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S Y N O P S I S

he sun as a symbol of life and power has always fascinated Man-

kind. Today, we know that the light and warmth the sun sup-

plies could theoretically far exceed our current primary energy 

demand. Therefore solar energy plays a special – and often emotional – 

role in the discussion of sustainable energy systems. Symbolically posi-

tive, solar energy appears appealing and environmentally friendly. But 

wishful thinking should not obscure the fact that the use of solar energy 

is tied to large investments. The basic, natural conditions at each specific 

site ultimately decide whether such investments are worthwhile. This 

issue of the Energie-Spiegel explores whether solar energy can fulfill its 

hoped-for role in the future and reports on the current status of related 

research.

Solar collectors today already provide a significant contribution to 

private hot water requirements. But providing solar electricity from 

photovoltaics is still economically feasible only in remote areas. Swit-

zerland is not suitable for large installations in the MW range. Even in 

sunny areas, clear boundaries are set by current efficiencies and costs, 

although silicon-based photovoltaic cells are commercially available to-

day and will be cheaper in the future. Research is required on new 

materials for photovoltaic cells that use sunlight more efficiently. For 

large-scale solar power production there is currently only one type of 

plant that has been commercially tested in a high insolation area and 

proven relatively competitive. It uses concentrated solar radiation to 

produce steam, which is converted to power in steam turbines. All these 

technologies still have development potential, but the chief challenges 

for research also include other areas, like storage. When it becomes 

possible to successfully and economically store solar energy, for example 

by transformation to a storable and transportable chemical fuel like hy-

drogen, this will be a real breakthrough. The research on solar-chemical 

systems is therefore a high priority topic of PSI’s energy research in 

cooperation with ETH Zurich.
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ll solar technologies depend upon 

the duration and intensity of solar 

radiation. These are generally 

smallest at just those times and locations 

where the needs for heat and electricity 

are greatest. In addition, solar energy can 

still be only poorly stored. On the basis of 

general requirements alone, solar energy 

can play only a limited role in Switzerland 

over the medium term. However the result 

is quite opposite in areas with more sun; 

here solar technologies are less expensive 

and the potential is clearly greater.

Solar Heat Flat panel collectors pro-

ducing solar hot water for homes and in-

dustry can currently be used efficiently in 

Switzerland. They simply produce solar 

warm water with temperatures from 50 to 

200 °C. Installations with flat glass collec-

tors deliver between 380 and 450 kWh of 

heat per square meter per year in the Swiss 

midlands. With 4 to 6 square meters of 

solar collectors, a single family house can 

supply 40 to 80% of its annual energy 

demand for hot water with an initial in-

vestment of about 8000 CHF, giving a lev-

elized cost over 25 years of about 30 to 40 

Rp/kWh (1 Rp = .01 Swiss franc).

Solar Electricity Whether alpine hut or 

satellite, photovoltaic electricity becomes 

economically interesting when the power 

grid is inaccessible. Silicon-based photo-

voltaic cells convert sunlight directly into 

electricity, and mounting them on existing 

roofs and facades is the most sensible, cost-

effective solution. Today, silicon-based 

photocells have an efficiency of 12 to 17%. 

Installations in the Swiss midlands can 

produce 90–125 kWh of electricity per 

square meter per year. However the pro-

duction cost in the Swiss midlands of 85 

Rp/kWh is still about 10 times higher than 

electricity from current power plants, and 

around 4 times greater than the consumer 

price. For the price of photovoltaic electric-

ity to drop, one or several improvements 

must be achieved, including:

• Improved cell fabrication technologies 
(see learning curve graph)

• More economic semiconductors, or 
lower use of materials

• Reduced costs of mounting cells and 
their support structures

• Use in areas with higher insolation

• Concentration of available light for 
better use of expensive cells

• Increased efficiency (~25% in 20 years 
is a realistic expectation)

PSI is focusing its research on the last 

point, and developing thin layer silicon-

germanium cells with structures on the 

nanometer scale (1 billionth or 10–9 m.).

The cheapest solar electricity today is 

produced from solar thermal plants, using 

parabolic trough collectors and steam tur-

bines. In areas with yearly insolation of at 

least 2200 kWh/m2/yr this type of installa-

tion (for example, the 350 MW plant in 

Barstow, California) produces electricity in 

the cost range of 12 to 15 US ¢/kWh. With 

better collector designs, large scale fabrica-

tion and larger plant sizes, a cost range of 

4 to 5 US ¢/kWh could be reached by the 

year 2020.

Thermo-photovoltaies Conversion from 

thermal radiation to electricity is an impor-

tant offshoot of photovoltaic technology. 

The sun is replaced by an incandescent 

element heated by burning fuel. PSI is 

active in this research, and holds the cur-

rent world record for efficiency in this type 

of energy conversion. This technology can 

cogenerate heat by mounting the burner 

within a normal steam boiler. 

CO2 reduction and de-carbonization 

dominate today’s energy debate.  It is 

clear that the environmentally con-

scious consumer would like to move 

away from fossil fuels and towards re-

newable energy sources – and solar 

energy is the number one candidate 

of choice.  But is it a real alternative?
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Materials System

Crystalline 
silicon 
c-Si

Advantages

Proven, stable, readily available 
everywhere, environmentally 
friendly material, high efficiency 
(15–20%) 

Disadvantages

Low absorption, requires 
thick film (200–400 µm), 
high materials requirement, 
demands valuable Si

Potential for Improvement

Deposition technology, thin film 
technology, efficiency, light 
capture, multiple cells, quantum 
structures

Amorphous 
silicon 
a-Si

High absorption, low materials re-
quirement, deposition on cheap 
substrates, environmentally friendly

Low efficiency (7–10%), 
decreases under radiation

Stable efficiency, tandem 
cells of microcrystalline Si and 
amorphous Si

Concentrator 
technology Si, 
GaAs, InP

Lower materials requirements, 
higher efficiency (25–30%)

Uses only direct light, 
collectors must track sun

Concentrators, multiple cells, 
efficiency (to >35%)

Combination 
semiconductors 
CIS, CIGS, CdTe

Economic deposition 
technology, very high 
absorption, very thin layers

Requires rare elements (In, Te), 
and small amounts of toxic 
elements (Cd, Te)

Efficiency, multiple cells, 
spectrum matching, cheap 
substrates

Electrochemical 
cells

Cheap semiconductors 
(e.g. TiO2)

Embedding of the chemical 
systems (electrolytes), 
degradation

New electrolytes semiconductors 
and dyes, nanostructures, 
efficiency

An Overview of Photovoltaic Options
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Growing commercial use of solar cells 
reduces the cost. With double today’s world-
wide installed capacity, a reduction of 2 to 
3 US $/W in capital costs can be expected.

Solar Cost Reductions

Solar Technologies Today



tures there. The emerging zinc vapor and 

the oxygen are removed from the reactor, 

while zinc oxide is continuously reintro-

duced. With this approach a continuous 

reactor design is made possible by the 

zinc oxide, which serves simultaneously 

as the radiation absorber, heat insulator 

and chemical reaction material. This solar 

reactor is still being intensely investigated 

and developed. PSI started a four-year EU 

project in 2002 to demonstrate this new 

technology at a solar reactor power level 

of 500 kW. In another 20 to30 years this 
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esearch at PSI and ETHZ The 

goal of PSI research is to produce 

hydrogen from water with sun-

light through the use of a thermo-chem-

ical cycle. This hydrogen could be trans-

ported from sun-rich production areas to 

Switzerland and used here, for example by 

a fuel cell vehicle. PSI is developing solar 

reactors for such applications in coopera-

tion with ETHZ. 

Solar Reactors  PSI develops solar re-

actors for such solar chemical applications 

in cooperation with ETH. An important 

basis for the design of the solar reactor 

must be the speed and yield of the chemi-

cal reactions in the solar oven. These data 

must be determined in the experiment, 

as well as the optical characteristics that 

determine the interaction of the sunlight 

with the reacting materials. The design of 

the solar reactor must guarantee that 

the chemical reaction runs as completely 

as possible and that the concentrated so-

lar radiation is transformed optimally to 

chemical energy. The reactor must also be 

designed so that reaction temperatures of 

2000 °C can be reached while built with 

materials that are mostly stable only to 

1400 °C.

The picture (right) shows a solar reac-

tor, which unites these two apparent op-

posites. It was designed and tested at PSI 

and is based on the solar decomposition 

of zinc oxide. The principal component of 

the reactor is a rotating steel drum. This is 

continuously fed with zinc oxide. Through 

the rotation the oxide is pressed against 

the wall of the drum, where it forms a 

layer that protects the steel drum from the 

concentrated solar radiation. The decom-

position of the zinc oxide proceeds only 

on the surface, because the solar radia-

tion only produces the necessary tempera-

process might be used on an industrial 

scale. Optimistic estimates suggest a cost 

for solar hydrogen of 15–20 US ¢/kWh by 

then (without transportation to Switzer-

land).

R

If solar energy is to be used on a 

larger scale in the future, it must 

be produced in a form with a 

high energy density that allows 

simple storage and transportation, 

and extends its currently limited 

applications. It must take on a 

role that today is played by other 

fuels, such as gasoline. Discussion 

centers on renewable fuels such 

as hydrogen (H2) and methanol 

(CH3OH).

Zinc oxide (ZnO) is decomposed into zinc (Zn) and oxygen 
(O2) in a solar reactor at temperatures above 2000°C. 
The concentrated sunlight is converted into chemical 
energy and stored in the form of metallic zinc. When the 
zinc is allowed to react with steam, hydrogen gas (H2) is 
produced and the zinc returned to its oxide state. The 
zinc oxide is returned to the solar reactor and reused. 
The hydrogen gas can then be compressed and trans-
ported for use as a fuel.

An efficiency of 20% is expected for the entire cycle. 
The energy conversion at high temperature allows for 
high maximum efficiency, but makes the development 
of the solar reactor a significant challenge.

Fuel from Water, Sun and Metal

Concentrated 
solar energy

Quartz window

Secondary concentrator

ZnO layer
Rotating cavity

Zn quench unit

Product outlet

ZnO inlet

Solar Chemistry – The Other Way
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What is GaBE?

The GaBE project performs Compre-

hensive Analysis of Energy Systems. 

It is a joint project of the Paul 

Scherrer Institute, Villigen, and the 

ETH Zurich. Its goal is to analyze 

present and future energy systems in 

a comprehensive and detailed way, 

considering in particular health, 

environmental and economic criteria. 

Using Life Cycle Assessment (LCA), 

energy-economic models, risk analy-

sis, pollution transport models and 

finally multi-criteria decision analysis, 

GaBE compares different energy 

scenarios to create a basis for politi-

cal decision-making. 

GaBE works closely with other 

institutions, including:

• Ecole Polytechnique Fédérale de 

Lausanne (EPFL),

• Massachusetts Institute of

Technology (MIT),

• University of Tokyo (UT),

• Organization for Economic Coope-

ration and Development (OECD),

• United Nations Organization 

(UNO), and

•  European Union (EU).

What role should solar electricity or solar 

chemistry play in Switzerland? The low inso-

lation in Switzerland limits the share of 

electricity that solar technologies can con-

tribute to the energy mix in the short to 

mid-term. In the longer-term however, 

these technologies may find wider use, for 

example in small, modular installations. 

Solar chemistry has a completely dif-

ferent dimension: it uses solar radiation to 

produce clean energy-carriers such as hy-

drogen. Intermittent solar energy can be 

converted efficiently into chemical fuels in 

sunbelt regions. These can then be stored 

and transported to industrialized markets 

to replace fossil fuels for heat and electri-

city production. 

Where do the boundaries of the market 

share for solar energy lie in Switzerland? 

The most important constraint is annual 

solar radiation, or insolation. In Switzer-

land, this totals approximately half as much 

as in southern Europe. Therefore electricity 

from a photovoltaic panel in Sicily costs 

about half as much as from the same panel 

in Zurich.

Another important limit is the land 

surface area needed, which is proportional 

to the solar energy gathered. This plays 

a role for large-scale electricity produc-

tion plants in the MW range; small decen-

tralized installations can be aesthetically 

placed on roofs and building facades. 

Photovoltaics are very material intensi-

ve, so what can be done? You can’t beat 

thermodynamics. The materials for photo-

voltaic plants (especially silicon) must be 

refined from mineral ores, which requires 

significant energy. It is possible to improve 

the recycling of materials by using fewer 

energy-intensive processes, and to substi-

tute renewable heat and electricity in the 

manufacture and/or recycling of materials 

to avoid emissions. 

What can research in Switzerland contri-

bute to the future of this technology? Who 

are the beneficiaries? Switzerland can beco-

me one of the leading countries in the area 

of solar technology. We have highly quali-

fied engineers who can develop and ma-

nufacture the components and systems, 

which may find worldwide distribution. 

The development of renewable energy 

technologies is not just a solution for pro-

blems that were caused by other technolo-

gies. It is also a driving force for sustainable 

development, economic growth and job 

creation. In the longer-term, the Swiss 

energy market could profit from solar che-

mical fuels, which can substitute for heat, 

electricity, and in the transportation system 

without producing pollutants. 

What strategy can induce consumers to 

pay for solar electricity? Sustainability is 

not free. It has a price. I personally consider 

it as a long-term investment, which will 

benefit our children in the form of a sustai-

nable energy supply system. Today many 

people already voluntarily pay more for 

clean electricity. But in reality, that is just 

the fair price. Today’s fossil fuel prices con-

tain no external environmental costs for 

reducing or avoiding CO2 and other pol-

lutants. Sooner or later, that will change.

Aldo Steinfeld took his doctorate in 1989 

in mechanical engineering at the Uni-

versity of Minnesota, USA. After a post-

doc at the Energy Research Center of 

the Weizmann Institute of Science, Is-

rael, he joined PSI in 1991 and became 

the leader of the group for solar process 

engineering. Since 1999 he has been 

Assistant Professor of Renewable Ener-

gy Carriers at ETH Zurich. His research 

areas are renewable energy systems and 

sustainable energy use, with emphasis 

on solar chemistry (e.g. solar hydrogen 

production; www.pre.ethz.ch).
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