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Life cycle analyses of organic photovoltaics: a review
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This paper reviews the available life cycle analysis (LCA) literature on organic photovoltaics (OPVs). This branch
of OPV research has focused on the environmental impact of single-junction bulk heterojunction polymer solar
cells using a P3HT/PCgoBM active layer blend processed on semi-industrial pilot lines in ambient surroundings.
The environmental impact was found to be strongly decreasing through continuous innovation of the
manufacturing procedures. The current top performing cell regarding environmental performance has a
cumulative energy demand of 37.58 MJ, m~2 and an energy payback time in the order of months for cells
having 2% efficiency, thereby rendering OPV cells one of the best performing PV technologies from an
environmental point of view. Nevertheless, we find that LCA literature is lagging behind on the main body
of OPV literature due to the lack of readily available input data. Still, LCA research has led us to believe that
in the quest for higher efficiencies, environmental sustainability is being disregarded on the materials' side.
Hence, we advise the scientific community to take the progress made on environmental sustainability
aspects of OPV preparations into account not only because standard procedures put a bigger strain on the
environment, but also because these methods may not be transferrable to an industrial process.
Consequently, we recommend policy makers to subsidize research that bridges the gaps between
fundamental materials research, stability, and scalability given that these constraints have to be fulfilled
simultaneously if OPVs are ever to be successful on the market. Additionally, environmental sustainability
will have to keep on being monitored to steer future developments in the right direction.

Organic photovoltaics (OPVs) have attracted considerable interest due to their potential to be flexible, solution coatable, low cost, low weight, semi-transparent,
and easily integratable into different applications. Consequently, many commercialization routes (e.g. portable chargers for consumer electronics, developing
world applications, automotive applications, building integrated photovoltaics, etc.) have been identified based on judgments about the evolution in perfor-
mance on the triangle of efficiency, lifetime, and cost. In case these projections would turn into reality, the wide scale deployment of OPV devices may imply
unforeseen negative environmental impacts, if not properly assessed ex-ante. To this end, life cycle analysis (LCA) has been identified as an appropriate tool. LCA
is a quantitative product-related assessment technique intended to compare and analyze both the energy use and environmental impacts associated with a
product over its full life-cycle, including the following stages: (1) acquisition of raw materials, (2) materials processing/manufacturing, (3) use, and (4) end-of-life,
with optional additional transport stages in between. Its results allow steering product and process development in a more sustainable direction. We provide a
review of all available LCA literature on OPVs and find their environmental impact to be strongly decreasing through continuous innovation of the

manufacturing procedures.

1. Sustainability and solar cells

Commission has put in place the 20-20-20 targets to deal with
energy-related environmental issues.® These targets aim at a

Sustainability has become a global issue through the increasing
general awareness of the limits to the availability of non-
renewable resources and to nature's ability to assimilate wastes,
which is one of the key regulating ecosystem services." Bearing
this thought - among others® - in mind, the European
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20% reduction in European Union (EU) greenhouse gas emis-
sions from 1990 levels, a rise in the share of EU energy
consumption produced from renewable resources to 20%, and a
20% improvement in the EU's energy efficiency. Such legislation
has motivated national governments to both subsidize the
dissemination and fund the R&D of renewable energy technol-
ogies, such as different generations of photovoltaic (PV) cells.
Through their renewable nature solar energy systems should
inherently provide significant environmental benefits in
comparison to the conventional energy sources they displace,
thus contributing to the sustainable development of human
activities.*

This journal is © The Royal Society of Chemistry 2013
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Photovoltaic cells can be categorized into first, second, and
third generation, being (1) crystalline silicon solar cells, (2) thin
film solar cells, and (3) new PV technology (a less defined range of
advanced technologies overcoming the Shockley-Queisser limit).>
The polymer and molecular organic photovoltaic (OPV) cells
belong to the second category.t Global interest in developing
these types of OPV cells mainly stems from their potential to be
flexible, solution coatable, low cost, low weight, semi-transparent,
and easily integratable into different applications.®* Commer-
cialization routes for devices incorporating such cells can be
found in the literature.”>"* These routes are mainly based on
judgments about the evolution in performance on the triangle of
efficiency, lifetime, and cost alongside the technology's develop-
ment. In case these projections would turn into reality, the wide
scale deployment of OPV devices may imply unforeseen negative
environmental impacts, if not properly assessed ex-ante.'® Ideally,
informed decisions should be taken at the product design stage,
signaling that life cycle, ecotoxicity, and health risk assessments
of the product's constituents should have been completed prior to
all life cycle stages.

From the results of a patent count analysis covering the
period 1998-2011,"” OPV cells were found to be residing in the
fluid technology development phase, implying that the main
focus resided on product innovation rather than process inno-
vation. For OPVs, we defined product innovations as those
actions of changes in the materials and in the device architec-
ture aiming at higher performance (mostly efficiency), while
process innovations are those measures aiming at a lower cost,
both monetary and environmental. These concepts are adapted
from the ‘Dynamics of Innovation’ theory, which was originally
proposed by Utterback and Abernathy.'® Progress on the
product innovation field was found to be exponential, while
process innovation was not so well documented.'” Nevertheless,
there have been upscaling demonstrator projects*>* and
pioneers exist that actively distribute their films, allowing
industry partners in the areas of building materials, automo-
tive, consumer devices and electronics to start developing
integrated products.>® Accordingly, organic solar cells' future
constitution and manufacturing process are still relatively open
to change. Furthermore, scholars are increasingly aware of the
fact that it should be considerate of the environment. For
instance, F. Krebs®* describes the ideal process for polymer
solar cells as: “Involving solution processing of all layers on
flexible substrates by the combination of as few coating and
printing steps as possible, being free from costly indium, toxic
solvents and chemicals, and resulting in a final product with a
low environmental impact and a high degree of recyclability”.

How should one assess a product’'s environmental sustain-
ability? Taking a glance at the framework for sustainability
assessment tools by Ness et al.,> life cycle analysis (LCA) seems an
appropriate tool”* An LCA is a quantitative productrelated
assessment technique intended to compare and analyze both the
energy use and environmental impacts associated with a product
over its full life-cycle, including the following stages: (1)

+ Dye sensitized solar cells are disregarded in this work since they are mainly
based on inorganic semiconductors.
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acquisition of raw materials, (2) materials processing/
manufacturing, (3) use, and (4) end-of-life, with optional addi-
tional transport stages in between.”” However, as retrieving all
upstream and downstream information about environmental
impacts would require an enormous effort, the traditional
approach is to downsize the scope. This involves selecting which
life cycle stages to investigate in order to reduce LCA costs. Fig. 1
represents the scope of this review and simultaneously the scope
of its supporting literature. Therefore, amongst others, the
impacts from the use phase, the end-of-life phase, transport
stages from and to the manufacturing gate, and the
manufacturing equipment and facility used in processing OPV
devices have been omitted. Such truncation of resource require-
ments or pollutant releases in upstream or downstream stages of
the supply chain, performed on process-based or site-specific data
used such as the specific materials made by the group conducting
the LCA or firm selling the commercialized material, leads to the
underestimation of environmental impacts. Such errors may be
reduced by using a hybrid LCI method instead of a process-based
one.?®3° At the same time, the researcher is rather free to select the
environmental impact categories} that will be characterized by
the collected data. Current guidelines do not specify a minimum
number of impact categories to be included or a preferred
methodology, but suggest typical impact categories.

The manufacturing of PV cells should certainly be low on
greenhouse gas emissions, as CO, equivalent emissions are the
energy sector's main environmental concern.** Consequently,
LCAs on PV systems have traditionally focused on energy use
and the related greenhouse gas emissions.”” The cumulative
fossil energy demand (C¢ED) has been shown to be well corre-
lated with most other environmental indicators§ for the
product category of energy production. It may therefore serve as
a screening indicator and is particularly useful in case of
absence and uncertainty surrounding life cycle inventory (LCI)
data.** Therefore, the environmental sustainability of OPV
devices is measured in terms of cumulative energy demand
(CED),q the energy payback time (EPBT), and the greenhouse
gas (GHG) emission factor. The CED represents the primary
energy demand required during the stages included in the
study's scope. The EPBT measures the time needed to generate
the equivalent amount of energy consumed during the stages
included in the study's scope. The GHG emission factor (CO, eq.
kW' h™") indicates the amount of emission of embodied CO,
equivalents during the stages included in the study's scope per
kilowatt-hour of produced electricity over the device's lifetime.
In other words, it denotes how many greenhouse gases would be
emitted by the device per unit of electricity that is generated.

Even though the scholars who shape the development of OPV
cells are increasingly aware of the importance of environmental

i E.g: global warming, resource depletion, acidification, eutrophication,
tropospheric ozone formation, ozone depletion, human toxicity, ecotoxicity,
land use, etc.

§ Global warming, resource depletion, acidification, eutrophication, tropospheric
ozone formation, ozone depletion, and human toxicity (explained variance
between 46 and 100%).

9 With several energy mixes being used.
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Fig. 1 OPV life cycle analysis scope definition.>®

sustainability, we question whether the supporting LCA studies
are able to keep up with the high pace of product development.
Consequently, we draw an environmental profile from the avail-
able peer-reviewed journal LCA literature and highlight and
discuss the possibilities for future improvement of OPVs' envi-
ronmental performance. To find such literature, a systematic
approach is advisable, amongst which keyword searches using
Boolean logic are a commonly used method.* To this end the
Web of Science, SciFinder and Google Scholar databases were
used covering the time period 1999 - the year in which OPV
research publications started to grow exponentially** - to 2013.

In Section 1 the environmental concern surrounding the
development of OPVs has been introduced. In Section 2 we
provide a brief insight into the LCA methodology. Section 3
describes the evolution of the environmental profile of OPV
solar cells. The literature is divided into themes, ie. the
respective study goals, and is presented chronologically in line
with the technology's development. The fourth segment
discusses the results and suggests routes for further improve-
ment of the environmental sustainability of OPVs. The final
section holds the main findings of our work.

2. Life cycle analysis methodology

The general steps in the LCA framework are standardized
according to the ISO 14000 series.** They include: (1) goal and
scope definition (see Fig. 1), (2) inventory analysis which quan-
tifies the material inputs, the energy inputs, and the environ-
mental releases over the specified life-cycle stages, (3) impact
assessment which cumulates flows into the impact categories
under revision, and (4) interpretation of the results. Conclusions
should allow identifying where environmental improvement can
be realized in product and process development. Additionally,
LCAs have been used to compare different renewable energy
technologies, but note that the degree of true comparison varies
with scope similarity and requires methodological transparency.

3138 | Energy Environ. Sci., 2013, 6, 3136-3149
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Indeed, although LCA is a standardized method, it still leaves the
practitioner with a range of choices that affect its outcome. To
regulate the LCA routine further, methodological guidelines on
the LCA of photovoltaic electricity have been drafted by Fthenakis
et al.® They suggest that at least the following parameters should
be reported to increase the results' transparency: (1) the goal of
the study and the functional unit, (2) the system boundaries, (3)
the LCA method, tool and databases used (if data are not process-
based), (4) on-plane irradiation level and location, (5) module rate
efficiency, (6) system performance ratio (PR), (7) expected lifetime
and degradation rate for the PV module and the balance of system
(BOS), (8) the place of production, (9) the type of system (e.g. roof
top or ground mounted), (10) the time frame of the data, (11) the
representativeness of the study (if data are from a pilot-scale), (12)
assumptions for the production of major inputs, (13) the name of
the entity commissioning the study (if applicable) and (14) the
calculation method of the EPBT. Based on these guidelines, it is
our opinion that OPV LCA literature has done a fair job in
increasing transparency. Only the degradation rate and LCA
method specification are omitted in most studies. Additionally,
the calculation of EBPT is not as extended as that given in the
guidelines, but is mostly consistent within OPV LCA literature.

Nevertheless, for OPV solar cells the task of conducting an
LCA requires enormous efforts given the lack of readily available
inventory data in the commonly used LCA databases, while little
generality may be gained as processing techniques and
manufacturing methods are not yet standardized.** In view of
this lack, studies adopt data from: (1) laboratory scale or pilot
line scale processes, (2) literature (on similar or previously
published processes), and (3) own estimations using default
values and stoichiometric reactions according to previously
published guidelines for uninventoried chemicals. The
obtained results thus represent an uncertain, rather pessimistic
benchmark for fully scaled-up production, but nevertheless they
have their value by allowing us to assess the technology's envi-
ronmental progress.

This journal is © The Royal Society of Chemistry 2013
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Table 1 Overview of available LCA literature regarding OPVs
Source Topic Goal Life cycle inventory data
57 Laboratory production of standard Prospective comparison: Estimations based on the literature,
BH] P3HT/PCBM polymer PVs on a o Between rigid and flexible polymer LCI databases and manufacturers
glass substrate, all framed and with PV system
balance of system, and PET e With other commercially available
substrates, without frames and BOS PV systems
56 Laboratory production of standard Prospective comparison: Estimations based on the literature,
BH]J P3HT/PCBM polymer PVs on a e Between the extrapolation of manufacturers and own experience
glass substrate industrial OPV production and
industrial production of other PVs
60 Semi-industrial manufacturing of Retrospective comparison: Estimations based on the literature,
inverted BHJ P3HT/PCBM polymer e Between flexible polymer PVs and LCI databases, manufacturers and
PVs on a PET substrate under other organic and hybrid own experience
ambient conditions, except for ITO technologies
application, called ProcessOne
61 Solution processable ITO-free Retrospective comparison: Uses data from ref. 60, replaces ITO
transparent electrodes e Between ITO and high with the impact of alternative
conductivity PEDOT:PSS, silver grid electrodes found in the literature
in PEDOT:PSS, silver nanowires and
single walled carbon nanotubes
62 Semi-industrial manufacturing of Retrospective comparison: Uses data from ref. 55, 56 and 60
ITO-free inverted BH] P3HT/PCBM e Between ITO-based and ITO-free and own estimates for Al/Cr
polymer PVs or HIFLEX modules module having an Al/Cr electrode deposition
59 Semi-industrial manufacturing of Retrospective comparison: Uses data from the literature, LCI
inverted BHJ P3HT/PCBM polymer e Between ProcessOne and databases and own estimations
PVs using various routes, not alternative routes
containing ITO Prospective comparison:
e After implementing feasible and
challenging improvements upon
process H
64 Calculation of life cycle embodied Retrospective comparison: Estimations based on information
materials, both polymers and small e Between old and new polymer PV from the literature, LCI databases
molecules, energy and process devices and between OPVs and and own estimations
energy for 26 new material inorganic PVs
combinations
58 Sensitivity analysis of GHG Prospective comparison: Data based on ref. 59
emissions and EPBT for a semi- o Verify the impact on the EPBT and
industrial production of inverted the GHG emission factor of
BH]J P3HT/PCBM polymer PVs for 3 dynamic analysis on OPVs and
scenarios compare the results with other PV
technologies
65 Semi-industrial manufacturing of Retrospective comparison: Estimations based on information
inverted BHJ P3HT/PCBM polymer e Compare CED and EPBT for all from previous literature, databases,
solar modules by 3 different routes routes manufacturers and own estimations
(SSE, PSE, SFE) with different
encapsulation and adhesives
15 Scenario analysis (current, mid, and Prospective comparison: Uses data from ref. 59 for OPVs and

long term) of EPBT and GHG
emission factor for Process H based
OPV devices

This journal is © The Royal Society of Chemistry 2013

o Verify the impact on the EPBT and
the GHG emission factor of
dynamic analysis on OPVs and
compare the results with other PV
technologies, while also forecasting
their progress

from the literature for other PV
technologies
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Two main types of LCA models have been distinguished in the
literature, being: (1) attributional and (2) consequential LCA.
Attributional LCAs are defined by their focus on describing the
environmentally relevant physical flows to and from a life cycle
and its subsystems by means of average data. On the other hand,
consequential LCAs are defined by their aim to describe how
environmentally relevant flows will change in response to possible
decisions implying changes in product demand by means of
marginal data.** A key reference detailing the difference between
attributional and consequential LCAs is found in the work of
Thomassen et al. on the environmental impact of milk produc-
tion.”” They argue that the difference in both approaches is
strongly nested in (1) the way to deal with allocation problems and
(2) the choice of data. In the attributional LCA of milk production,
mass and economic value based allocation rules were used to
distribute the impacts between the main product (milk) and the
co-product (animals). A review of allocation rules in ISO 14041
divides allocation rules into physical (e.g. mass, energy, exergy),
economic value based (€), or open-loop recycling based decision
rules.” Additionally, average data were used to represent the milk
production system. In the consequential LCA of additional milk
production, the production system was expanded because milk is
associated with the co-product beef. The avoided burden of
additional beef was found in the avoided production of beef and
pork. Additionally, marginal data are used as the production of an
additional amount of milk requires additional inputs. The avail-
able OPV LCA literature (see Section 3) fits the attributional
category as it has served to analyze the environmental impacts
throughout OPVs life cycle stages. It does not deal with possible
changes in demand.

3. OPV solar cells' environmental profile

Table 1 provides a chronological|| overview of the available LCAs
on OPV solar cells. It can immediately be seen from the topic
column that polymer photovoltaics have drawn more attention
than molecular OPVs and that the field of environmental
assessment is heavily dominated by the single-junction bulk
heterojunction (BHJ) architecture using a poly(3-hexylth-
iophene)/[6,6]-phenyl-Cs; butyric acid methyl ester or a P3HT/
PCg0BM blend. P3HT/PC,BM has been a model system in OPVs
since it was the first material system to transcend the 5% effi-
ciency limit. However, recently the number of publications
dealing with P3BHT/PCBM has been surpassed by more efficient
systems consisting of a low band gap polymer/PCBM blend.*"
Consequently, we believe the latter category can now be called
the model system, but acknowledge that this is only accurate for
low band gap polymers as a family. LCA literature is lagging
behind on this shift towards low band gap polymers.

The motivation behind polymer OPVs' current dominance
over molecular OPVs can be found in the alleged low energetic
and economic cost originating from their solution process-
ability, an advantage that is waning recently as molecular OPVs
are also successfully taking advantage of this processing
route.**"*” Consequently, to avoid having to discuss the majority

|| On the date of online publication.
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of the OPV manufacturing chains discussed in LCA literature,
we start this section by providing the most frequently used lay-
outs for single-junction BHJ polymer solar cells** (see Fig. 2).

First, a transparent electrode acting as an anode, usually
indium-tin-oxide (ITO), is deposited on a substrate. Second, a
hole transporting layer (HTL) is coated on top. In most cases
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) is used, but alternatives (MoOj3, NiO,, V,05) have
been identified that overcome its negative side-effects on cell
stability.*® Then, the active layer (AL) containing the BH]J blend
is deposited, which is often followed by an electron transporting
layer (ETL). The opposite electrode is the last layer to be
deposited. Finally, the whole is sealed off from the environment
by lamination. This standard device geometry is shown in Fig. 2,
part a. The alternative ‘inverted’ architecture is shown in part b.
This build-up provides a more stable cell configuration by
reversing the electrodes.**" An additional advantage may be
found in the ease of processing due to the use of screen print-
able silver paste as the metal electrode.” Furthermore, it can
also be observed from the topic column in Table 1 that semi-
industrial processing on pilot lines, mostly in ambient
surroundings, has been discussed the most.

The study goals have been divided into two categories, being
prospective and retrospective comparison, according to their
focus. Prospective studies compare undemonstrated OPVs with
demonstrated OPVs or commercially available inorganic PVs.
Retrospective studies compare demonstrated OPVs with other
demonstrated OPVs or commercially available inorganic PVs.
Most studies fall into either one of these categories. Having
made this distinction, it should be noted that the majority of
studies has assumed lifetimes of fifteen years consistent with
the aims of the European Photovoltaic Technology Platform for
OPVs by 2013.> Lifetimes of that order of magnitude have
however not been confirmed for OPV devices. To the best of our
knowledge, it has not reached half of this number. A study by
Peters et al. demonstrated a lifetime for PCDTBT (poly{[N-
9’-heptadecanylcarbazole-2,7-diyl]-alt-[5,5-(4',7'-di(2-thienyl)-
2/,1',3'-benzothiadiazole)]}) devices that approaches 7 years.>
Therefore, this commonly made assumption was disregarded
for categorization.

As mentioned in the introduction, the life cycle inventory (LCI)
data pose a source of uncertainty due to the lack of standardized
processing routes and consequently information. Supporting this
thesis are the data in Table 2. It shows the ranges of embedded
primary energy that can be found or calculated from the provided
data in LCA literature for the most frequently used materials. Two
key observations can be drawn from tabulating this information.
First, a large spread is noticeable for PC¢,BM, which is due to the
variety of input materials (toluene, tetralin, or graphite) that can
be processed using different techniques (pyrolysis and plasma).
Pyrolysis is the most used technique for fullerene production.
Furthermore, Cs, made by pyrolysis of tetralin has been shown to
have the lowest embodied energy of 64 GJ, kg~ ". Anctil et al.®
have also shown other figures for pyrolysis of toluene to be an

** The term module has also been used to indicate that it is a laminated, finished
product.

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 Cross-section of a standard (a) and an inverted (b) organic polymer solar cell.

Table 2 Input materials' embedded primary energy

Input material Embedded primary

energy
PCeoBM [64-125] (GJ, kg™ )
P3HT [1800-1960] (M], kg ™)
PEDOT:PSS [64-160] (MJ, kg™ ")

underestimation because they did not account for all four
production steps required to obtain useable PCy¢BM, being
synthesis, separation, purification, and functionalization. Second,
a much smaller spread is found for the production of P3HT and
PEDOT:PSS. This is due to the quasi-general reliance on the
computations made by Garcia-Valverde et al,* which are based
on the chemical synthesis techniques called Grignard metathesis
for P3HT and oxidative chemical polymerization in aqueous PSS
solution for PEDOT:PSS. These are techniques that are used by the
main material suppliers providing these inputs, thereby con-
firming that these materials have a longer industrial history. Fair
unanimity was found in the conversion factors used from elec-
trical and thermal energy to primary energy. In the remainder of
this section the literature will be further divided into the respec-
tive study goals and ranked chronologically.

3.1. Earlier prospective LCAs

Undemonstrated OPVs have been granted properties that are
not proven, mostly higher efficiencies and higher lifetimes. This
type of scenario analysis is employed to both the older®**” and
the more recent"*** studies. The earlier studies detail labora-
tory production involving inert atmospheres in more steps than
indium tin oxide (ITO) deposition, and aim at comparing such
devices with industrially processed modules either on a rigid or
flexible substrate. These studies indicate the high promise that
flexible OPVs hold having lower environmental impacts on most
categoriestt compared to multicrystalline silicon (mc-Si) cells
and to thin films on the indicators CED, EPBT, and GHG
emissions on a Wp or m”> comparison basis. Enabling a fair
comparison,i} this requires further optimization of both the
production process and the product. For the production process

t1 CED, EPBT, GHG emissions, abiotic depletion, ozone layer depletion,
acidification, and eutrophication have been investigated.

11 Lifetimes are not taken into account using the m* or Wp comparison basis.

This journal is © The Royal Society of Chemistry 2013

it was shown that ITO sputtering, electrode evaporation, inert
atmospheres, and lamination using thermoplastic adhesives
are highly energy intensive processes that should be avoided.
The same applies to wasteful material deposition techniques
such as spincoating that are on the list of not roll-to-roll (R2R)
compatible techniques. For the solar cell input materials, it was
found that most energy goes into PC¢,BM production. However,
direct processing energy outweighs the materials’ embedded
energy by far. In this regard, it is worth noting that ITO sput-
tering is thought of as processing energy, while it has also been
considered as embedded materials energy seeing that poly-
ethylene terephthalate (PET) sputtered with ITO can readily be
bought as a raw material. The assumption of having higher
efficiencies is made to show its influence on environmental
indicators. Thinking linearly, an increase in lifetime or effi-
ciency improves sustainability in equal proportions. However,
no guarantee exists that technology development will be able to
fulfill such a relationship. Moreover, in the quest for higher
efficiencies it may be necessary to (1) use materials that require
more energy to be made or processed and/or (2) to deposit
several active material layers instead of a single one. The same
logic applies to lifetimes. Better barrier materials do not
necessarily improve the EPBT. Consequently, a non-linear
relationship involving a trade-off seems plausible.

3.2. Retrospective LCAs

Retrospective studies will not detail properties of OPV solar
cells, except for lifetime, other than those demonstrated.§§ The
retrospective studies have picked up and elaborated further
upon the recommendations made by the earlier prospective
LCAs. Espinosa et al.®® have simultaneously introduced R2R-
compatible techniques, ambient atmospheres, and screen
printing of the silver electrode using a route called ‘Proc-
essOne’. An EPBT of 1.35-2.02 years could be determined for
devices with 2-3% cell efficiency. Emmott et al.** addressed the
substitution of the still present ITO electrode in ProcessOne by
solution processable materials, therefore focusing on the
energy problem. High conductivity PEDOT:PSS, a silver grid
embedded in PEDOT:PSS, silver nanowires, and single wall
carbon nanotubes were investigated. They found silver

§§ Some retrospective studies do contain a sensitivity section but these are
disregarded. Only the indicators derived from demonstrated devices are
discussed.
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nanowires and high conductivity PEDOT:PSS to be the most
promising substitutes. Espinosa et al.®* also tried to resolve the
ITO problem in ProcessOne by replacing ITO by a sputtered
aluminum/chromium layer, thereby zooming in on the scarcity
issue surrounding indium.® They ascertained this not to be an
energy efficient pathway. Espinosa et al>® have added to the
literature by calculating the impact on ProcessOne's sustain-
ability by employing solution processable graphene and
graphite electrodes, thereby supplementing the work of
Emmott et al.®* Significant progress from an environmental
perspective vis-a-vis ProcessOne was established for a route
called ‘Process H’, which alters ProcessOne by using a rotary
screen printed graphite front electrode and slot die coated silver
back electrode. Anctil et al.** have focused on the influence on
the device CED by using novel active layer material and tandem
structures, for (1) molecular, being vacuum processableq9 and
partly solution processable,|||| and (2) polymer photovoltaics.***
Finally, Espinosa et al.*® have added to the literature by scruti-
nizing the lamination procedure and structure. Further
improvements were made by using a cold lamination procedure
using pressure sensitive adhesives in combination with a
structure consisting of barrier/module/barrier instead of
barrier/substrate/module/barrier. Additionally, they have
pointed out the importance of technical yields and found inline
inspection tools to be a good way to increase this yield. The
above details clearly demonstrate the learning capacity of the
scientific community.

On the one hand, the ProcessOne route has been incre-
mentally improved, targeting both a lower environmental and
economic cost. Frontrunners in this domain are the Danish
Risg National Laboratory for Sustainable Energy. ProcessOne's
CED has decreased with a factor of about 10 from a three digit
(379.26 MJ, m™ ) to a two digit number (37.58 MJ, m ?).
Compared to the 2800.79 MJ, m > energy demand when
produced in a laboratory, this is a decrease with about a factor
of 75. Additionally, the progress made has been projected
conservatively seeing the different electricity mixes used. While
the first number employed an average European electricity mix
of 411.44 g CO, eq. kW' hy ', most other studies took the
Danish electricity mix (420.88 g CO, eq. kW~ " he; " or higher).
Simultaneously, the EPBT has gone from years to months by an
order of magnitude in spite of low cell efficiencies (=3%). For
more insight into the calculation of the EPBT indicator, we refer
to Yue et al.®® Fair unanimity was found in other parameters
influencing the EPBT indicator, with an irradiation of 1700 kW
h per year per m” and a performance ratio (PR) of 80% being
used for calculations in most studies. The sole exception is the
active area percentage, which varies in the range of 37-67% for
the devices made. With the best performing devices having a
relatively low active area (45.53%), it can be confirmed that the
EPBTs are conservative estimates. This shows the importance of
maximizing the usage of the processed area. Analogously, a
similar trend is expected for the GHG emissions. However, hard

99 Le. using molecules from the phthalocyanine class.
Il Ze. using molecules from the squaraine class.

*** J.e. using state-of-the-art low bandgap donor-acceptor copolymers.
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data are lacking in the more recent retrospective publications.
Yet, values have been calculated® (37.77 g CO, eq. kW' he ™!
for 3% efficiency) for the early days ProcessOne, which is
comparable to GHG emission factors for commercialized PV
technologies (10-50 g CO, eq. kW h;').?” Consequently, this
route compares favorably to electricity from coal power plants
(900 g CO, eq. kW h; '), natural gas combined cycle plants
(439 ¢ CO, eq. kW' he 1), and even nuclear power plants (40 g
CO, eq. kW' hg ').* Note, however, that both the system
degradation rate (—) and the advantage that OPV solar cells have
at low irradiance levels (+) were not accounted for.

On the other hand, Anctil et al.** are the sole authors to have
researched CED with novel material combinations,{tt both for
BH] polymer and planar/planar-mixed molecular OPV devices.
Among the novel materials, much of their attention has gone to
fullerenes. Of all input materials, fullerenes were reconfirmed
to have the highest embedded material energy. Furthermore,
the more recently introduced C-, requires a considerably higher
amount (10-100 GJ kg™ " order) of embedded energy than Cgo,
both in the native and in the PCBM form. Indene-Cg, bisadduct
(IC¢oBA) and indene-C,, bisadduct (IC;,BA) have been identi-
fied as being promising alternatives for PC;cBM and PC,,BM.
On the one hand, the ranking from the lowest to the highest
CED at the base case is: IC¢,BA < IC,(BA < PCg,BM < PC,,BM,
with ICBA's CEDs being about 40% lower than their PCBM
counterparts. This reduction is due to a simpler reaction
scheme requiring fewer chemicals during synthesis and easier
processing compared to PCBM.***® On the other hand, devices
have been made displaying an efficiency of 6.5% using IC¢,BM*
and 7.4% using IC,,BA,* which is to the best of our knowledge
the highest efficiency to date for a device using a blend con-
taining P3HT. Consequently, it has been shown that it is
possible to create both more efficient and more eco-friendly and
less energy consuming devices than P3HT/PCBM BHJs. There-
fore, an increased efficiency need not necessarily imply a higher
CED and consequently higher environmental impact. Unfortu-
nately, so far an increase in efficiency using ICBA as the
acceptor has only been found in combination with P3HT. More
variability exists in the electron donor materials. For polymers,
a positive correlation was found between the number of
synthesis steps and embedded energy, as is the case for most
low bandgap copolymers compared to P3HT. We note that the
same applies for cost.* Interface materials such as hole block-
ing or electron blocking layers were shown to have the lowest
embedded materials energy. The CED/Wp for single junction
molecular and polymer OPVs spans roughly the same magni-
tude (3-6 MJ/Wp) with the disadvantage for polymer solar cells
of having an on average higher efficiency (5.78%) than molec-
ular OPVs (3.83%) in the present sample. ITO sputtering was
confirmed to be typically the most energy consuming for both
types of OPVs, followed by the electron acceptor material for
polymer OPVs, evaporation for the molecular OPVs, and PET
substrate or barrier material for both types of OPVs. For tandem
structures, the CED/Wp for polymer solar cells increases

Tt All devices nonetheless involve a sputtered ITO and printed silver contact.
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because the gain in efficiency does not outweigh the additional
burdens. For molecular devices, the opposite holds. Finally, it
has to be noted that solvents have been neglected so far. Anctil
et al.** have also pointed out that organic solvents add, but little,
to the energy demand. Nevertheless, attention is justified in
view of other environmental aspects that may not be (as highly)
correlated with the CED.

3.3. Recent prospective LCAs

The more recent prospective studies submit Process H to an in-
depth scenario and sensitivity analysis.

Espinosa et al.*® explored whether it is possible to fulfill the
1 GWp a day challenge we are faced with by manufacturing OPV
modules. They answer positively assuming an efficiency of 10%,
PR of 80%, irradiation of 1700 kW h per year per m?, an active
area of 45% and lifetime of 1 year. On top of it, it would take very
little of our available resources,{{} seeing that renewable
energy is well suited for powering the manufacture of polymer
solar cells. This is a feature distinguishing these cells from
competitors owing to their low energy needs, both electrical and
thermal. Two scenarios were simulated: (1) the feasible
improvements and (2) the challenging improvements. The use
of renewable energy, decreasing PET thickness (while main-
taining glass-based efficiency™), increasing the substrate width,
using water-based solvents, and increasing the geometric fill
factor are considered instantly feasible as they do not require
radical innovation. Nevertheless, we feel that some nuance
should be added here, as fully aqueous processing is certainly in
need of further improvements to fulfill this claim, seeing that it
so far leads to a strong loss in efficiency.”* The challenging
improvements, higher lifetimes, higher efficiencies, multilayer
structures, and recycling of materials, do call for innovation.
Little insight is given into the contribution of each respective
action, except for the increase of efficiencies, but the feasible
assumptions decrease EPBTs with about 80% compared to
Process H. The challenging assumptions add an approximately
60% decline compared to the feasible assumptions. As in
previous studies, the assumption of linearity was made while
travelling the learning curve. A doubling in efficiency translates
into halving the EPBT, which can, but need not be the case, as
indicated in Section 3.2. Supposing this assumption holds,
EPBTs in the order of days are foretold. Additionally, if a 10%
efficient cell could be made - and this has been done””* - and
realized using process H, it only needs 26 days to regenerate the
energy it consumed during manufacturing without any addi-
tional improvements. This means that on this indicator OPVs
would outperform even wind power as the best performing
renewable energy technology. Additionally, by comparing
Process H to other routes on the Eco-Indicator 99,§§§ it was
confirmed for polymer solar cells that lower CEDs correlate well
with lower environmental impacts.

111 Note that ITO was substituted by a graphite front electrode in Process H.
§§§ An end-point indicator weighting the environmental impact categories
respiratory climate change, ecotoxicity,

carcinogens, organics,

acidification/eutrophication, land use, minerals, and fossil fuel use.
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By means of the Monte Carlo simulation method, Yue et al.*®
added sensitivity analysis to the more frequently used scenario
analysis. Therefore, they are the sole authors to have used a
probabilistic approach. This has allowed them to infer the EPBT
and GHG emission factor's probability distribution and most
influencing parameters for three scenarios being: (1) the
current stage, (2) the near-term future (1-2 years), and (3) the
long-term future (5 years). The power conversion efficiency and
the active area percentage are the fixed parameters in each
scenario and are increasing with time, respectively from 3 to 8%
and 45 to 85%. A wide distribution results in the current stage.
Additionally, it was found that the mean and the standard
deviation for both the EPBT and GHG emissions’ probability
distribution decrease with rising efficiency and active area. Key
influencing variables are the cell's efficiency, the PR, and the
insolation for the EPBT. The degradation rate completes the list
for the GHG emission factor. It should, however, be brought to
the readers’ attention that the energy embedded in materials
and the processing energy remained fixed, representing a
selected processing technology. Only transport energy was
varied for the parameters residing in the numerator of the
EPBT. All parameters in the denominator have been included in
the analyses. Consequently, the results might differ if materials’
embedded energy and processing energy are allowed to vary,
which can be argued. Nevertheless, the authors reconfirmed the
potential of future OPV solar cells regarding environmental
sustainability.

Lastly, Darling and You® provide the case for organic
photovoltaics in terms of EPBT and GHG emission factor by
presenting the outlook (mid and long term) of both Process H
based OPV devices and monocrystalline silicon, polycrystalline
silicon, ribbon silicon, and CdTe photovoltaics. They find OPVs
to have the lowest EPBT (<12 days) and GHG emission factor
(about 10% of other PV technologies) in the long run, assuming
(1) that predicted efficiency increases and embedded energy
decreases for the other PV technologies and (2) that it is
possible to make a 15% efficient OPV cell having a lifetime of 20
years with a lower or equal embedded energy of materials and
more efficient processing technology than Process H.

4. Discussion

This review focuses on profiling the environmental sustainability
of OPV solar cells using the following three mid-point LCA indi-
cators: (1) the CED, (2) the EPBT, and (3) the GHG emission factor.
Such action is meaningful seeing the fair degree of uniformity in
the existing LCA literature. The LCA study's scopes are aligned
and most free parameters, such as PR, irradiation, and conversion
factors, have been given similar values. Therefore, a transparent
view on the evolution of environmental sustainability due to
technological progress, from either materials or manufacturing
point of view, results for these indicators. Both scientists and
policy makers subsidizing OPV research benefit from the key
insights discussed in this review.

The result of this review has hinted at semi-industrially man-
ufactured in ambient atmosphere, inverted P3HT/PCsoBM BH]
polymer solar cells’ environmental sustainability, seeing that a
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Table 3 Measures covered by LCA
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Materials and device

Manufacturing

Replaced sputtered ITO by rotary screen printed graphite
Removed the PET substrate

Used pressure sensitive adhesives

Novel electron acceptors®

Low bandgap electron donors”

Small molecules from the phthalocyanine class®

Small molecules from the squaraine class®

Tandem structures®

Replaced sputtered ITO by rotary screen printed graphite
Removed the PET substrate

Used pressure sensitive adhesives

Introduced R2R-compatible manufacturing techniques
Manufacturing in ambient atmospheres

Replaced evaporation of the silver back electrode by printing
Increase the active area percentage, keeping other things constant
Increase the technical yield, keeping other things constant

% These measures, related to active layer materials and the device architecture, represent a novel, but minor branch of LCA literature.

Evolution of CED (MJp/m?) over time

3000 4
2801

379

——CED (MJp/m?)

45 37.58

2010 2011

Year

Fig. 3 Evolution of CED (MJ, m~2) over time for a P3HT/PCgoBM material system.

lower CED was found to translate into lower environmental
impacts for many impact categories.>**® Table 3 recapitulates the
measures introduced to produce the top performing single-junc-
tion BHJ polymer cell regarding environmental performance. The
table shows that, in contradiction to what has been revealed from
patent analysis’” and meta-analysis,* the main focus has been on
manufacturing aspects in LCA literature. Furthermore, it allows
stating that the environmental impact has proactively been
decreased by technological innovation on the manufacturing side.
This has been a smart decision because ITO sputtering, encap-
sulation, and the deposition of the contacts represent more than
half of the CED for single junction OPV devices. A popular option,
left uninvestigated in LCA research, is the impact of substituting
temperature based annealing999q by another annealing method
or by using additives or other solvents.

Anctil et al.** are the first to have turned to the advances on
the materials' side. Their merit is fourfold. Firstly, they have put
the spotlight back upon the high environmental impact of
fullerene-based electron acceptors. Their impact was already
identified by the oldest LCA studies, but in comparison to
electron donors substitutes have been searched for to a far

999 This type of annealing has typically been used in LCA literature.
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lesser degree.®® Efforts have nevertheless been made to find
alternative non-fullerene acceptors. Progress in this field has
been reviewed by Sonar et al.,”* covering both polymers and the
underexposed field of small molecules of n-type organic
acceptors, and by Facchetti et al.,””> focusing on polymer
acceptors for all-polymer devices. Alternatively, a recent devel-
opment is to balance the composition of donor-acceptor weight
ratios for polymer cells in order to harvest more sunlight while
reducing the active layer's thickness. Qian et al.” made a device
with high polymer content (1.5 : 1) having an efficiency of 6.8%
and 75 nm thickness, which is radically different from the usual
blends, which have ratios varying from 1: 1 to 1 : 4. Secondly,
they have calculated the effect of introducing low bandgap
copolymer prototypes (PCDTBT and PTB7) on the CED.
Compared to P3HT, they increase the CED, but also increase
efficiency by overcoming its large bandgap.”””® However,
compared to fullerenes, their impact is still 1 to 2 orders of
magnitude lower. Recall that, (a) cells using P3HT/PCBM blends
are not the most published system anymore for the polymer
cells’ active layer, and (b) in the quest for higher efficiencies
nowadays low bandgap polymer materials are mainly being
used and they increase the CED and by correlation the envi-
ronmental impact. Thirdly, they are the first to compute the
CED for molecular OPV devices. It should however be noted that

This journal is © The Royal Society of Chemistry 2013
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they only discuss partially solution processed molecular OPVs.
Fully solution processed BH] molecular OPVs remain
untouched, but should be assessed as soon as possible seeing
the lower energy input required to make small molecules
compared to polymers and the high efficiency achieved
(7.16%).** Consequently, they are the first attempting to fill in
the need for LCI data on new materials. Fourthly, they are the
first to assess the CED for polymer and molecular tandem
structures. Additionally, the scientific community (physicists,
chemists, and engineers) should establish new models that
allow predicting OPV cell performance under differing circum-
stances. At the moment, efficiencies are determined using the
standard routine, which for example does not take into account
OPVs' advantage at low irradiance levels. Nevertheless, they are
not solely responsible for improving future LCA studies. The
OPV LCA community is responsible for the transparency of the
LCA methodology. Crucial in this regard are the determination
of the study's goal and functional unit, the LCA method (attri-
butional or consequential), the system boundaries, and the
allocation rules used, which are all interrelated decisions.
Additionally, the LCA estimates can be improved (given
incomplete databases) by using a hybrid LCI method instead of
a process-based method.

Caution when dealing with the above is advised, as the CED
is not all-explaining. For instance, the commonly used chlori-
nated aromatic solvents do not add much to the CED,|||||| but are
toxic and hazardous to people who operate manufacturing
machines. Therefore, additional guidance towards sustain-
ability is necessary. The ‘green chemistry’ paradigm, which
aims at chemical reaction methodology with minimal produc-
tion of (toxic) waste at low cost, is one suitable candidate to this
end. Applied to novel conjugated polymer materials, five strat-
egies suited for directing large scale synthesis towards green-
ness have been identified by Burke and Lipomi being: (1)
polymerization using metal-mediated cross-coupling reactions
that reduce or eliminate stoichiometric organotin waste; (2) the
use of heterogeneously catalyzed polymerizations; (3) polymer-
ization involving activation of C-H bonds; (4) the use of bio-
feedstock-derived starting materials; and (5) polycondensation
reactions that provide water as a byproduct.** Additionally,
inspired by LCA analysis' results, water-based processing has
been demonstrated.””®" Another suitable candidate can be
found in the wider cradle-to-cradle principle, which essentially
strives to create manufacturing systems that are waste-free.
Concentrating on the end-of-life, it is crucial to only use
components that are biodegradable and/or recyclable. Strange
et al.*® have made polymer devices, with unattractive properties
so far, using a biodegradable poly-L-lactic acid substrate filled
with nanoclay. Zhou et al.** have produced 2.7% efficient poly-
mer devices**** on a biodegradable cellulose nanocrystal
(CNC) substrate, which are fully separable into the main
constituents using low-energy processes at room temperature.
Note that we explicitly use the word separable, and not

Il Note that recycling the organic solvents has been disregarded in most LCA
studies.

***#%* The same device on glass has an efficiency of 6.6%.
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recyclable. No conclusive answer is provided about whether the
divided constituentsti{t can be reused at acceptable cost to
build a new, similar solar cell or as input material for other
applications. Nevertheless, it is the authors’ hope and the
current results are thought of as to be opening the door towards
a truly fully recyclable solar cell technology, which can be
considered a step forward compared to the poor recyclability
reported earlier.** If the future would prove them wrong,
incineration with heat recuperation and recovery of the metals
remains an option. Sadly, in such a case we are burning
fullerenes, which for their weight require an enormous amount
of energy to produce.® Finally, what if the unavoidable happens
and devices do end up in nature? Zimmermann et al.*® have
found no evidence for a worrying threat coming from P3HT/
PCqoBM OPV solar cells based on the available information.
Further laboratory fate studies are nevertheless thought to be
advisable. The threat other OPV solar cell devices pose to the
environment remains a gap in risk analysis literature.

From the above, it can be concluded that the LCA literature is
not representative of the majority of OPV literature, which uses
spincoating on glass substrates to create devices in inert
atmospheres with the standard device geometry having a
vacuum deposited back electrode, a sputtered ITO front elec-
trode, a spincoated charge transport layer, and a spincoated
active layer blend other than P3HT/PCBM.*’ Nevertheless, it
does shape OPVs' environmental profile by demonstrating the
learning path any material system should be able to realize. For
the learning path that the P3HT/PCs,BM has followed on the
CED indicator (in MJ, m™?), see Fig. 3.

5. Conclusions

This paper has reviewed the available attributional LCA litera-
ture for organic photovoltaic (OPV) devices. This is a technology
found to be residing in the fluid development phase, signaling
the community's focus to be product rather than process
oriented.

LCA literature's main focus has been on the environmental
impact resulting from the materials acquisition and
manufacturing life cycle stages of single-junction bulk hetero-
junction (BH]J) polymer solar cells using a PSHT/PC¢,BM active
layer blend processed on semi-industrial pilot lines in ambient
surroundings. Their environmental impact, measured on the
indicators cumulative energy demand (CED), energy payback
time (EPBT), and greenhouse gas (GHG) emission factor, was
found to be decreasing, confirming CED's correlation with
other environmental impact categories along the way, through
incremental innovation of a manufacturing route called Proc-
essOne. In contradiction to patent analysis and meta-analysis,
the focus has thus been on process innovation. The current top
performing cell regarding environmental performance was
shown to have a CED of 37.58 MJ,, m~ 2 and an EPBT in the order
of months (3.54-6.24) for cells having 2% efficiency,* thereby
rendering these cells one of the best performing PV

F1t1 To be clear, these are not all single materials. The active layer is a BHJ blend
of two materials.
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Table 4 Overview of EPBTs of different renewable energy technologies

Renewable energy

technology EPBT (years) Source
Biomass combustion 5-10 49
Biomass gasification <5 49
Geothermal 0.54 49
Hydropower 0.5 49
PVs: a-Si 1.8-3.5 24
PVs: CdTe 0.75-2.1 24
PVs: CIS 1.45-2.2 24
PVs: mono-Si 1.7-2.7 24
PVs: multi-Si 1.5-2.6 24
PVs: OPVs 0.29-0.52 55
Wind on land 0.26 49
Wind offshore 0.39 49

technologies able to compete with CdTe thin films. Compared
to the latter, the top performing polymer solar cells regarding
environmental sustainability do not consume scarce materials,
as the ITO transparent electrode has been replaced by graphite,
showing that the CED is not all-explaining. Additionally, a lower
GHG emission factor compared to coal power plants, natural
gas combined cycle plants, and even nuclear power plants was
found, showing that they are contributing to the sustainable
development of our energy production. An overview of how
OPVs compare to their renewable substitutes on the EPBT is
given in Table 4. Even better results have been foretold by
prospective LCA studies.

Product innovation has been identified as being under-
investigated in LCA literature, confirming that it is extremely
difficult to obtain the necessary LCI information. The obtained
results thus represent an uncertain, rather pessimistic bench-
mark for fully scaled-up production, but nevertheless they have
their value by allowing us to assess the technology's environ-
mental progress. A single paper has been identified that shares
the impact on the CED of novel polymer electron donors, novel
fullerene electron acceptors, molecular OPVs, and tandem
device structures.** Consequently, they are the first to fill in the
need for LCI data on new materials. Furthermore, they have
shown that the use of low band gap polymer materials and
heavier fullerene derivatives, respectively, increases the CED
and even the CED/Wp. Therefore, in spite of the scientific
community's awareness of the importance of environmental
sustainability, the danger exists of it being sacrificed in the
quest for higher efficiencies. This proves that the often used
linear relationship between both CED and EPBT, and efficiency
in scenario analyses does not seem to hold. The former state-
ment also points out that “less will be better” apparently does
not apply to the highly energy intensive fullerenes. Neverthe-
less, it has been proven that higher efficiencies can be reached
for particular BHJ blends with materials having a lower CED.
Additionally, the scientific community should establish new
models that allow predicting OPV cell performance. The OPV
LCA community on the other hand is responsible for the
transparency of the LCA methodology. Crucial in this regard are
the determination of the study's goal and functional unit, the
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LCA method, the system boundaries, and the allocation rules
used, which are all interrelated decisions. Additionally, the LCA
estimates can be improved given incomplete databases by using
a hybrid life cycle inventory (LCI) method instead of a process-
based method.

In summary, we can conclude that LCA literature is a niche
in OPV research not focusing on achieving higher efficiencies
and smaller active areas, but on minimizing OPVs' environ-
mental impact while using scalable production techniques.
Therefore, we advise the scientific community to take the
progress made in this field into consideration not only because
standard procedures put a bigger strain on the environment,
but also because these methods may not be transferrable to an
industrial process. Consequently, we recommend policy makers
to subsidize research that bridges the gaps between funda-
mental materials research, stability, and scalability seeing that
these constraints have to be fulfilled simultaneously if OPVs are
ever to be successful on the market. Additionally, environ-
mental sustainability will have to keep on being monitored to
steer future developments in the right direction.
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