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ABSTRACT: An overview is given of the environmental impacts of different PV technologies both at the present status of 
technology and for future technology. Crystalline silicon PV systems presently have energy pay-back times of 1.5-2 years 
for South-European locations and 2.7-3.5 yr for Middle-European locations. For silicon technology clear prospects for a 
reduction of energy input exist, and an energy pay-back of 1 year may be possible within a few years. Thin film technologies 
now have energy pay-back times in the range of 1-1.5 years (S.Europe). Greenhouse gas emissions are now in the range of 
25-32 g/kWh and this could decrease to 15 g/kWh in the future. Therefore PV energy systems have a very good potential as 
a low-carbon energy supply technology. 
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1 INTRODUCTION 
 
In the last years considerable progress has been made in 
the assessment of environmental impacts from 
photovoltaic systems. In this paper we will give an 
overview of recent results, identify remaining gaps in 
knowledge and compare the environmental performance 
of PV energy generation with other (future) energy 
supply options. 
The following issues are generally perceived as 
important when discussing the environmental impacts of 
PV technology: 

• Energy Pay-Back Time 
• Greenhouse gas (GHG) mitigation 
• Toxic emissions 
• Resource supply 
• Health & Safety risks 

We will focus on the first two subjects in this paper and 
touch briefly on toxic emissions. For a discussion of 
resource supplies we refer to [6,7]. Health and safety 
issues are being discussed in a separate paper at this 
conference [5].  
After covering some methodological issues, we will 
discuss the environmental impacts of PV systems based 
on crystalline silicon technology. This is followed by a 
review of thin film technologies. Balance-of-System 
components are not discussed here, an extensive 
comparison of roof-top and ground-based BOS options is 
presented in [4]. 
 

 
2 METHODOLOGY 
 

All environmental impacts results generated by the 
authors were obtained by a full Life Cycle Assessment, 
using the software SimaPro 7 and the database Ecoinvent 
1.2. For PV modules the end-of-life phase was excluded 
from the analyses because only pilot recycling processes 
are available at present. An LCA study on one of these 
pilot process can be found in [9]. Waste issues are also 
not discussed in this paper. 
Two impact types receive the most attention: primary 

energy requirement and greenhouse gas emission. The 
primary energy use is calculated by means of the method 
Cumulative Energy Demand (v. 1.03) as implemented in 
Ecoinvent. For presentation purposes all energy 
requirements, fossil, nuclear and renewable are summed 
into one primary energy figure.  The greenhouse gas 
emissions are evaluated by means of the IPCC 2001 
GWP 100a method (version 1.02).  
Unless stated otherwise we use the following assumption 
for system location and performance: 
• application type: grid-connected system, with 

modules installed in-roof (see [4]  for details) 
• location: either South-Europe with irradiation 1700  

kWh/m2/yr, or Middle-Europe with irradiation 1000 
kWh/m2/yr; 

• system Performance Ratio: 0.75 
• system lifetime: 30 years, except the inverter which 

has a 15 year life. 
All electricity supplied to PV-specific production 
processes, except silicon feedstock production, is 
assumed to be supplied by the average electricity system 
for continental Europe (UCTE region, medium voltage 
level) as modelled in Ecoinvent. For silicon feedstock 
production which is a highly energy-intensive process 
and thus usually located at sites with low electricity cost, 
we assume a specific mix of hydro power and high-
efficiency Combined Cycle gas turbines. Electricity  
generated by the PV systems is also assumed to displace 
the UCTE-average supply mix.  
 
3. CRYSTALLINE SILICON TECHNOLOGY 
 
With respect to crystalline technology the European 
CrystalClear project has provided the conditions for 
generating up-to-date Life Cycle Assessments. In 
cooperation with major European and US manufacturers 
a set of Life Cycle Inventory data has been collected 
covering the entire value chain from silicon production to 
module manufacturing. After averaging data from 
different sources (i.e. manufacturers) the data set has 
been made publicly available [3]. Based on these data a 
transparent and up-to-date analysis can be made of 
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multicrystalline, monocrystalline and ribbon silicon 
module manufacturing. Probably the new LCI data will 
also be incorporated in the next official update of 
Ecoinvent, a much-used database for LCA studies [14]. 
In this way comparative analyses of PV will at least be 
based on data that really reflect the current technology 
status.  
After initial publication of the data in December 2005 we 
have updated some elements of it in preparation of a full 
update, which latter is planned for end 2006. One major 
improvement is that we have included a recycling 
process for the sawing slurry, the cutting fluid that is 
used in the wafer sawing process. This recycling process, 
which is usually performed by the slurry supplier, is able 
to recover 80-90% of the silicon carbide and of the 
polyethylene glycol and thus realizes significant 
reductions in the environmental impacts related to these 
materials. Because of the cost savings it offers, the use of 
recycled slurry materials has probably been adopted by 
the large majority of wafer producers. On a module level 
the resulting impact reductions have been found to be as 
high as 15%. 
One other area with updated data is the energy 
consumption of the Czochralski process for 
monocrystalline ingot production. We received new data 
from 4 European and one US mono-Si manufacturer that 
allowed us to make a new, more reliable estimate which 
turned out to be significantly lower than the previous 
value [2]. Note that wafer thicknesses have not been 
updated yet, although significant changes have occurred 
since the year of our previous data collection (2004). 
(Such an update is not trivial as we also have to account 
for changes in cutting yield).  Neither have data for 
ribbon technology been updated, thus these figures still 
reflect the technology status for 2004. 
In figure 1 a key result is shown in the form of Energy 
Pay Back Times for roof-top systems based on one of the 
three silicon technologies and located either in Middle- 
or Southern-Europe (for system assumptions see section 
2). 
Energy pay back time is now in the order of 1.5-2 years 
for systems installed in South-Europe and 2.7-3.5 years 
for Middle-Europe.  In comparison with previous 
evaluations monocrystalline silicon results have come 
down significantly, due to improved data for Cz growing. 
Both mono- and multi-Si profit from inclusion of the 
slurry recycling process in our process flow scheme. 
Within the CrystalClear project we do not look at 
present-day technology only. Evaluation of expected 
technology improvements in the field of silicon 
technology is performed regularly. Of course major 
advances are expected with regard to wafer thickness and 
cell efficiency, driven by cost reduction targets and 
(current) silicon shortages. We assume wafer thicknesses 
of 150 µm for our case study of future mono and multi-Si 
and 200 µm for ribbon silicon. In line with the targets 
formulated in the latest CrystalClear roadmap we have 
set cell efficiencies at 15%, 17%, and 19% for ribbon, 
multi- and mono-Si respectively. 
Other technology developments that can significantly 
affect the environmental impacts are: 
• New silicon feedstock processes, especially the 

deposition of polycrystalline silicon in a Fluidized 
Bed Reactor could reduce by at least 70% the 
electricity consumption in comparison with the 
(modified) Siemens process that presently dominates 

the market. Note however, that the cell efficiencies of 
17% respectively 19% we assume for multi- and 
mono-Si have not been demonstrated yet with FBR 
material;  

• Improved energy-efficiency in new ingot growing 
facilities. In the data we collected from various 
manufacturers we observe quite significant 
differences in energy consumption for both casting of 
multicrystalline ingots as for Czochralski growing of 
monocrystalline crystals, which can even amount a 
factor 3. However, careful consideration is always 
required if all data refers to the same unit output (i.e. 
with or without yield losses; before or after squaring, 
etc). Not surprisingly newer facilities appear to have 
lower energy consumption. We therefore assume for 
our evaluation of future production that today’s best 
technology will become the standard. 

Given the fast developments in crystalline silicon 
production we believe that most of these improvements 
may be realised within a few years. 
Table 1 below summarizes our main assumptions for 
future technology and figure 2 shows the effects on 
energy input per m2 module area. Observe that no 
changes for the energy input of the cell and module 
assembly process have been assumed here. If the 
assumed high efficiencies requires extended use and/or a 
higher class of clean room conditions for the cell line, 
this would increase energy consumption for the cell 
process. On the other hand the recent introduction of the 
new fast-cure EVA formulations will probably decrease 
energy consumption for the module. 
Figure 3 shows the reduced impacts in terms of energy 
pay-back time and figure 4 in terms of GHG emissions. 
Under the present assumptions all three silicon 
technologies could in the near future realize an EPBT 
below 1 year and a greenhouse gas emission of only 15 
g/kWh. Differences in impacts between technologies 
tend to disappear as common processes and materials get 
an increasing share in the overall impact. Below we will 
compare the GHG emissions with those of competing 
low-carbon energy options. 
 
4. THIN FILM TECHNOLOGIES 
 
Currently thin film technology has a much smaller 
market share than crystalline silicon. Worldwide there 
are only a few commercial-scale production facilities.  
Therefore,  only a few LCA studies of thin film industrial 
production processes exist. For the same reason 
publication of an LCI data set for major thin film 
technologies, following the recent example of c-Si 
industry, has not been possible yet. With the growing 
investments in thin film production facilities such an 
action should become easier though.  
One of the best-documented thin-film LCA studies has 
been conducted by Fthenakis and Kim, on the production 
of CdTe modules by First Solar [1, 10]. Key results are 
depicted in figures 5 and 6, showing respectively the 
Energy Pay-Back Time and the GHG emissions.  PV 
systems are as discussed in section 2, except that a 
ground-mounted installation was considered instead of a 
roof-top system. For module impacts, though, this makes 
no difference. Because these modules are produced in the 
USA the background database is also specifically chosen 
to reflect the USA production environment (Franklin  
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Figure 1: Energy Pay-Back Time (in year) of rooftop PV systems based on crystalline silicon technology at two different 
locations, South-Europe with 1700 kWh/m2/yr irradiation and Middle-Europe with 1000 kWh/m2/yr. Module efficiencies 
are shown for each technology; system Performance Ratio 0.75  

0
500

1000
1500
2000
2500
3000
3500

present
multi

13.2%

future
multi
17%

Pr
im

ar
y 

en
er

gy
 (M

J/
m

2 
m

od
ul

e)

module ass.
cell prod.
ingot+wafer
Si feedstock

 
Figure 2: Comparison of primary energy input (MJ per m2 module) of present with future multicrystalline silicon module. 
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Figure 3: Energy Pay-Back Time for future silicon PV systems. System installed in South-Europe 
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Figure 4: Life-cycle GHG emissions of present and future silicon PV systems, at a S.-European location. 
 
 
Table 1: Assumptions for future multi-Si, mono-Si and ribbon technology 

 Ribbon-Si Multi-Si Mono-Si 

Si Feedstock “Solar-grade” silicon produced  
with Fluidized Bed Reactor technology 

Crystallisation Standard Technology 
2004 

Best Available Technology 
2004 

Best Available Technology 
2006 

Wafer thickness 300 -> 200 um 285 -> 150 um 300->150 um 

Module efficiency 11.5 -> 15 % 13.2 -> 17% 14->19% 
Module assembly Frameless module Frameless module Frameless module 
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Figures 5 and 6: Environmental indicators for CdTe technology, ground-mounted system in South-Europe, PR=0.75 
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database). Among others the CO2 emissions of US 
electricity production is higher than in Europe. 
We observe that for this technology an EPBT of about 1 
year is already accomplished, despite the lower module 
efficiency in comparison with c-Si technology. Also 
GHG emissions are comfortably low. In an European 
project, named SENSE, three thin film production 
processes were analysed in cooperation with 
manufacturers. Although a final report has not been 
published yet, some preliminary results are shown below, 
with thanks to SENSE project team (figure 7). Because 
these results were generated with a different LCA 
database at the background (i.e. GaBi LCA software and 
database) and possibly with different LCA system 
boundaries, the results cannot be compared one-to-one 
with those of for example Fthenakis and Kim. Again we 
can observe that EPBT values are relatively low in 
comparison with crystalline silicon, and that the 
contribution of BOS is a bit higher, due to the somewhat 
lower module efficiency. Of course BOS material 
quantities may also differ from the c-Si case. 
If we also consider future possible reductions in EPBT 
and GHG emission for silicon technology we can observe 
that the difference between thin-film and c-Si technology 
might well disappear into the error margin. 
Improvements in the energy consumption and related 
GHG emissions are less obvious for thin film production. 
Thin film module efficiency will undoubtedly increase 
but if we assume a module efficiency of 15% for CdTe 
modules the GHG emission will come down to about 15 
g/kWh, i.e. in the same range as future c-Si PV. 
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Figure 7: Energy Pay-Back Time for two thin film 
technologies, as reported by the SENSE project [8]. 
Rooftops system in S. Europe, Performance Ratio= 0.75. 
(Preliminary data). 
 
 
One issue that has often raised concerns is the use of 
cadmium in CdTe modules. Cadmium in its metallic 
form is a toxic substance that has the tendency to 
accumulate in ecological food chains. However, one 
should be aware that the compound CdTe is more stable 
than most other cadmium compounds and is not soluble 
in water, so that risks of cadmium leaching i.e. from 
broken modules are small. Moreover the amount of 
cadmium used in PV modules is small (5-10 g/m2) and 
the material is completely encapsulated in the module. 
Risks of cadmium emission in fires have been shown to 
be very small, provided that double-glass encapsulation 

is used [11,18]. With proper emission control techniques 
in place the cadmium emissions from module production 
can be almost zero and emissions from zinc/cadmium 
winning have also been reduced substantially over the 
last decades [15]. It has even been argued that CdTe 
modules form an environmentally safe way of 
sequestering cadmium that is produced anyway (as an 
unavoidable by-product of zinc winning).  Essential 
prerequisite for such a thesis is that a closed loop for 
cadmium can be realised, i.e. that (almost) all cadmium 
can be recovered from CdTe modules.  
Currently a module take-back system has been set up by 
at least one manufacturer (First Solar) and CdTe modules 
are being recycled in a pilot scale process or used as a 
flux agent in metal smelters. First experiments with a 
different, more efficient recycling process have shown 
promising results [12]. 
Based on a comprehensive LCA performed by Fthenakis 
and Kim [17], the life-cycle cadmium emissions of 
CdTe-based PV systems have been compared with those 
of other module types and also with other energy 
technologies (see figure  8). According to this study the 
cadmium emissions of CdTe technology are among the 
lowest, and even lower than those of silicon PV 
technology. This result which at first sight may seem 
counter-intuitive, is caused by the cadmium emissions in 
electricity production plants that are fuelled by coal or 
oil. In other words because the direct cadmium emissions 
in the CdTe module production are very low, it is 
actually the electricity input for module production - and 
the related indirect cadmium emissions - which 
determines the total life-cycle emission for a PV system. 
This again highlights the importance of reducing energy 
input for (c-Si) module production. 
 
5. COMPARISON WITH OTHER ENERGY SUPPLY 
OPTIONS 
 
In order to attain a sustainable energy supply system it is 
very important that a portfolio of low-carbon energy 
technologies with a reasonable cost level becomes 
available as quickly as possible. Most probably there will 
finally not be one single “best technology” but depending 
on the local resources (e.g. irradiation), application (e.g. 
stationary or moving), power demand and available 
infrastructure a choice among available sustainable 
energy options will be made. 
Can PV technology be considered one of those 
sustainable energy options? In figure 9 we have depicted 
the life-cycle greenhouse gas emission of different 
energy supply options. Among these options we also 
included fossil-fuelled power plants that are combined 
with carbon capture and sequestration (CSS) technology. 
Early experiments with CSS have been promising and 
there appears to be a sufficiently large potential in 
underground reservoirs where CO2 can be stored safely 
for long periods [13].  
Also nuclear energy is included in the figure, separately 
for Europe and for the US. This difference between 
European and US nuclear is mainly due to the different 
fuel processing technologies used in these two regions. In 
Europe the more energy-efficient ultracentrifuge process 
is dominant, while in the mostly uses gas diffusion at this 
time. It seems likely though that in the future the US will 
also gradually switch over to the ultracentrifuge process 
[16]. 
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Figure 8: Life-cycle cadmium emissions (in g/kWh) from different energy technologies. PV systems located in S.-Europe, 
PR=0.80. Non-PV technologies based on Ecoinvent database.  
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If we compare present-day PV technology (at a South –
European location) with other energy options we see that  
PV has considerably lower GHG emissions than all fossil 
options including fossil + CSS. But in comparison with 
nuclear and wind energy present-day PV has still 
relatively high GHG emissions, especially if we install 
PV systems at lower-irradiation regions. On the other 
hand we have shown that there are good prospects for 
further reduction of the GHG emissions, down to a 
comfortable low value of 15 g/kWh.  
Of course sustainability comprises more than only low-

carbon emissions, it also implies for example that no 
burdens are left for future generations, and in this respect 
PV technology appears to have a better profile than for 
example nuclear energy or fossil fuel with CSS, provided 
that we in PV technology are able to close the material 
loops by developing effective recycling processes. Also 
one should not forget that PV has a very large potential 
for application, larger than wind energy and probably 
also larger than nuclear and carbon storage 
 
 

Figure 9: Comparison of GHG emissions of different energy supply options, PV systems installed in S.-Europe (Sources: [12, 13, 
14]) 
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6. CONCLUSIONS 
 
We have given an overview of the environmental impacts 
of present-day PV technology and the effects of probable 
future developments in (production) technology. 
Depending on cell technology energy pay-back times are 
now between 1 and 2 years for a Southern-European 
locations and between 1.7 and 3.5 for Middle-European 
locations. Thin film technology are at the lower end of 
this range. For silicon technology clear prospects for a 
reduction of energy input exist, and an energy pay-back 
of 1 year may be possible within a few years. 
Hazardous emissions connected to PV technology are 
primarily related to energy consumption in the 
manufacturing process, as direct process emissions are 
almost zero. Therefore cadmium emissions from CdTe 
technology can be lower than those of most other energy 
options. Risks from the use of cadmium telluride in 
modules appear to be quite low, provided that the 
material is kept well-encapsulated (double-glass 
encapsulation) and that it can be recovered from waste 
modules. 
PV systems have life-cycle greenhouse gas emissions in 
the range of 25-35 g/kWh (at S-European location) which 
is relatively low in comparison with other energy options 
that have a large application potential. 
In conclusion we can say that PV technology is in a very 
good position to be included in a portfolio of low-carbon 
energy technologies for a future sustainable energy 
supply, especially if further cost reductions can also be 
achieved. Attention to further reduction of energy 
consumption should also remain a point of attention 
especially in the areas of silicon feedstock production 
and ingot growing. Further LCA studies of thin film 
technology should contribute to create greater 
transparency and more insight in improvement options 
for these technologies. 
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