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a b s t r a c t

Photovoltaic technologies can have a role in climate change mitigation being routed in sustainability if
the decisions are taken wisely. Photovoltaic systems inherently avoid CO2 emissions while running since
they replace a share of fossil sources in the energy mix of the country where they are installed. Taking
into account that the modules can be manufactured and installed in 138 different countries and that
every country has a particular ambient conditions, Life Cycle Assessment methodology has been used to
evaluate 1kWp of the three different photovoltaic technologies in order to find the best geographical
combination manufacturer-installation, which is the geographical allocation that providing the highest
reduction of CO2 emissions per kWp of installed PV capacity. This combined evaluation of the technology
and the geographical allocation will provide the end users with additional information and thus, the
greenest decision can be taken. Ethiopia, Mozambique, Zambia and Iceland are found to be ideal places for
photovoltaic manufacture while Botswana, Turkmenistan, Kosovo, South Africa and Australia are the best
locations where the PV systems can be installed, among others.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Climate change mitigation is one of the most important chal-
lenges that needs to be addressed in the coming years. Europe is
aware of this challenge and has signed several agreements and
committed itself to very demanding targets to be accomplished by
2020 [1], which in relation to climate change and energy can be
summarized in a reduction of 20% of greenhouse gases emissions,
20% of total consumed energy should be produced from renewable
energy sources, and a 20% increase in energy efficiency should be
achieved.

Prof. S. Chu and co-authors [2] declared: <<Access to clean,
affordable and reliable energy has been a cornerstone of theworld's
increasing prosperity and economic growth since the beginning of
the industrial revolution. Our use of energy in the twenty-first
century must also be sustainable. Solar and water-based energy
generation, and engineering of microbes to produce biofuels are a
few examples of the alternatives>>.

A detailed study of the International Energy Agency has shown
that the electricity demand in China is going to triple between 2008
and 2035, which will drive the installation of as much electricity
generation capacity in the next 15 years as all the actual capacity
installed in the United States of America [3]. A great output of the
world manufacture capacity is actually located in China, which
together with the energy mix has already made it the highest
emitter of greenhouse gases (GHG). It is therefore a global re-
sponsibility issue to reduce GHG emissions from themanufacturing
processes of products which are produced in China, but are in fact
consumed all around the world [4]; an active global policy to
promote distributed renewable sources of energy is strongly
needed [5,6].

Photovoltaic technologies have been highlighted as an ideal
source of energy due to its non-polluting performance in the way it
produces electricity by harvesting the energy available from the
Sun, which is a free source of energy, once the facility has been
built.

Compiling the global warming potential in kgCO2/kWh units of
several energy technologies we found that renewables energies,
and in particular photovoltaics, are highlighted as cleanest energy
sources that help to reduce the amount of CO2 emissions due to
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electricity production, as it is illustrated in Fig. 1.
We have selected for the study three representative PV tech-

nologies: crystalline silicon (c-Si), thin film (CdTe) and an emerging
technology: organic polymer-based (OPV). Photovoltaic market is
still dominated by crystalline Silicon, but a shift in the market has
been produced in recent years, with thin-film technologies
(amorphous silicon, a-Si:H, Cadmium telluride, CdTe and Cadmium
Indium Gallium Selenide, CIGS) that have been taking a 20% market
share in 2010 [3,14]. The forecasted evolution will reduce the share
of crystalline Silicon and open themarket to emerging technologies
[15,16].

In 2012 there is a global cumulative PV installed capacity of
100.5 GWp, of which 70.5 GWp have been installed in Europe [17].
The trend forecasted by the European Photovoltaic Industry Asso-
ciation (EPIA) ranges between 64 GWp and 120 GWp depending on
the considered scenario (moderate vs. policy-driven), but in both
cases it seems insufficient to reach the European 2020 targets and
much less to fulfill the world energy electricity demand sketched
above unless there is a paradigm change [18]. The European
commitment to reduce GHG emissions is an important step in the
right direction in order to mitigate climate change, but as we will
show in this article, the European installed capacity and the plan-
ned installed capacity for the coming years including the invest-
ment required to meet this goal may well have a much stronger
impact on the reduction of emissions if a global approach is taken
into consideration: by global approach we aim to a world-wide
analysis of the best locations in which to produce and install PV
systems in order to obtain the strongest reduction in emissions by
promoting more CO2 avoided emissions in countries in which the
energy mix is more polluting.

Sergio Pacca et al. [19] studied PV as breeders which can
dramatically reduce emissions and save fossil fuel resources. More
than 89% of air emissions produced by electricity generation could
be avoided if electricity from PV displaces electricity from the grid
in Europe and United Estates context [20]. This amount is greater in
developing countries and policies oriented to maximize the impact
on climate change mitigation should take this into account [21].

In this article the aim is to calculate the potential avoided CO2
emissions that would have the installation of three photovoltaic
technologies: crystalline silicon, emerging organic and CdTe in 141
countries worldwide. The relations between the ambient condi-
tions of each country, their electricity mix will have a marked in-
fluence in the potential avoided emissions.

The Life Cycle Assessment methodology has been used in our
study and the stages that follow in the next sections can be sum-
marized as: 1) to identify the LCA stage where 1kWp of PV-module
has the greatest environmental benefit measured in terms of CO2
emissions, 2) to find the dependence between the environmental
impact of 1kWp PV and the place where it is manufactured and
installed and 3) to compare several types of PV technologies using
the same impact indicators. Ambient conditions (irradiance and
temperature) of all considered countries are taken into account in
the calculations.

The discussion of results is addressed with two main novel ap-
proaches: 1) the analysis of the impact of location (both for
manufacturing and installation of PV systems) on the avoided or
displaced emissions by the use of PV, including transport; 2) the use
of the output from previous calculations to apply them to the real
PV market for the year 2012. With the second approach we intend
to calculate the global equivalent CO2 avoided emissions. The
comparison between global and CO2 avoided emissions according
to different combinations of locations, will provide the optimum
combination of manufacturing and installation location, i.e. the
“greenest” geographical solution.

2. Methodology of LCA

The LCA methodology is a good tool to analyse the environ-
mental impacts of products and services; it has been standardized
by the International Standards Organization in ISO-14040 series
providing guidelines which recommend four steps in every case
study: 1) scoping the study and definition of Functional Unit, 2)
compilation of the inventories, 3) impact assessment, and 4)
interpretation. We have followed the recommended methodology
and in what follows we explain in detail the four steps of our
analysis.

2.1. Goal and scope definition

The aim of this study is to evaluate the manufacturing of three
different photovoltaic technologies, i.e.: crystalline silicon (c-Si),
thin-film (CdTe) and OPV technologies in order to find a sustainable
geographical combination, manufacturer-installation place, or the
geographical allocation that avoids the highest amount of equiva-
lent CO2 emission, so the greenest decision in PV policy and market
regulations can be made.

The Functional Unit is 1 kWp of photovoltaic module for the
three technologies under consideration. The system boundary
considered in the life cycle covers the manufacturing of the mod-
ules, their transport and the installation, as well as OPV replace-
ment during the timespan under consideration in our study, which
is fixed by the c-Si lifetime.We have considered frameless modules,
and the replacement of the equipment during the PV's lifetime as
well as balance of system (BOS) components were left aside as well
since the aim of this study is to compare different photovoltaic
technologies, and in essence BOS can be considered constant for the
same functional unit [22]. When BOS is considered in PV- LCA
study, the environmental impacts of wiring can be dismissed and it
is inverters that usually have the major environmental impact
within the BOS [23]. It might be important to include BOS calcu-
lation in any future study regarding PV, especially when the
learning curve of modules becomes steeper (and faster than BOS in
any case) and the share of BOS in the cumulative energy of a whole
system increases.

A total of 138 countries have been taken into account in this
study, chosen by the availability of information about factor emis-
sion from electricity generation. A total of 141 locations have been
considered. Note that some of the countries have been divided in
regions, see Table A in Electronic Annex. Then, all combinations of
these countries as manufacturer-installation location pair have been
studied, including the transport of the manufactured modules.
Marginal electricity mixes for each country have been considered,
see Table A (Electronic Annex), both for the electricity used in the
background processes of manufacturing as well as for the instal-
lation phase in which the PV system might favor the avoidance of
emissions.

2.2. Life cycle inventory

The inventory analysis is the LCA phase that involves the
compilation and quantification of inputs and outputs of a given
product system, throughout its life-cycle or for single processes.

The technical specifications of the three generations of photo-
voltaic elisted in Table 1- are representative of the technologies:
the power conversion efficiency, weight and lifetime have been
taken from industrial reports [24e26] and the cumulative energy
demand calculations from literature review and from our own
calculations [12,13,27e29].

For c-Si modules, a representative efficiency is about 18% and
14% for CdTe modules. The lifetime has been considered to be 25
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