




the former inventory the higher production costs for mc-Si plants were outperformed by the better efficiency.

With lower energy uses in some stages of the life cycle this difference is no longer that important.

4.6 Comparison with other energy systems

Figure 11 shows a comparison of the photovoltaic power mix in Switzerland with other types of power plants.

All systems have been modelled in the ecoinvent database.33,34 The environmental impacts are evaluated with

the cumulative demand of non-renewable energy resources, greenhouse gas emissions, Eco-indicator 99 and

ecological scarcity 97. The environmental impacts of photovoltaics are set to 100% in this figure.

Figure 9. Monte-Carlo simulation for the comparison of mc-Si and pc-Si panels mounted on the roof with the LCIA

methodology Eco-indicator 99 (H, A). MC-simulation32

Figure 10. Comparison of updated ecoinvent 2000 data19 on the lower edge with the ETH-data from 199612 on the upper

edge. p-Si and pc-Si: polycrystalline; m-Si and mc-Si: monocrystalline32
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Other renewable energy systems such as wind, hydro and wood power plants show lower environmental

impacts than the photovoltaic power plants with all LCIA methodologies applied here. Power plants using

natural gas or oil show much higher impacts. Greenhouse gas emissions for PV range from 39 to 110 gCO2-

eq/kWh with an average for the Swiss mix of 79 gCO2-eq/kWh. Hydropower has the lowest emissions with

about 4 g CO2-eq/kWh while an oil power plant has the highest with 880 kgCO2-eq/kWh.

Nuclear power has lower greenhouse gas emissions and Eco-indicator 99 (H, A) scores, but a higher non-

renewable energy use and higher ecopoints. The Swiss electricity mix shows lower Eco-indicator 99 (H, A)

scores due to the high share of hydro and nuclear power. Thus it can be concluded that PV is better than the

conventional power plants based on non-renewable energy resources in many cases. On the other side environ-

mental impacts of alternative renewable energy systems are lower. This is true even for the assumption of an

improved PV production chain in the future. This analysis is valid for Switzerland, but not for other countries

with other prerequisites (e.g., climatic conditions) for the different energy systems.

4.7 Payback time

An important yardstick for the assessment of renewable energy systems is the estimation of the energy and/or

environmental payback time. In some publications the energy payback time was defined as the time until the

electricity production of the plant equals the energy use during the production of the plant. This does not take

into account differences in the type of energy (e.g., nuclear or fossil resources) nor differences for the quality

(e.g., electricity or heat use). Here we describe the time until environmental impacts from the production of the

plant have been levelled out due to avoiding resource use and/or emissions of a conventional reference system

that produces the same amount of electricity.

The outcome of such a comparison is influenced by the choice of the reference system on the one hand and

the indicator on the other, which shall be demonstrated with some examples. Here we consider a modern natural

gas-fired gas combined cycle power plant as the reference system.35 Environmental impacts are allocated based

on the exergy content of the two products, heat and electricity. It is assumed that the use of photovoltaic power

plants can avoid the installation of such a facility. Figure 12 shows the payback-time for the indicators non-

renewable and non-renewable plus hydro cumulative energy demand. This time is between 3 and 6 years for

the different PV plants. This means that the energy demand for producing the photovoltaic plants is as high as

the energy demand for the operation of the gas power plant during 3 to 6 years. (There is no direct energy

use during operation of the PV plant.) Thus, it is five to ten times shorter than the expected life time of the

Figure 11. Comparison of the photovoltaic power mix in Switzerland with other types of power plants with different LCIA

methodologies.29–31 CHP—combined heat and power
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photovoltaic power plants. The environmental payback time for greenhouse gas emissions is similar to this for

non-renewable energy resources.

This picture changes if emissions are taken into account. Weighting the impact with the method of ecological

scarcity (Umweltbelastungspunkte, UBP) gives an environmental payback time of about 25 years,28,30 whereas

the payback time evaluated with Eco-indicator 99 (H, A) is only slightly higher than for the energy demand.

The picture would also change if other reference systems were considered. This can be assumed with the help

of comparing different electricity systems in Figure 11. If we take the Swiss electricity mix as a reference sys-

tem, the payback time for ecological scarcity is much lower while the payback time calculated with Eco-indi-

cator 99 (H, A) would be higher. These examples show, that it is necessary to discuss the assumptions for a

payback time in detail and that the results of such an analysis are quite dependent on these assumptions.

5. CONCLUSION AND OUTLOOK

The life cycle inventories of photovoltaic power plants can be assumed to be representative for photovoltaic

plants and for the average photovoltaic mix in Switzerland in the year 2000. The average electricity mix con-

siders the actual performance of the installed plants, while plant data (e.g., laminate and panel, monocrystalline

or polycrystalline) can be used for comparisons of different technologies. The analysis of the results shows that

it is quite important to take the real market situation (raw material supply, electricity, etc.) into account.

Different situations in other countries in comparison with the data modelled for Switzerland are mainly due to

different solar irradiation. It should be considered that the inventory may not be valid for wafers and panels

produced outside Europe, because production technologies and power mix for production processes might

not be the same. For the modelling of a specific power plant or of power plant mixes outside Switzerland it

is advisable to consider at least the annual yield (kWh/kWp) and if possible also the actual size of the plant

in square metres.

The scenario for a future technology helps to assess the potential for improvement of different production

steps in the near future (until 2010). Environmental impacts in this scenario are lower by 30–50%. However, the

realization of this scenario depends on the development of the market situation for electronics and photovoltaic

power. The use of SoG-grade silicon instead of EG-silicon, which would be an important improvement, is pos-

sible only if the supply of silicon for photovoltaics cannot be secured in the way it is today or if subsidies are

granted to increase the total production of PV panels.

A direct comparison of plants with pc-Si and mc-Si cells with the herewith-inventoried data has only a

limited precision. For some production stages data were available for only one of the two types (e.g., NOx

Figure 12. Energy and environmental payback time of 3 kWp slanted roof photovoltaic power plants in relation to a modern

natural gas-fired gas combined cycle power plant
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emissions during wafer sawing and etching). Thus it is unclear if there are more systematic differences between

the two types of cells or if the differences have to be explained by accidental variations among individual pro-

duction plants.

The analysis of the environmental impacts with different LCIA methods shows that it is quite important to

include process-specific emissions of the production chain. It is necessary to evaluate all types of environmental

impacts with different LCIA methodologies if photovoltaic power plants are to be compared with other energy

systems.

A comparison of photovoltaics with other types of electricity production in Switzerland shows some advan-

tages in relation to conventional power plants. But the comparison is quite dependent on the environmental

indicators considered for such an analysis. Photovoltaics have environmental disadvantages in comparison with

other renewable technologies, e.g., wind and hydro power. It has to be kept in mind that such a comparison is

quite dependent on regional conditions such as solar irradiation or technology standards for conventional power

plants. Thus these conclusions are valid only for the Swiss situation.

6. RECOMMENDATION AND PERSPECTIVE

It has to be noted that many emission data in the inventory are based on only one information source. Thus they

should be verified with data from other production places. In cases where several information sources were

available they can show a large variation. A general problem is that data had to be mixed from different sources.

The projected lifetime is a key parameter for the assessment, but operational experience with the new tech-

nologies is not yet sufficient to derive reliable conclusions. Many production processes, especially for photo-

voltaic power, are still under development. Thus, future updates of the LCI should verify key assumptions on

energy and material uses as well as emissions which are important for the LCIA. The allocation procedure

applied for the silicon purification process is dependent on the actual market conditions and therefore needs

to be revised if these conditions change.

The inclusion of results from laboratory testing might give a too optimistic picture on the environmental

impacts caused due to the use of photovoltaics today. For reliable and verifiable assessments of the environmen-

tal impacts of photovoltaics, the cooperation with the PV industry (silicon purification, cell production) must be

improved. Today it is low in comparison with other sectors. A prerequisite for such an analysis is the publication

and documentation of verifiable key data about energy uses and emissions in different stages of the life cycle.

Studies that do not show such direct unit process data are of little use for the LCA community and for a reliable

assessment of environmental impacts.

The ecoinvent database provides detailed background data for a range of materials and services used in the

production chain of photovoltaics. These data can also be used to assess the environmental impacts for the pro-

duction of photovoltaic power plants in other countries or to investigate other technologies (e.g., thin-film cells

or amorphous silicon cells).
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21. Wohler M, Schonhardt U. Ökobilanz eines Vakuum-Isolations-Panel: Vergleich von Bewertungsmethoden für Umwel-

tauswirkungen, in Nachdiplomstudium Energie. 2001, Fachhochschule beider Basel, FHBB: Basel.

22. International Organization for Standardization (ISO). Environmental management—Life cycle assessment—Goal and

scope definition and inventory analysis. 1998, European standard EN ISO 14041: Geneva.

23. Pizzini S. Solar grade silicon as a potential candidate material for low-cost terrestrial solar cells. Solar Energy Materials

1982; 6: 253–297.

LIFE CYCLE ASSESSMENT OF CRYSTALLINE PHOTOVOLTAICS

Copyright # 2005 John Wiley & Sons, Ltd. Prog. Photovolt: Res. Appl. (in press)



24. Meier C, Engeler M, Frei R, Blum W, et al. Solarstromstatistik 2000: Solarstrom für 4000 Haushaltungen. Bulletin des
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