to other regions is not taken into account in the CO2 cost curves presented.
The fuel mix of new power plants is determined by taking the difference of the 2020
electricity generation projections per region and the data on electricity generation in
2000. For the analysis data and projections were used from outlook studies of the
IEA1,2, US-EIA3 and the European Commission4 and studies from WEC5 and US
Department of Energy6.. The emission factor of the fuel mix is based on the following
emission factors: coal: 851 kg CO2/MWhe, oil: 696 CO2/MWhe and gas: 404
CO2/MWhe. Hydro, nuclear and renewables are assumed to have zero emission.
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Table 7-1

Fuel mix per region and emisison factors

of capacity additions

between 2000 and 2020

Capacity
additions (GWh)
Africa

Australia

China

EU-15

FSU and Eastern
Europe

India

Coal
Oil
Gas
Hydro
Nuclear
Renewables
Coal
Oil
Gas
Hydro
Nuclear
Renewables
Coal
Oil
Gas
Hydro
Nuclear
Renewables
Coal
Oil
Gas
Hydro
Nuclear
Renewables
Coal
Oil
Gas
Hydro
Nuclear
Renewables
Coal
Oil
Gas
Hydro
Nuclear
Renewables

125
29
245
24
4
9
39
1
38
7
0
0
1492
102
134
see renewables
194
394
20
0
794
0
0
135
10
90
1113
71
85
47
611
13
190
91
34
15
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Capacity
additions (%)
29%
7%
56%
6%
1%
2%
47%
1%
44%
8%
0%
0%
64%
4%
6%
8%
17%
2%
0%
84%
0%
0%
14%
1%
6%
79%
5%
6%
3%
64%
1%
20%
10%
4%
2%

Emission factor
fuel mix
517 g/kWhe

583 g/kWhe

603 g/kWhe

356 g/kWhe

368 g/kWhe

636 g/kWhe
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Capacity
additions (GWh)
Latin America

Middle East

Rest of Asiai

USA

7.3

Coal
Oil
Gas
Hydro
Nuclear
Renewables
Coal
Oil
Gas
Hydro
Nuclear
Renewables
Coal
Oil
Gas
Hydro
Nuclear
Renewables
Coal
Oil
Gas
Hydro
Nuclear
Renewables

74
110
515
324
0
21
24
56
340
15
8
0
812
0
737
227
137
0
218
0
1075
0
0
66

Capacity
additions (%)
7%
11%
49%
31%
0%
2%
5%
13%
77%
3%
2%
0%
42%
0%
39%
12%
7%
0%
16%
0%
79%
0%
0%
5%

Emission factor
fuel mix
333 g/kWhe

444 g/kWhe

517 g/kWhe

456 g/kWhe

Outlook on electricity prices

The costs of CO2 mitigation are determined by the emission factor of the fuel mix,
which is derived in section 7.2, and by the difference in the electricity production costs
or prices in the reference situation in the region and those of the solar electricity
technology. The latter are derived and explained in the previous chapters.
The reference costs of electricity production are based on fuel price assumptions
outlined in a study of the US Department of Energy (2001)6. The projections assume a
relative decrease in steam coal prices. Assumptions are presented in real prices,
expressed in US dollars from the year 2000.

i

Based on WEO scenario’s from East Asia, South Asia (excl. India) and pacific (only Japan and
New Zealand)
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Table 7-2

Fuel prices for electricity generators (USD2000/GJ fuel input)

Fuel \ year
Fossil fuel average
Petroleum products
Natural gas
Steam coal

1999
1.4
2.5
2.5
1.2

2000
1.8
4.1
4.2
1.1

2010
1.5
3.8
3.2
1.0

2020
1.8
4.0
3.7
0.9

Growth rate
'00-'20
'99-'20
-0.1%
1.0%
-0.1%
2.4%
-0.6%
1.8%
-1.1%
-1.1%

Regarding nuclear fuel and hydro power it is assumed that production costs remain
stable over the outlook period.
Data on current prices for industry and households in OECD countries were taken
from IEA’s Energy Prices & Taxes, 2001. For the Latin American region, prices are
taken from the Latin American Energy Organization Olade. Table 7-3 provides the
electricity prices reported for industrial and household electricity consumers in the
different regions. Also reported are the year of price data.
Table 7-3

Electricity prices (USD2000/kWh)

Prices

Africa

Austra- China
lia

EU-15

FSU+

India

Latin
Middle
America East

Rest of
Asia

USA

year of data

1996

1997

1996

1998

1997

1997

1998

1999

1999

1999

industry
0.023
Households
0.045
Mark-up % hh 96%

0.056
0.080
43%

0.032
0.034
6%

0.065
0.131
102%

0.040
0.050
25%

0.080
0.034
-58%

0.049
0.090
84%

0.079
0.084
6%

0.212
0.143
-33%

0.039
0.081
1.25%

Table 7-4

Electricity prices in 2000 and 2020 (USD2000/kWh)

Prices

Africa

Austra- China
lia

EU-15

FSU+

India

Latin
Middle Rest of
America East
Asia

USA

0.024
0.046

0.056
0.080

0.031
0.033

0.067
0.135

0.040
0.051

0.081
0.034

0.051
0.093

0.079
0.084

0.211
0.142

0.039
0.082

0.028
0.055

0.058
0.083

0.027
0.028

0.089
0.179

0.044
0.055

0.084
0.036

0.072
0.132

0.071
0.075

0.190
0.128

0.051
0.105

Year 2000
Industry
Households
Year 2020
Industry
Households

In Table 7-4 the electricity prices for 2000 and 2020 are given as will be used in the
analysis of this study. The data are based on the data in Table 7-3 and the growth rates
in Table 7-2. One key issue in future electricity price developments is the continuation
of cross-sector subsidies, which are still present in some developing regions. With
economic development progressing in this area and a stronger need for private
participation in the energy industry, remaining energy price distortions could be
removed.
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7.4

CO2 cost curves

For each region a cost supply curve has been developed for the technical and the
implementation potential of CO2 emission reduction by means of solar electricity
technologies (see section 2.4 for an explanation of the cost supply curve). The input
for the curves are the electricity production costs by solar electricity technology in
2020, the reference costs of electricity generation in 2020 (household prices for
decentralised electricity generation; industry prices/costs for centralised generation),
the regional emission factors for 2020 and the amount of electricity generated per
irradiation class. Electrical system costs are not taken into account. A correction is
made for the lifecycle emissions of CO2 for both types of technologies. For PV this is
98 – 167 g CO2/kWhe and for solar thermal electricity this amounts to 26 –38 g
CO2/kWhe. For the calculations the average emission factor is used. Note that these
figures may be significantly lower in the future due to production technology
improvements.

7.4.1

CO2 cost curves of decentralised PV

The CO2 cost curve for the technical and the implementation potential for
decentralised PV are given in the figures below. It should be noted that the quantities
of the CO2 emissions avoided are much larger than the total emissions in these regions
in 2020. Nevertheless, the total potential is shown as to give an indication of the
mitigation costs if solar technologies are not installed on the most favourable locations.
The lowest costs for CO2 mitigation can be realised in Europe, the ‘Rest of Asia’ and
Latin America. It has to be emphasised that this picture is highly influenced by the
assumptions made on 2020 reference costs (see Table 7-3). The higher the reference
costs, the lower the CO2 mitigation costs will be. The high ‘negative’ cost potential for
the Rest of Asia (Japan) and Europe for example is mainly due to the high reference
costs in this region in 2020.
The highest implementation potential of CO2 mitigation can be realised in ‘Rest of
Asia' (Japan), Europe, China and the USA. This is due to the high solar electricity
generation implementation potential in these regions (see chapter 6) and also
influenced by the regional emission factor. The technical and implementation potential
of CO2 mitigation for different CO2 costs is given in Table 7-5 and 7-6 respectively.
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CO2 cost curve for decentralised PV- 2020 technical potential
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Figure 7-1

Regional CO2 cost curves for decentralised PV – 2020 technical
potential
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CO2 cost curve for decentralised PV- 2020 implementation potential
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Regional CO2 cost curves for decentralised PV – 2020
implementation potential
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Global CO2 cost curve for decentralised PV- 2020 implementation potential
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Figure 7-3

Global CO2 cost curve for decentralised PV - 2020
implementation potential

Table 7-5

Cost breakdown of the technical potential of CO2 emission
reduction by means of decentralised PV (2020)

Decentralised PV
Technical potential
2020

Technical
emission reduction
potential
(Mton CO2)

Region
Africa
Australia
China
EU-15
FSU/Eastern Europe
India
Latin America
Middle East
Rest of Asia
USA

322
45
795
226
89
475
235
235
393
717

World

3533

(*)

Technical red. potential
at specific costs
< 10 US$/ton CO2
(Mton CO2)
Min. Avg.(*) Max.
0
0
0
0
0.2
29
0
0
0
111
186
226
0
0
0
0
0
0
81
205
235
0
0
151
106
342
393
0
105
485
298

838

1519

Technical red. potential
at specific costs
< 50 US$/ton CO2
(Mton CO2)
Min. Avg. (*) Max.
0
5
136
0
28.9
45
0
0
0
128
208
226
0
0
0
0
0
0
159
231
235
0
121
226
323
388
393
41
350
717
652

1332

Potential at average electricity production costs
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Table 7-6

Cost breakdown of the implementation potential of CO2
emission reduction by means of decentralised PV (2020)

Decentralised PV
Implementation
potential 2020
Region
Africa
Australia
China
EU-15
FSU/Eastern Europe
India
Latin America
Middle East
Rest of Asia
USA
World

Implementation
emission reduction
potential
(Mton CO2)
0.4
0.6
6.2
5.8
0.1
1.4
0.6
1.9
16.1
7.0
40

Impl. red. potential
at specific costs
< 10 US$/ton CO2
(Mton CO2)
Min.
Avg.
Max.
0
0
0.0
0
0.003
0.4
0
0
0
2.9
4.8
5.8
0
0
0
0
0
0
0.2
0.5
0.6
0
0
1.2
4.3
14.0
16.1
0
1.0
4.7
7

20

29

Impl. red. potential
at specific costs
< 50 US$/ton CO2
(Mton CO2)
Min.
Avg.
0
0.0
0.005
0.4
0
0
3.3
5.4
0
0
0
0
0.4
0.6
0
1.0
13.2
15.9
0.4
3.4
17

27

The technical reduction potential is again enormous: 3500 Mton CO2, of which 800
(range 300 to 1500) Mton at costs below 10 US$/ton CO2 and 1300 (range 650 to
2000) Mton at costs below 50 US$/ton CO2 (the range correlates to the range in PV
investment costs). (For comparison, the CO2 emissions of the European Union in 2000
were about 3325 Mton CO2.)
Compared to this technical potential, the implementation potential is more modest: 40
Mton CO2 only. However, considering the stage of development of PV technologies,
this would be an impressive result.
For some regions no emission reduction potential is available at specific costs below
50 US$/ton CO2 (China, India, Former Soviet Union/Eastern Europe). This is a
consequence of the low projected electricity price for households in those regions. If
these costs are higher (which will be the case in some regions), the specific costs of
CO2 abatement will decrease.

The Potential of Solar Electricity to Reduce CO2 Emissions

95

Max.
0.2
0.6
0
5.8
0
0.0
0.6
1.9
16.1
7.0
32

7.4.2

CO2 cost curves of centralised solar
electricity

The figures below give the CO2 cost curves for the technical potential of both
centralised PV and solar thermal electric plants. Again, it should be noted that the
quantities of the CO2 emissions avoided are much larger than the total emissions in
these regions in 2020. The implementation potential is not given as the uncertainties
are too high (see chapter 6 for explanation). The highest potential of CO2 mitigation
against negative specific costs, can be achieved with solar thermal electric
technologies in ‘Rest of Asia’, Southern Europe, Latin America, India, the Middle East
and Australia. For centralised PV the only region with a negative cost potential is ‘Rest
of Asia’ as a consequence of the relative high electricity production costs. The
favourable outlooks for solar thermal electric technologies are due to the low
production costs that are projected for 2020. Note that total reduction potentials are
higher than actual emissions. An overview of the technical emission reduction
potential of the three technologies is shown in Figure 7-6.
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CO2 cost curve for centralised PV- 2020 technical potential
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Figure 7-4

Regional CO2 cost curves for centralised PV-plants - technical
potential
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The potential of CO2
mitigation in Africa is
14.300 Mton
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Figure 7-5

Regional CO2 cost curves for centralised solar thermal electricplants - technical potential

Table 7-7

Cost breakdown of the technical potential of CO2 emission
reduction by means of centralised PV-plants (2020)

Centralised PV
Technical potential
2020

Technical
emission reduction
potential
(Gton CO2)

Region
Africa
Australia
China
EU-15
FSU/Eastern Europe
India
Latin America
Middle East
Rest of Asia
USA

81
30
12
0.3
8
2
10
17
1
7

World

169

Technical red. potential
at specific costs
< 10 US$/ton CO2
(Gton CO2)
Min.
Avg.
Max.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.6
1.0
1.1
0
0
0
0.6
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1.0

1.1

Technical red. potential
at specific costs
< 50 US$/ton CO2
(Gton CO2)
Min.
Avg.
Max.
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0.5
2.3
0
0
0
0
0
6.0
0.9
1.0
1.0
0
0
0
0.9

1.6
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9.4

Table 7-8

Cost breakdown of the technical potential of CO2 emission
reduction by means of centralised solar thermal electric plants
(2020)

Solar thermal
electric power
plants 2020
Technical potential
Region
Africa
Australia
China
EU-15
FSU/Eastern Europe
India
Latin America
Middle East
Rest of Asia
USA

Technical
emission reduction
potential
(Gton CO2)

World

14
5.8
0.2
0.01
0.4
0.5
0.8
3.1
0.03
0.5
26

Technical red. potential
at specific costs
< 10 US$/ton CO2
(Gton CO2)
Min.
Avg.
Max.
0
0
0.2
5.8
5.8
5.8
0
0
0
0.01
0.01
0.01
0
0
0.4
0.5
0.5
0.5
0.8
0.8
0.8
3.1
3.1
3.1
0.03
0.03
0.03
0
0.5
0.5
10

11

Technical red. potential
at specific costs
< 50 US$/ton CO2
(Gton CO2)
Min.
Avg.
Max.
1.2
13.9
14.3
5.8
5.8
5.8
0
0.2
0.2
0.01
0.01
0.01
0
0.4
0.4
0.5
0.5
0.5
0.8
0.8
0.8
3.1
3.1
3.1
0.03
0.03
0.03
0.5
0.5
0.5

11

11.9

25.2

800

Solar thermal
Centralised PV

Abatement costs (USD/ton CO2)

600

Decentralised PV
400

200

0
1

10

100

1000

10000

100000

1000000

-200

-400

Cumulative CO2 mitigated (Mton/year)

Figure 7-6

Global CO2 cost curve for decentralised PV, centralised PV and
decentralised solar thermal (technical potential, logarithmic
scale)
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7.5

Sensitivity analysis

The results presented above have significant uncertainties. The following uncertainties
can be identified:
Solar electricity resource
Irradiation data: the uncertainty in geospatial information on irradiation is estimated to
be about 10-30%. Annual variations are about 30%.
Effective available surface for PV per inhabitant (building integrated PV): the
uncertainty is estimated to be about 20%
(Un)Electricifaction degree: uncertainties are estimated to be about 10%.
Land use data: uncertainties in land areas are estimated to be about 5%.
Available land for centralised solar electricity plants: 5% of the suitable land area
(excluding agriculture, forestry, water, nature reserves, et cetera) is assumed to be
'reserved' for centralised solar electricity applications, allowing a sustainable
integration of these technologies regions. This is of course a highly arbitrary
percentage.
Given the enormous potential of both decentralised and centralised solar electricity
technologies, uncertainties in the estimate of the technical potential are rather
irrelevant. The effect of uncertainties in electricity production per square meter on the
calculation of specific production costs are more relevant (see below).
Solar electricity production costs
The projected investments costs of solar electricity technologies for the year 2020 have
a bandwidth. This is presented in the respective sections of this study and results in an
uncertainty in production costs of about 20%.
In addition a different value for the assumed discount rate influences costs of solar
electricity generation. If the discount rate is decreased from 10% to 5 %, the
generation costs would be 35 % lower.
Reference electricity system
The 2020 emission factors of the reference electricity generation systems per region as
well as the production costs and/or consumption prices have significant uncertainties.
Electricity cost data may have uncertainties of about 50%, whereas emission factors
may have uncertainties of about 10%. The effect on reduction potentials is again less
relevant given the enormous potentials

The Potential of Solar Electricity to Reduce CO2 Emissions

99

7.6

References

1
2
3
4

International Energy Agency, Energy policies of IEA countries, 2001 review, 2001.
International Energy Agency, World Energy Outlook 2000, 2000
Energy Information Agency, International Energy Outlook 2001
European Commission, European Union Energy Outlook to 2020, Special Issue November 1999.
5 World Energy Council, Efficient Use of Energy Utilizing High Technology – An
Assessment of Energy Use in Industry and Buildings, September 1995
6 US Department of Energy, Annual Energy Outlook with Projections to 2020, 2001.

100

The Potential of Solar Electricity to Reduce CO2 Emissions

8

Conclusions

This study presented the current and future states of development of various solar
electricity technologies. Both the technical and implementation potential for three
types of solar electricity were analysed:
• building integrated photovoltaics (BIPV, thin film technology characteristics)
(decentralised electricity production)
• centralised large-scale photovoltaic plants (LSPV, concentrating systems)
• centralised solar thermal power plants (STPP, parabolic troughs / central
receivers)

8.1

Technical and implementation potential

Both photovoltaic and solar thermal electricity production are promising technologies,
but the technological state of development is still in the research and development or
early market penetration stage. The experience with the implementation of
photovoltaics is large, but new developments in the manufacturing of photovoltaic
cells will constantly change the site-conditions for market penetration. Solar thermal
electricity is in terms of costs even more promising, but currently no new plants are
commissioned at all, so economies of scale will not be reached in the short term.
For the year 2020 the projections for thin film technology were used as a reference for
BIPV in the analysis, but other technologies with similar characteristics may be more
important than this specific technology. For LSPV the reference is concentrating PV,
for STPP the reference resembles the characteristics of parabolic troughs and central
recievers.
In this study the (theoretical) technical potential for both BIPV, LSPV and STPP was
determined for the year 2020, based on geographical and regional statistics. The results
are presented in Table 8-1. The technical potential of both PV and solar thermal
electricity technologies is enormous. The world's final electricity consumption, about
21,000 TWh in 2020, can be covered multiple times (IEA World Energy Outlook,
2002). However, it is clear that the technical potential can not be realised before 2020
mainly due to restrictions in the development of production capacity. For this reason,
an estimate for the implementation potential was derived, using saturation curves and
by taking into account the development in production capacities. The implementation
potential is much lower than the technical, but high compared to the current installed
capacity of these technologies. For BIPV about 70 GWp installed capacity is derived,
resulting in an emission reduction of about 40 Mton CO2. The figures for LSPV and
STPP are smaller, summing up to about 9 to 17 Mton CO2 emission reduction. The
potentials are expressed in GW or GWp installed capacity, TWh electricity production
The Potential of Solar Electricity to Reduce CO2 Emissions
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and Mton CO2 emission reductions. The latter is derived by using regional emission
factors for the reference electricity production, and by taking into account the lifecycle
emissions of the solar technologies.
Table 8-1

Overview of technical and implementation potentials of solar
electricity (2020, rounded figures)

Technical
potential 2020
Region
Africa

Installed capacity
(GW)
BIPV
LSPV

Electricity production
Emission reduction
potential (TWh)
potential (Mton CO2)
STPP
BIPV
LSPV
STPP
BIPV
LSPV
STPP

420

48,000

44,200

700

167,500

37,300

322

81,300

14,300

55

15,700

15,500

100

55,300

13,000

45

30,400

5,800

China

1070

7,500

700

1,400

20,200

500

795

11,500

240

EU-15

640

400

50

700

1,000

35

226

300

8

FSU/Eastern Europe

240

9,200

2,500

300

24,100

1,700

89

8,100

400

India

450

1,100

1,100

800

4,000

900

475

2,400

460

Australia

Latin America

550

11,700

5,700

800

33,100

4,100

235

9,960

820

Middle East

325

11,800

11,600

600

42,400

9,900

235

17,450

3080

Rest of Asia

575

800

100

800

2,200

80

393

1,050

30

USA

1,280

5,700

2,000

1,700

15,400

1,400

717

6,500

460

World

5,600

112,000

85,000

7,700

365,000

70,000

3,533

169,000

25,700

Implementation
potential 2020
Region

Installed capacity
(GW)
BIPV
LSPV

Electricity production
Emission reduction
potential (TWh)
potential (Mton CO2)
STPP
BIPV
LSPV
STPP
BIPV
LSPV
STPP

Africa

0.5

0.8

0.4

Australia

0.7

1.1

0.6

China

8.4

10.9

6.2

EU-15

16.4

18.0

5.8

FSU/Eastern Europe

0.3

0.3

0.1

India

1.3

2.3

1.4

Latin America

1.4

2.0

0.6

Middle East

2.7

4.7

1.9

Rest of Asia

23.5

33.1

16.1

USA

12.5

16.5

7.0

World

68

1.6

20-40

90

5

16-32

40

BIPV: building integrated photovoltaic systems; LSPV: centralised photovoltaic plants; STPP:
solar thermal power plants
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8.2

Costs

In terms of both costs and technological experience, building integrated photovoltaics
are the most interesting option for the period up to 2020. As BIPV electricity
production costs should be compared to electricity consumption prices (plus taxes, but
taxes were not included in the analysis of this study), BIPV can compete in many
regions with conventional electricity systems. Over 60% of the technical and
implementation potential can be realised at costs below 15 US¢/kWh (high cost
estimate for PV modules). Realising the technical potential would require system
adapatations (notably back-up generation capacity), but for the implementation
potential no significant additional measures and costs will have to be taken.
Solar thermal power plants show low production costs at centralised solar electricity
production (in hybrid configurations with thermal power plants). Over 75% of the
technical potential can be realised at costs below 5 US¢/kWh. For centralised largescale photovoltaics (LSPV) costs are still higher. LSPV and very large-scale PV (in
deserts) are therefore options for the longer term, with huge resource potentials.
Both markets are in their initial phase and future developments are therefore hard to
predict. Much depends on the cost reduction achieved when the scale of production
increases. A change for renewables like solar electricity are the developments in
international CO2 trade. When carbon credits can be added to solar electricity a
competitive price might become into reach within a few decades.
The development solar electricity technologies also depends strongly on government
policies in the described regions and on the competition with other renewables.

8.3

Regions

It is not surprising that regions closer to the equator have generally higher resource
potentials. However, population densities and/or electricity grid densities are usually
also low in these regions. In this study, large-scale transport of electricity to other
regions was not assumed to occur before 2020. For BIPV the implementation potential
is highest in industrialised regions as for those regions markets are most developed.
For LSPV and STPP regional predictions are hard to be made. At the moment the
markets are neglegible, but several initiatives are present. In this study no estimate of
the regional implementation potential was made. Suitable regions for STPP would
include e.g. Northern and South-western parts of Africa, the Saudi Arabian peninsula,
Central Asian regions, Western and Central Australia, high plateaus of the Andean
countries, Northern Mexico, North-eastern Brazil, parts of India, South-western USA
and Southern Europe (the Mediterranean Sea). Suitable regions for LSPV can also be
found on more regions, as PV does not require direct insolation.
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Glossary

a-Si
BIPV
CC
CdTe
CIS/CIGS
CRS
Cz-slice
c-Si
DLR
DOE
GaAs
GEF
HCE
HTF
IPP
ISCCS
KJC
KJCOC
LEC
LSPV
mc-Si
NREL
O&M
PSA
p-Si
PT
PV
SCA
SEGS
STPP
VLSPV

Amorphous silicon (PV)
Building integrated Photovoltaics
Combined cycle
Cadmium Telluride (PV)
Copper Indium Diselenide based cells (PV)
Central receiver system (solar tower)
Czochralski grown mc-Si
crystalline Silicon (PV)
Deutsches Zentrum für Luft- und Raumfahrt e.V., Köln, Germany
US Department of Energy, Wasjington D.C.
Gallium Arsenide (PV)
Global Environment Facility
Heat collection element
Heat transfer fluid
Independent power producer
Integrated solar combined cycle system
Kramer Junction
Kramer Junction Operating Company/California, USA
levelised electricity costs
Large-Scale Photovoltaics (centralised plants, in the range of about
1 to 5 MW)
Monocrystaline silicon (PV)
National Renewable Energy Laboratory based in Golden, Colorado,
USA
Operation and maintenance
Plataforma Solar de Almería/Spain
Polycristaline silicon (PV)
Parabolic trough
Photovoltaic
Solar collector assembly
Solar electric generating system
Solar Thermal Power Plant
Very Large-scale Photovoltaics (>5 MW to several hundreds of
MW)
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Appendix 1 Land use / land cover legend

USGS Land Use/Land Cover System Legend (Modified Level 2)
Value
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
99
100

Code
100
211
212
213
280
290
311
321
330
332
411
412
421
422
430
500
620
610
770
820
810
850
830
900

Description
Urban and Built-Up Land
Dryland Cropland and Pasture
Irrigated Cropland and Pasture
Mixed Dryland/Irrigated Cropland and Pasture
Cropland/Grassland Mosaic
Cropland/Woodland Mosaic
Grassland
Shrubland
Mixed Shrubland/Grassland
Savanna
Deciduous Broadleaf Forest
Deciduous Needleleaf Forest
Evergreen Broadleaf Forest
Evergreen Needleleaf Forest
Mixed Forest
Water Bodies
Herbaceous Wetland
Wooded Wetland
Barren or Sparsely Vegetated
Herbaceous Tundra
Wooded Tundra
Mixed Tundra
Bare Ground Tundra
Snow or Ice
Interrupted Areas (Goodes Homolosine Projection)
Missing Data
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Appendix 2 Regional information

AFRICA
The African continent is the least electrified area in the world, with some regions not
even reaching 5% electrification levels. Almost 50% of total electricity consumption is
accounted for by South Africa. Total electricity consumption on the African continent
is expected to increase on average by 3.8% annually. The share of coal is expected to
decrease from 50% in 1999 to 40% in 2020. The share of oil is expected to decrease
from 15 to 11%, and hydro power from 16 to 11%. As a result, the share of gas-fired
electricity production will almost double: from 15% currently to 36% by 2020. South
Africa is the only country on the African continent that holds nuclear power
production, with limited expected capacity increases (approx. 450 MW).
The lack of infrastructure provides ample opportunities for renewable energy
investments. Currently the majority of renewables is covered by large hydro-power
plants. Large hydro power capacities are found in Egypt and Congo. Other countries,
such as Ivory Coast, Kenya, and Zimbabwe, are almost entirely dependent on
hydropower for their electricity. Uganda have plans to build substantial hydroelectric
projects during the forecast period. US power producer AES is expected to construct a
250-MW hydro power plant in Uganda, which will become operational in 2005. This
will increase Uganda’s existing power supply by 40%.

AUSTRALIA
Australian electricity supply is largely dependent on domestic coal. The current
electricity fuel mix in Australia consists of approx. 80% coal, some 8% hydro, 10%
gas, 2% renewables and 1% oil. In the 1990s, the share of coal in electricity supply
steadily increased at the expense of the use of hydro power. This trend was only
reversed in 2001 when the share of natural gas and hydro increased again at the
expense of coal. Further fuel switching is expected in the next years, as fuel switching
is one of Australia’s key means to meet its emissions reduction targets over the short
term. By the year 2020 the fuel mix is expected to consist of 70% coal, 1% oil; 20%
gas; 8% hydro, and 1% renewables.
Australia has no nuclear power and there are no plans to start using it. Renewable
electricity is stimulated by the Mandatory Renewable Energy Target (MRET). The
Australian Mandatory Renewable Energy Target (MRET) requires 9500 GWh/yr of
new renewable electricity generation to be in place by 2010, and maintained at that
level till 2020. This represents approximately 4% of the total expected 2010 electricity
generation. A penalty of AUS$ 40 MWh applies for shortfalls by liable parties.
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CHINA
China is expected to see the largest relative and absolute growth in electricity
consumption in the world. Due to high economic growth and current very low
electricity consumption per capita, the average annual growth rate in the period 19992020 is expected to be 5.5%.
Having the world’s largest coal reserves, China is both the world’s largest coal
producer and consumer. The share of coal in electricity production currently is around
74%, which is expected to decrease only slightly. This large share of coal power
makes China an interesting partner for JI investments for countries with stringent
Kyoto targets. A large part of emission reduction investments will then be directed
towards replacing coal-fired plants by modern CCGT technologies. With large
amounts of hydro power production, the share of renewables is 17%. This share is
expected to be maintained with the expected completion of the Three Gorges Dam
(expected to reach its full capacity of 18,200 MW in 2009). After that, no large growth
in renewables is expected, although Annex-I countries with ambitious renewable
energy targets see China as one of the key opportunities to invest in renewables.
China’s ambitious nuclear power programme is expected to increase the share of
nuclear power from approx. 2% in 1999 to 6% in 2020.

EU-15
Electricity demand in the EU-15 is expected to increase at 1.7% annually in the period
1999-2020. The current fuel mix includes 35% nuclear, 29% coal, 14% gas and 8%
oil. The share of renewables is only 14%, of which the majority (12%) hydro power.
The structure of the European electricity market is continuously changing. One key
driver in these changes is the liberalisation of the European energy market. In the
period until 2020 the establishment of an internal European energy market is expected
to be concluded. Furthermore international agreements on climate change and other
environmental aspects of energy consumption will continue to affect fuel choices for
newly built power production capacity. Consequently, the shift towards gas as main
fossil fuel will persist at current growth rates and renewable capacity will continue to
increase. The growth in renewable power production, however, will match overall
growth rates in power production and consumption, but the share of renewables is not
likely to increase.
The EU-15 will continue to reduce its reliance on coal and oil. France will be the only
country that will maintain its high share of nuclear power; other EU countries will
reduce their shares. The fuel mix expected for the year 2020 includes 37% gas, 23%
coal, 22% nuclear and 2% oil. The remaining 15% will be covered by renewables, of
which 9% hydro power and 6% other renewable energy sources, mainly wind and
biomass. Gas will continue to play a dominant role in already mature gas markets such
as the ones in the Netherlands, Germany, Italy and the United Kingdom. In addition,
large growth will continue to occur in emerging gas markets in Denmark, Greece,
Portugal, Spain and Sweden.
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FSU AND EASTERN EUROPE
The group of countries distinguished in this section includes the New Independent
States that formerly were part of the Soviet Union as well as the central and Eastern
European countries. Energy consumption and production in most of these countries is
largely influenced by large amounts of indigenous fossil fuel resources. Russia has the
largest amounts of gas and oil reserves in the world, and thus is a major exporter both
within the region as to other regions. Many other countries in the region have also
mainly relied on their national resources, whether its coal, oil or natural gas.
The energy markets in many of the central and Eastern European countries have been
under enormous reforms. This has been largely influenced by their preparation for
their accession into the EU. Market prices have been largely adjusted in order to reach
market conformity, national legislation has been adjusted to EU legislation and stocks
have been built up to meet EU security of supply regulations. Moreover, standards for
environmental protection and nuclear safety have been enforced and energy efficiency
has been largely increased. As a consequence, the fuel mix in most of these countries
is significantly changing. Energy market in Russia and other new independent states
are in a similar process of economic reforms, reforms of legal and regulatory
framework, as well as reforming of price and tariff structures.
Large shares of obsolete production capacity, an antiquated transmission infrastructure
and high inefficiencies in production and distribution are the main reasons for limited
expected growth rates in total electricity production capacity. The expected increase of
electricity consumption of approx. 2% annually in the period 1999-2020 can largely be
covered by upgrading of existing capacities and efficiency improvements in
production, transmission and distribution. As in almost all world regions, the fuel mix
is expected to move away from coal to gas. The share of coal in electricity supply will
decrease from 24% to 14%. The share of oil, nuclear power and hydro will slightly
reduce, from 11, 13 and 12% respectively in 1999 to 9, 10 and 9% respectively by
2020. All in all gas will cover more than half (56%) of electricity supplies in the region
by 2020, mainly originating from large Russian gas fields.

INDIA
Electricity generation in India is and will remain to be largely based on coal, but the
market share is expected to decline from 76% in 1999 to 65% in 2020. With an
average annual growth in electricity demand of 3.8%, absolute coal consumption,
however, will more than double. The largest increasing shares in the electricity fuel
mix will be accounted for by natural gas and nuclear power. Natural gas is expected to
increase from 5% in 1999 to 11% in 2020. The share of nuclear power is expected to
increase from 2% in 1999 to 6% in 2020.
The current focus of the Indian electricity policy is the poor financial situation of the
State Electricity Boards. For many years the main power utilities have suffered from
severe losses as the majority of the population is not able to pay for its electricity
consumption at full costs.
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Market liberalisation has also found its way to India. The power sector is opened up to
private investments, existing power companies are being restructured to more
commercial companies and plans have been issued to abolish cross-subsides from
urban areas to rural areas. Since 1998 important progress has been made on the first
two issues, which are expected to be completed before 2020. The subsidisation of rural
areas, however, is a socially difficult issue which will need a long time before
completion. However, major steps will have to be taken before 2020, which will in
turn affect electricity prices.

LATIN AMERICA
Most Latin American countries are heavily dependent on hydro power for their
electricity consumption. On average 63% of total electricity consumption originates
from hydro power. In the Andean countries and Brazil this is about 80%, and even
Venezuela, which has large oil resources, is for approx. 60% depending on hydro
power. Argentina and Mexico are the only Latin American countries that are more
dependent on thermal power. In Argentina, 55% of electricity is thermal power, largely
natural gas. Hydro power accounts for 40% of Argentina’s electricity supplies. In
Mexico, currently about half the electricity consumption is generated from oil.
Mexico, Argentina and Brazil are the only Latin American countries with nuclear
power, reaching 1.8% of total generation.
The developments in electricity supply in Latin America is dominated by natural gas.
Latin America has large gas reserves and an additionally estimated large amount of
undeveloped fields expected to come on stream in the next decade. Furthermore,
construction of new gas-fired power plants aim at increasing Latin America’s fuel
diversification. The share of gas in electricity supply is expected to increase from 10%
currently to 34% by 2020.
Electricity demand growth rates in Latin America are expected to be the second
highest world-wide, next to developing Asia (including China). The average growth
rate is expected to reach 4.5%. The growth rate in Brazil, accounting for half of the
region’s economic activity, will be somewhat higher: reaching 5% on average.
Electricity demand in Mexico is also growing very rapidly, giving rise to concern
about the ability of the power sector to keep up with demand growth in the industrial
sector.

MIDDLE EAST
Half of the electricity consumption in the Middle East is accounted for by Iran and
Saudi Arabia. Total electricity consumption in the whole region is expected to increase
3.4% on average annually in the period 1999-2020. The main driving factor is
economic growth in the region’s dominant economies.
The Middle East depends heavily on both gas and oil for electricity production. The
share of oil equalled 35% in 1999, the share of gas 41%. These shares are expected to
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remain at similar levels in the period 1999-2020. Over the next few years, Iran is
expected to start nuclear power production. Nuclear power will account for 1% of total
African electricity production by 2020.

REST OF ASIA (INCLUDING JAPAN AND NEW ZEALAND)
The Asian countries other than China and India are expected to see their electricity
consumption increase at an overall annual growth of 3.3% between 1999 and 2020.
The main driving factor for this relatively large increase is the continued recovery
from the 1997/98 economic crisis.
The fuel mix of electricity supply in the region is rather balanced, with 29% coal, 21%
oil, 22% gas and 22% renewables. The largest growth is expected in the consumption
of gas, only hampered by a lack of transmission capacity. The overall share of gas in
electricity consumption is expected to increase to 27% by 2020. With a relatively
small increase in renewable power production capacity, the total share of renewables is
expected to decline to 15% by 2020.
Japan is expected to see its electricity consumption follow economic growth, resulting
in an average increase of 1.3% over the period 1999-2020. The current fuel mix in
electricity consumption comprises 57% thermal power production and approx. 33%
nuclear power production. The share of nuclear power is expected to increase further
to 37% in 2020.
New Zealand has no nuclear power and is largely depending on domestic renewable
resources. The current share of hydro power reaches 62%, including other renewables
bring the total share of renewables at 73%. The remainder is made up by gas (20%)
and coal (7%). New Zealand does not use oil for its electricity production. New
production capacity will mainly be coal-fired and renewable power.

USA
The total electricity consumption in the USA is more than any other region in the
world. Consumption is expected to continuously increase, although at modest growth
levels. Average annual electricity consumption growth until 2020 is estimated at 1.3%.
The fuel mix of electricity supply in the USA is expected to shift from coal to gas.
Coal is expected to remain the dominant fuel in electricity supply; although its share is
expected to drop from 52% currently to 45% in 2020. Nuclear power is also expected
to decrease: its share will drop from 20% currently via 16% in 2010 to 11% in 2020.
Most new capacity in the region will be gas-fired CCGTs. The share of gas is expected
to grow from 16% in 1999 via 25% in 2010 to 36% in 2020. As a result of limited
support for renewables, their market share will increase from 0.1% currently to 0.3%
by 2020. With an average increase of 1.3% in electricity consumption, the absolute
amount of renewable electricity production will however still double.
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