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Focus and restrictions - The focus lies on the environmental impact of three
different PV systems and is restricted to the EPBT (energy payback time) and the
GHG emission.

Abstract - Over the last years the use of renewable energy sources is strongly
encouraged. PV systems are one of these sources but they use a lot of energy during
its total life cycle. This paper represents a review of the environmental impact of
different solar PV based systems by using life cycle assessment (LCA). The main
question of this literature review paper is: What is the environmental impact of
different solar PV based systems by using life cycle assessment (LCA)? Based on a
review of research reports and journals, this paper reviews the environmental
impact of three different Solar PV systems. It appears that pc PV systems have a
shorter EPBT and lower GHG emissions than mc PV systems. The performance of
EPBT and GHG emission are better of Amorphous PV systems than of the crystalline
PV modules. The differences in the results of the systems were caused by different
factors: manufactures, production methods, research methods, efficiency of the
modules, installation methods, use of frames and different climates, countries,
irradiation and grids.
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1 Introduction

Over the last years the use of renewable
energy sources is strongly encouraged. Large
numbers of fossil fuels are still being used, which
among other leads to climate change and global
warming. For this reason the use of renewable
energy sources and the development of these
sources is becoming increasingly important. One
of these sources are solar based PV systems.

Generally speaking, PV systems generate
electricity from solar energy. Thus it would be
free from fossil energy consumption and would
be free from environmental impacts. However, it
uses a lot of energy during its total life cycle, for
example: the manufacturing process,
transportation, installation of the modules and
recycling.

Life cycle assessment (LCA) is a
technique to investigate the environmental
impact of a specific product. The life cycle phases
of a product can be subdivided into production,
usage and end of life phase (Hildebrand, L.
,2014). ISO 14040 and 14044 regulate the
procedure in four phases: goal and scope
definition, life cycle inventory analysis (LCI), life
cycle impact assessment (LCIA) and
interpretation (Hildebrand, L.,2014:54). In goal
and scope the starting point of the LCA is
defined. In the inventory analysis the flows of
pollutants, materials and resources will be
analysed. In the impact assessment phase the
energy consumption will be analysed, focussing
on different environmental problems. The
conclusions of the LCA will then be determined
in the interpretation phase (Peng, |. et al., 2014).

These days the LCA technique is used to
analyse the environmental impact of a product
or multiple products, if a comparison is needed.

This paper represents a review of the
environmental impact of different solar PV
based systems by using LCA. The main question
of this literature review paper is: What is the
environmental impact of different solar PV
based systems by using life cycle assessment
(LCA)?

The life cycle assessment of three (most
common) different Solar PV systems has been
investigated: mono-crystalline (mc) PV systems,
poly-crystalline (pc) PV systems and amorphous
PV systems. Then the different results from
existing research are compared and discussed.
Figure 1 shows the three different PV systems

investigated in this literature review paper:
mono-crystalline (mc) PV system, poly-
crystalline (pc) PV system and amorphous PV
system.

—

Mono Crystalline Poly Crystalline Amorphous

Figure 1: Different PV systems. The picture shows the
three most common PV systems: mono-crystalline, poly-
crystaline and amorphous. Source: Solar Quotation
http://www.solarquotation.com.au/blog/types-of-solar-
panels-for-homes/

2 Methodology

To collect as many relevant articles as possible,
mostly review papers are selected to use for this
literature review paper. In these review papers
are already different studies collected and
reviewed.

The keywords used when searching for
literature were: PV systems and life cycle
assessment. Also the word: “review” was used
when searching. These keywords describe the
most important subjects of the literature.
Literature focused on other renewable energy
sources were excluded by using the keyword: PV
systems.

In addition, a number of criteria is used
to filter the literature. After entering
the keywords this specific criteria was
appliedto  assess the literature.  All  the
documents listed below were excluded:

- documents published before 1995

- abstracts

- review documents without the
framework of life cycle assessment

methodology (ISO 14040 and 14044)

mentioned

- documents without LCA results of:
mono-crystalline (mc) PV systems, poly-
crystalline (pc) PV systems and
amorphous PV systems.



The most commonly used literature was
retrieved from the database of sciencedirect
(www.sciencedirect.com). Some of the sources
come from the databases of universities,
including the Technical University of Delft.

The data collection of the PV systems was
focused on four parameters: efficiency (%), life
time (yr), EPBT (yr) and GHG emissions (g- CO2-
eq./kKW he). The year and the location of the
research has also been taken in account. Most of
the data used in this literature review paper
were gathered directly from summary life cycle
tables. This data was filtered and then merged in
new tables.

3 LCA of different PV systems

The data used for this literature review paper is
mainly submitted by three different literature
review papers, which reviewed over twenty
different studies.

3.1 Mono-crystalline (mc) PV systems

Wilson and Young (1996) investigated two
mono-crystalline PV systems. The energy
payback time was investigated of the systems,
which were applied in UK buildings. Wilson and
Young (1996) concluded that their EPBTs were
7.4-12.1 years for an optimistic scenario.

Kato et al (1998) found for a mono-
crystalline PV system a value of 8.9 years for the
EPBT and 61 g CO2-eq./kWhe for the GHG
emission. It was found that the energy
requirement and the emission would decrease to
two-thirds when the production scale expanded
from 10 to 100 MW /yr.

Kannan et al (2006) found a value of 216
g CO2-eq./kWhe for the GHG emission, which is
very high compared to the values of the other
investigatios. In the study the EPBT and GHG
emission of a mono-crystalline PV system with
actual energy yield was investigated. The
authors recommended three solutions in order
to reduce the energy requirement:

- Improvement in manufacturing of the PV
systems. Kannan et al (2006) found that
the manufacturing of the modules
accounted for 81% of the life cycle
energy usage.

- Alternative material for supporting
structure. Kannan etal (2006) found that

the aluminium supporting structure
accounted for 10% of the life cycle
energy usage.

- Increase the efficiency

The study resulted in another entry which
emphasised the need for improvement of the
manufacturing. Kannan et al. (2006:562) found
the following:

“Silver = requirement for
manufacturing solar PV
modules could contribute to
the depletion of silver
resources. To meet 5% of the
world electricity production
from solar PV modules, their
production would require
about 30% of the current
silver production. (Phylipsen
and Alsema, 2009)”

Kannan et al (2006) also found that at the end of
the lifecycle, the solar PV system generates a
large amount of waste. Large-scale disposal of
the Solar systems could be a problem in the
future, as the rate of installation will increase.

Table 1 listed the reviewed results of the
different studies on mono-crystalline PV
systems. The differences were caused by
different factors:

- manufactures and production methods
of the modules used in the different
studies

- methods used to achieve the results

- efficiency of the modules

- installation methods in the different
studies

- different climates, countries and
therefore different irradiation

Because of all these different factors it is not
realistic to compare the results. There are too
many variables. If a comparison is to be made,
the variables should be taken into account. If the
modules were tested on the same location and
tested with the same method; then there may
have been a realistic comparison.



Table 1: LCA results of Review of mono-crystalline PV systems

Author Year Location Efficiency Life EPBT GHG emissions Source

(%) time (yr) (g- CO2-eq./KW

(yr) he)

Wilson and 1996 UK 12.0 20 7.4- N/A 29
Young 12.1
Kato et al. 1997  Japan N/A 20 15.5 91 14
Kato et al. 1998 Japan 12.2 20 8.9 61 15
Mathuretal 2002 India 13.0 20 N/A 64.8 17
Alsema and 2005  South- 13.7 30 2.6 41 3
Wwild- European
Scholten
Muneeretal 2006 UK 11.5 30 8 44.0 19
Kannanetal 2006  Singapore 7.3-8.9 25 5.87 217 13
Kannanetal 2006 Singapore 10.6 25 4.47 165 13
Alsema and 2006  South- 14.0 30 2.1 35 4
Wwild- European
Scholten
Jungbluth 2007  Switzerland 14.0 30 3.3 N/A 12
and Dones
Wild- 2009  South- 14.0 30 1.75 30 28
Scholten European
[to and 2010  China N/A N/A 2.5 50 11

Komato




3.2 Poly-crystalline (pc) PV systems

Poly-crystalline (pc) PV systems have almost the
same efficiency as mono-crystalline (mc) PV
systems, but consume less energy during their
life cycles. For this reason, the EPBT is shorter
and the GHG emissions are lower for poly-
crystalline (pc) PV systems (Peng, . et al,, 2013).

Ito et al. (2003) investigated large scale
poly-crystalline PV systems at Gobi desert. [t was
found that the large scale installation resulted in
a low value for the EPBT (less than 2 years) and
a low value for GHG emission (12 g CO2-
eq./kWhe).

Table 2 listed the reviewed results of the
different studies on poly-crystalline PV systems.

In the table is visible that there are two different
values for the GHG emission of the study done by
Pacca et al. (2007): 72.4 g CO2-eq./kWhe and
54.6 g CO2-eq./kWhe. Pacca et al. (2006:3323)
found the following:

“The European grid has a
comparatively lower CO2
emission factor than the US
grid. Also the primary energy
to electricity conversion
efficiency of the European
grid is slightly higher than
that of the US grid. The CO2
emission factor for the US
grid is 700 g CO2-eq./kWhe,
whereas the emission factor
for the European grid is 480 g
C02-eq./kWhe.The electricity
to primary energy ratio in the
US is 0.30, whereas the ratio
in Europe is 0.33. These
differences affect the life
cycle CO2 emission of the
modules. *

The differences in the table were caused by the
factors that are mentioned in 3.1, but also the
result which is described above (the differences
between the European grid and the US grid).

3.3 Amorphous PV systems

Peng, ]. et al. (2013) found that the performance
of EPBT and GHG emission are better of
Amorphous PV systems than of the crystalline
PV modules. Amorphous PV systems have lower
conversion energy than crystalline ones, but

require less energy during lifecycle due to
simple production technologies.

Nieuwlaar et al (1996) found that the
frames used for the modules have a lot of
influence on the EPTB. It was pointed out that
the EPBT of frameless modules was below 2
years. Adding one more frame could increase the
EPTB of the modules with more than half a year.
Table 3 listed the reviewed results of the
different studies on amorphous PV systems.

The differences in the table were caused by the
factors that are mentioned in 3.1 and 3.2, but
also the data if the PV modules were frameless
or not. When the PV modules were frameless the
EPTB were lower than the PV modules with a
frame.



Table 2: LCA results of Review of poly-crystalline PV systems

Author Year Location Efficiency Life EPBT GHG emissions Source
(%) time (yr) (g- CO2-eq./KW
(yr) he)
Phylipsenand 1995 South- 13 25 2.7 N/A 23
Alsema European
Kato and 1998 Japan 11.6 20 2.4 20 15
Murata
Alsema 2000 South- 13 30 3.2 60 2
European
Ito et al 2003 China 12.8 30 1.7 12.0 9
Hondo 2005 Japan 10.0 30 N/A 53.4 8
Battisti and 2005 TItaly 10.7 20 3.3 26.4 6
Corrado
Tripanagnosto 2005 Greece N/A 20 2.9 104 27
poules
Alsema and 2006 South- 13.2 30 1.9 32 4
Wild-Scholten European
Pacca et al 2007 US 12.92 20 5.7 54.6 21
Pacca et al 2007 US 12.92 20 5.7 72.4 21
Jungbluthand 2007 Switzerland 13.2 30 2.9 N/A 12
Dones
Raugei and 2007 South- 14.0 20 2.4 72 23
Bargigli European
Ito et al 2008 China 12.8 30 1.9 12.1 10
Ito et al 2008 China 15.8 30 1.5 9.4 10
Wild-Scholten 2009 South- 13.2 30 1.75 29 28
European
Ito and Komoto 2010 China N/A N/A 2.0 43 11
Table 3: LCA Results of Review of amorphous PV systems
Author Year Location Efficiency Lifetime EPBT GHG emissions Source
(%) (yr) (yr)  (g-CO2-eq./KW he)
Nieuwlaaretal 1996 Netherlands 10 20 N/A 47.0 20
Lewis and 1997 USA 5 25 3.0 N/A 16
Keoleian
Alsema 1998 NW-European 6 N/A 3.2 N/A 1
Alsema 2000 South- 7.0 30 2.7 50.0 2
European
Meier and 2002 US 5.7 30 N/A 39.0 18
Kulcinski
Jungbluthand 2007 Switzerland 6.5 30 3.1 N/A 12
Dones
Pacca and 2007 US. 6.3 20 3.2 34.3 21
Sivaraman
Ito and Kato 2008 China 6.9 30 2.5 15.6 10
Wild-Scholten 2009 South- 6.6 30 1.4 24 28

European




4 Conclusions

The environmental impact of three different PV
systems was investigated in this literature
review paper by using life cycle assessment. The
main question of this literature review paper
was: What is the environmental impact of
different solar PV based systems by using life
cycle assessment (LCA)?

This research resulted in the findings below:

- The EPBT of mono-crystalline PV
systems vary from 1.75-15.5 years and
the GHG emissions vary from 30-217 g
CO2-eq./kWhe.

- The EPBT of poly-crystalline PV systems
vary from 1.5-5.7 years and the GHG
emissions vary from 9.4-104 g CO2-
eq./kWhe.

- The EPBT of amorphous PV systems vary
from 1.4-3.3 years and the GHG
emissions vary from 15.6-50 g CO2-
eq./kWhe.

- Poly-crystalline (pc) PV systems have
almost the same efficiency as mono-
crystalline (mc) PV systems, but the
EPBT is shorter and the GHG emissions
are lower.

- The performance of EPBT and GHG
emission are better of Amorphous PV
systems than of the crystalline PV
modules.

- The differences in the results of the
systems were caused by different
factors: manufactures, production
methods, research methods, efficiency of
the modules, installation methods, use of
frames and different climates, countries,
irradiation and grids.

- Large-scale disposal of the Solar systems
could be a problem in the future, as we
increase the rate of installation.

- A large scale installation can result in a
lower value for the EPBT and a lower
value for GHG emission.

Because of all these different factors, completely
substantiated results can’t be determined.
However, the findings above show which factors
play an important role in the environmental
impact of PV systems. Improvement of PV
systems is needed in order to reduce the

environmental impact. The manufacturing
process and the material need the most
attention.

The various studies show that the irradiation of
the tested location or country plays an important
role in the environmental impact. For this reason
PV systems may not be suitable everywhere. It is
recommended to first analyse the location and
then determine if installing the PV systems is
suitable. It could be possible that applying
another renewable energy source will result in a
better solution for that specific location, for
example the use of wind power.

References

1. Alsema, E.A. (1998). Energy requirements of
thin film solar cell modules—a review.
Renewable and Sustainable Energy Reviews,
2,387-415.

2. Alsema, E.A. (2000). Energy pay-back time
and CO2 emissions of PV systems. Progress
in Photovoltaics Research and Applications,
8,17-25.

3. Alsema, E. A, & Wild-Scholten, M. .

(2005). The real environmental impacts of
crystal- line silicon PV modules: an analysis
based on up-to-date manufacture data. Paper
presented at Proceedings of the 20th
European Photovoltaic Solar Energy
Conference, Barcelona, Spain. Retrieved
from
https://www.ecn.nl/docs/library/report/2
005/rx05015.pdf

4. Alsema, E. A, Wild-Scholten, M. |, &
Fthenakis, V. M. (2006). Environmental
impacts of PV electricity generation—a
critical comparison of energy supply options.
Paper presented at Proceedings of 21th
European Photovoltaic Solar Energy
Conference, Dresden, Germany. Retrieved
from
http://www.seas.columbia.edu/clca/papers
/21-EUPVSC-Alsema-DeWild-Fthenakis.pdf

5. Baharwani, V., Meena, N., Dubey, A., Brighu,
U., Mathur, J. (2014). Life Cyle Analysis of
Solar PV System: A Review. International
Journal of Environmental Research and
Development, 4(2), 183-189.

6. Battisti, R, Corrado, R. (2005). Evaluation of
technical improvements of photovoltaic



10.

11.

12.

13.

14.

15.

16.

systems through life cycle assessment
methodology. Energy, 30, 952-967.
Hildebrand, L. (2014). Strategic investment
of embodied energy during the architectural
planning process (Report no. 05 2014).
Retrieved from
dx.doi.org/10.7480/abe.2014.5

Hondo, H. (2005). Life cycle GHG emission
analysis of power generation systems—
Japanese case. Energy, 30, 2042-2056.

Ito, M,, Kato, K., Sugihara, H., Kichimi, T.,
Song, ]., Kurokava, K. (2003). A preliminary
study on potential for very large-scale
photovoltaic power generation (VLS-PV)
system in the Gobi desert from economic
and environmental viewpoints. Solar Energy
Materials & Solar Cells, 75, 507-517.

[to, M., Kato, K., Komoto, K., Kichimi, T.,
Kurokava, K. A. (2008). Comparative study
on cost and life-cycle analysis for 100 MW
very large-scale (VLS-PV) systems in deserts
using m-Si, a-Si CdTe and CIS modules.
Progress in Photovoltaics Research and
Applications, 16,17-30.

Ito, M., Komoto, K., Kurokawa, K. (2010).
Life-cycle analyses of very-large scale PV
systems using six types of PV modules.
Current Applied Physics, 10, S271-S273.
Jungbluth, N., Dones, R,, Frischknecht, R.
(2007). Lifecycle assessment of photo-
voltaics; update of the ecoinvent database. In:
14th SETAC LCA Case Studies Symposium,
Goteborg, Sweden. Retrieved from:
/www.esu-
services.ch/fileadmin/download/
jungbluth-2007-PV-MRSpdfS.

Kannan, R, Leong, K.C., Osman, R,, Ho, H.K,,
Tso, C.P. (2006). Life cycle assessment study
of solar PV systems: an example ofa 2 7
kWp distributed solar PV system in
Singapore. Solar Energy, 80(5), 555-563.
Kato, K., Murata, A., Sakuta, K. (1997). An
evaluation on the life cycle of photovoltaic
energy system considering production
energy of off-grade silicon. Solar Energy
Materials and Solar Cells, 47, 95-100.

Kato, K., Murata, A.,Sakuta, K. (1998).
Energy pay-back time and life-cycle CO2
emission of residential PV power system
with silicon PV module. Progress in
Photovoltaics Research and Applications, 6,
105-115.

Lewis, G., Keoleian, G.A. (1996). Amorphous
silicon photovoltaic modules: a life cycle
design case study. IEEE International

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Symposium  on  Electronics and the
Environment., 141-7.

Mathur, J., Bansal, N.K., Wagner, H.J. (2002).
Energy and environmental correlation for
renewable energy systems in India. Energy
Sources, 24, 19-26.

Meier P.J., Kulcinski G.L. (2002). Life-cycle
energy requirements and greenhouse gas

emissions for building-integrated
photovoltaics.  Madison, USA: Fusion
Technology  Institute,  University = of
Wisconsin

Muneer, T., Younes, S., Lambert, N., Kubie, ].
(2006). Life cycle assessment of a medium
sized photovoltaic facility at a high latitude
location. IMechE Journal of Power and
Energy, 220, 517-524.

Niewlaar, E., Alsema, E., Van Engelenburg, B.
(1996). Using life cycle assessments for the
environmental evaluation of greenhouse gas
mitigation options. Energy Conversion and
Management, 37, 831-836.

Pacca, S., Sivaraman, D., Keoleian, G.A.
(2007). Parameters affecting the life cycle
performance of PV technologies and
systems. Energy Policy, 35, 3316-3326.
Peng, |, Lu, L., Yang, H. (2013). Review on
life cycle assessment of energy payback and
greenhouse gas emission of solar
photovoltaic systems. Renewable and
Sustainable Energy Reviews, 19, 255-274.
Phylipsen, G.J.M., Alsema, E.A. (1995)
Environmental life-cycle assessment of multi-
crystalline silicon solar cell modules. (Report
No. 95057) Utrecht, Netherlands:
Department of Science, Technology and
Society, Utrecht University

Raugei, M., Bargigli, S., Ulgiati, S. (2007). Life
cycle assessment and energy pay-back time
of advanced photovoltaic modules: CdTe
and CIS compared to poly-Si. Energy, 32,
1310-1318.

Schaefer, H., Hagedorn, G. (1992). Hidden
energy and correlated environmental
characteristics of P.V. power generation.
Renewable Energy, 2(2), 159-166.
Sherwani, A.F., Usmani, J.A., Varun. (2010).
Life cycle assessment of solar PV based
electricity generation systems: A review.
Renewable and Sustainable Energy Reviews,
14(1), 540-544 .

Tripanagnostopoules, Y., Souliotis, M.,
Battisti, R., Corrado, A. (2005). Energy, cost
and LCA results of PV and hybrid PV/T solar
systems. Progress in Photovoltaics Research
and Applications, 13, 235-250.



28. Wild-Scholten, M.J. (2009). Energy payback
times of PV modules and systems. In:
Workshop Photovoltaik-Modultechnik. Kéln,
26-27 November 2009

29. Wilson, R,, Young, A. (1996). The embodied
energy payback period of photovoltaic
installations applied to buildings in the UK.
Building and Environment, 31(4), 299-305.



