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Biodeterioration Affecting Efficiency
and Lifetime of Plastic-Based Photovoltaics

Felix Schmidt,1,2 Yannick-Serge Zimmermann,1,2 Gisele Alves dos Reis Benatto,3 Boris A. Kolvenbach,1

Andreas Schäffer,2 Frederik C. Krebs,4 Eric D. van Hullebusch,5 and Markus Lenz1,6,*
Context & Scale

Upon exposure to the natural

environment, not even diamonds

are forever. In real-world

operating conditions,

photovoltaics are affected by

biodeterioration through biofilm

growth that impairs diverse,

apparently inert materials, such as

rock, glass, and steel.

Biodeterioration goes beyond

obstructing incoming light and

affecting energy conversion; it

challenges the physical integrity

of substrates. This phenomenon

may thus heavily degrade

primarily plastic-based thin-film

photovoltaics. Following initial

degradation, functional layers can

undergo microbially mediated

dissolution and precipitation,

thereby affecting the lifetimes of
SUMMARY

The low environmental impact of electricity generation using solar
cells crucially depends on high energy-conversion efficiencies,
long lifetimes, and a minimal energy and material demand during
production. Emerging thin-film photovoltaics such as perovskites
on plastic substrates could hold promises to fulfill all these require-
ments. Under real-world operating conditions, photovoltaic opera-
tion is challenged by biological stressors, which have not been
incorporated for evaluation in any test. Such stressors cause biode-
terioration, which impairs diverse, apparently inert materials such
as rock, glass, and steel and therefore could significantly affect
the function and stability of plastic-based solar cells. Given that
different photovoltaic technologies commonly use similar materials,
the biodeterioration mechanisms reviewed here may possibly affect
the efficiency and lifetimes of several technologies if they occur suf-
ficiently faster (during the expected lifetime of photovoltaics). Once
the physical integrity of uppermost module layers is challenged by
biofilm growth, microbially mediated dissolution and precipitation
reactions of photovoltaic functional materials are very likely to
occur. The biodeterioration of substrates and seals also represents
emission points for the release of potentially harmful photovoltaic
constituents to the environment.
such solar cells. Biofilm

development also influences how

potentially harmful photovoltaic

constituents (e.g., lead from

perovskites) are released to the

environment. Despite the

considerable potentiality of these

detrimental effects, however, they

are yet to be systematically

studied. Given that different types

of solar cells commonly use similar

materials, the biodeterioration

mechanisms reviewed here may

affect several technologies. This

paper provides a comprehensive

review of the colonization of

photovoltaics by sub-aerial

biofilms and their potential

negative impacts on
INTRODUCTION

Solar energy is expected to become a dominant source of renewable energy in the

near future. A general consensus exists that the transition to a reliable, publicly

accepted, sustainable, and competitive energy system is one of the ‘‘grand chal-

lenges’’ that modern society must tackle. In this regard, the United Nations’ (UN) sus-

tainable development goals call for affordable and clean energy, economic growth,

and the development of sustainable cities and communities.1 Green energy gener-

ation from traditional silicon photovoltaics (PVs) is already a mature technology,

delivering most of the overall capacity of more than 670 TWh worldwide in 2018.2

Apart from seeing consistently high growth rates, the technology accords with the

UNs and the International Energy Agency’s general and specific sustainable devel-

opment targets, respectively.1,2 Among PV technologies, monocrystalline, polycrys-

talline, and amorphous thin-film silicon solar cells account for the highest share of

installed capacity. However, after 40 years of development and optimization, the sil-

icon-based technology is approaching its limits with respect to efficiency enhance-

ment on the one hand and cost minimization on the other. Second-generation

thin-film PV technologies such as CdTe or CIGS have been developed within the

last 20–30 years and acquired a market share of roughly 10%.3 However, to address
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photovoltaics. We discuss why

abiotic laboratory tests for PV

efficiency and lifetime poorly

reflect the stress PVs suffer in

outdoor conditions. We then

summarize the knowledge on

soiling as well as microbial-,

algal-, and fungal growth on PVs.

This is followed by a discussion of

the physical mechanisms that

affect PV efficiency via soiling and

photon competition as well as

chemical and biological

mechanisms (plastic degradation,

microbially induced dissolution,

and precipitation reactions) that

can affect active layers and thus

the lifetime of PVs in the field.

1Institute for Ecopreneurship, School of Life
Sciences, University of Applied Sciences and Arts
Northwestern Switzerland, Hofackerstrasse 30,
4132 Muttenz, Switzerland

2Institute for Environmental Research, RWTH
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limitations in the application (rigidity, weight issues, and opaqueness) of the first and

second-generation PVs, efforts are made to develop the so-called third-generation

PVs based on thin films of new photoactive materials.4,5 Such emerging thin-film

cells can be manufactured from inexpensive starting materials as light-weight, me-

chanically flexible, and semi-transparent thin films,6–8 possibly through cost- and en-

ergy-effective automated roll-to-roll (R2R) printing on, for instance, polyethylene

terephthalate (PET) or polyethylene naphthalate (PEN) films.9 These technologies

also require low energy and few materials during manufacturing,10,11 and their po-

tential flexibility and transparency open up additional areas of application (e.g.,

building-integrated PVs or consumer electronics12–14).

Among different third-generation technologies, two innovations hold a particular

promise to indeed serve large-scale power production: perovskites and organic

PVs (OPVs).15–17 From a technical point of view, perovskites (containing organic or

inorganic lead halide salts) have attracted unprecedented attention due to extraor-

dinarily high power-conversion efficiencies (PCEs) achieved.18,19 Within a decade af-

ter (re)discovery,20 the best-performing perovskite cells have already reached a

certified PCE of 25.2%, thus exceeding the performance of other PV technologies,

such as a-Si or CdTe.21 Conversely, there is low energy and chemical demand for

the production of organic photovoltaics, and, despite their lower PCEs, OPVs may

have an energy payback time potentially as short as one day.22

The functional unit of the third-generation PV is made up of (typically) five layers.

These layers are a photoactive material, which is required for photon absorption

and charge-carrier generation; two charge-specific extraction layers, which are incor-

porated for charge separation and transport; and two electrodes located at the top

and bottom for contacting complete a general device stack. A variety of materials,

both organic and inorganic, can be used to fabricate each of these layers, but

many PV technologies are composed of similar materials. Electrodematerials include

Ag, Au, Al, ZnO,23,24 or indium tin oxide (ITO), the most predominant transparent

contact.25 For charge transport, metal oxides such as ZnO, TiO2, and NiOx are em-

ployed frequently.26–28 The device stack is then sealed and encapsulated using either

glass for rigid solar cells or polymeric materials, such as PET or PEN.29–31 Material se-

lection depends on the substrate requirements of solar cells. Plastic-based solar cells,

for example, require materials compatible with R2R and sheet-to-sheet process-

ing,32–38 whereas glass-based PVs consist of materials that can be processed through

higher-temperature and pressure methods, such as chemical vapor deposition or

atomic layer deposition (a combination of materials in perovskites are reviewed in

Jung and Park;39 and those in OPVs are reviewed in Zimmermann et al.).40 Nonethe-

less, for an emerging thin-film PV, the fabrication can be carried out under a signifi-

cantly lower temperature compared with, for example, the first-generation PV.
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LABORATORY TESTS FOR EXTRAPOLATING EFFICIENCY AND
OPERATIONAL LIFETIME IN THE FIELD

Common tomost plastic-based PVs is an operational lifetime that is relatively shorter

than that of PV technologies with the glass substrate, such as the crystalline silicon

PV. This discrepancy has driven the initiation of numerous laboratory studies to

deal with potential failure mechanisms and formulate solutions.41–47 Tests were

developed to simulate outdoor stressors, such as temperature, humidity, and salt

accumulation in an accelerated manner.48–50 Such design qualifications, such as

damp-heat tests, for instance, could aid in the extrapolation of PV lifetime in relation

to environmental stressors. In these tests, PV devices are exposed to elevated
Joule 4, 2088–2100, October 14, 2020 2089

mailto:markus.lenz@fhnw.ch
https://doi.org/10.1016/j.joule.2020.08.015


ll
Perspective
temperatures (e.g., 85�C) and a high relative humidity (e.g., 85%) in the dark for pro-

longed periods. These stressors induce accelerated aging, as observed in the

field,51 although one can argue how well these accelerated aging tests simulate

actual outdoor conditions (daily and seasonal thermal cycles, rain, hail, etc.).

On an yearly basis, the International Summit for Organic and Hybrid Photovoltaics

Stability discusses the expected lifetimes of OPVs and perovskite-based solar cells

in accordance with established standards.46,52 These discussions have made

detailed stability reviews available and enabled the storage of data in an extensive

database.53,54 Data on OPVs, for example, indicate that the degradation of P3HT (a

common p-type semiconductor) is associated with the loss of alkyl and thiophene

groups upon P3HT photo- and thermo-oxidation.55 R-SOx species are detected in

active layers (containing P3HT) after full solar illumination. PEDOT:PSS (another

frequently used conductive polymer) is highly hydrophilic and, upon exposure to

moisture, undergoes conformational changes perturbing device performance.

Also, it can react chemically in the air when exposed to UV light,56 and this photo-

oxidation of conjugated PEDOT:PSS chains reduce electrical conductivity. For the

perovskite PV, the failure of active materials and devices is a considerable problem

that may be influenced by extrinsic (oxygen, light, moisture, and temperature) and

intrinsic (thermal and electric fields) degradation mechanisms, as reviewed in Berhe

et al.,57 and Niu et al. 58 A number of outdoor lifetime tests are available for OPVs,48

but the first inter-laboratory outdoor test series for perovskite PVs has only recently

been published.59 Approaches that use a ‘‘multi-measurement kit’’ are an option to

save costs and space for monitoring, as these methods require only electrical

connections and power sources. This kit can then be used for inter-laboratory com-

parisons in a ‘‘round-robin’’ approach and has been employed within the OPV com-

munity (e.g., Larsen-Olsen et al. 60 and Corazza et al.61) Notwithstanding the possi-

bility of assessing the effects of a combination of actual degradation stressors,

outdoor experiments are time-consuming as their development is often excessively

slow to keep pace with rapid technological advancements in real-world applications.
CURRENT UNDERSTANDING OF SOILING ON PV PANELS

Photovoltaics deployed in the field suffer from ‘‘soiling,’’ which is a term used to describe

the accumulation of snow, abiotic materials (mineral dust, soot particles, and aerosols),

and biotic factors (leaves, fungi, spores, pollen, and bird droppings) on PV panels. Soiling

is an important problem for the PV industry and has become a pressing impediment to

truly large-scale deployment.62,63 Deposited materials absorb, scatter, and reflect

incoming sunlight, thus reducing the intensity that reaches the active part of a solar

cell.64 Airborne dust concentration, relative humidity, surface temperature, precipitation,

and wind speed have also been identified as major drivers of soiling rates (65 and refer-

encesherein).Muchworkhasbeendone inextremelyarid climates,wheredustdeposition

can result in considerable losses inpowerproduction (asmuchas 0.1%per day66). Inmod-

erate climates (e.g., Belgium), dust settling on PV modules is not as severe as that occur-

ring in arid climates.67Nevertheless, a constant power loss of 3% to 4%was found even at

an optimal tilt angle. In arid climates, soiling rates are critically influenced by self-cleaning

through particle rebound (particles bouncing off a surface during dust deposition) and

particle resuspension (removal of particles adhering to surfaces by wind), whereas in hu-

mid regions, such rates are affected by self-cleaning through the rain. Regular module

cleaning and coatings68,69 have been used as potential mitigation strategies for soiling.

Most of the work on the fundamental aspects of the mechanisms and effects of soil-

ing on power production has been carried out under laboratory, dry, and abiotic
2090 Joule 4, 2088–2100, October 14, 2020
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conditions. Adequate exploration has also been devoted to soiling by abiotic factors

(e.g., dust, dirt, and snow).64,70 Among the biotic stressors considered to date, the

soiling contributors mostly discussed are pollen and spores, but microbial biofilms

and their negative impact on PV performance are still largely overlooked.71 Up to

2015, only one of the nearly 200 dust and soiling PV papers published in previous

years focused on soiling-causing microorganisms,72 and only a handful of studies

on these microorganisms were available for review in the current work.

Sub-aerial biofilm (SAB) colonization may exert manifold negative effects and influ-

ence both PV efficiency and lifetime. SAB colonization causes biofilm growth, light

scattering, and light reflection, which in turn, reduce the efficiency of PV installa-

tion.73 Some microorganisms also produce pigments either to shield themselves

from radiation damage or carry out photosynthesis, thereby competing against PV

absorbers for photon use.73 Furthermore, the physical integrity of substrates (glass

and plastic) and sealants may be challenged by the growth of fungal hyphae, the

secretion of exo-enzymes, and the corrosive action of metabolic intermediates

and end products. Charge transport and the functioning of absorber and electrode

materials can be challenged by biologically induced precipitation reactions. Such

detrimental effects of SABs are collectively referred to as ‘‘biodeterioration’’74,75

are reviewed here. Despite knowledge from other fields and materials related to

PVs, the above-mentioned effects have neither been quantified nor considered in

the development of emerging thin-film PVs. In contrast, accelerated aging tests

are typically conducted using simplified media (i.e., pure water) and without the

presence of biomass.
COLONIZATION OF PV PANELS BY SABs AFFECTING PV EFFICIENCY

Microbes are ubiquitous settlers on every solid surface on the earth.75,76 The term

SAB originally referred to microbial communities that develop on the interface

between minerals and the atmosphere,76 but nowadays the designation covers mi-

croorganisms that colonize virtually all solid-atmosphere interfaces. The complex

structure of an SAB encompasses non-living, extracellular polymeric substances

(EPS) and, as a whole, provides a diversity of habitats on a small scale, thus giving

micro-consortia ecologic niches and conferring protection against environmental

stressors (Figure 1), such as desiccation and UV radiation.77

SAB colonization represents an important stage in primary succession in terrestrial

ecosystems and contributes substantially to the ‘‘weathering’’ of rock-forming min-

erals.78 As ‘‘rock-eating microbes,’’ SABs ultimately lead to the transformation and

dissolution of mineral phases, thereby supplying nutrients to all other organisms.

The formation of SABs is initiated as soon as thematerial is placed under outdoor con-

ditions, whereas maturation will depend on a multitude of factors (e.g., geographic

location, temperature, precipitation, nutrients, competition for resources, etc.).

SABs do not simply cover hard surfaces; they interact with them in myriad ways and

bind to underlying substrates. This adhesion and protection against dehydration

are further aided by the secretion of extracellular mucilage during the biofilm

maturation, while surface weathering is brought forth by microbially produced low

molecular weight organic acids and acidic polysaccharides.79,80 SABs may have a

detrimental effect on the physical integrity of various seemingly inert materials,

such as concrete, glass, sandstone, and even steel. Next to physical and chemical

damage, SABs cause considerable aesthetic damage on buildingmaterials.81–85 Bio-

corrosion from SAB colonization has been estimated to account for 20% of all corro-

sion and may account for costs as much as tens of billions US dollars annually.86–88
Joule 4, 2088–2100, October 14, 2020 2091



Figure 1. Photovoltaic Biodeterioration Mechanisms by SAB Colonization

(A) The biofilm matrix protects microorganisms within the pristine biofilm against environmental stressors such as UV radiation and desiccation.

(B) The presence of a sub-aerial biofilm enables the capture of various molecules and their sequestration from the aqueous phase. The degradation of

the substrate and active layers can lead to the release of PV constituents into the environment.

(C) EPS-derived chromophores can absorb photons from the visible range for photosynthesis and thereby decrease PV quantum efficiency. Adapted

from Flemming et al 2016.77
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Studies recently uncovered information on the composition of SAB communities that

develop on silicon PV panels. For example, research conducted in São Paulo, Brazil,

indicated that under humid, subtropical conditions, SABs were shown to develop on

glass substrates of crystalline Si modules.89 Here, the presence of a diverse commu-

nity of fungi, algae, bacteria, and cyanobacteria significantly reduce power after 6

(minus 7%) and 18 months (minus 11%) of exposure. Martin-Sanchez et al. used

qPCR-based methods to quantify the fungi, bacteria, and phototrophs on PV panels

and found that fungal biomass clearly dominates in all analyzed PV modules,72

whereas bacteria and phototrophs proliferate to a much lower extent in a marine

west coast climate (Berlin and Karlsruhe, Germany). Under high irradiation condi-

tions (as with a case in southern Spain; Mediterranean climate), a community of

�500 species was found to proliferate on a solar panel with most of the species

belonging to drought-, heat-, and radiation-adapted bacterial genera, and solar irra-

diation-adapted epiphytic fungi.90 These results align with those of another study

that found a highly diverse community of extremophile or extremotolerant bacteria,

among whichHymenobacter spp., radiation-resistantModestobacter marinus, Kine-

ococcus radiotolerans, and Alternaria alternata dominated.91 In this study conduct-

ed in Valencia, Spain, and Berkeley, California in the USA, the assessed metabo-

lomes were very similar in composition. This similarity was attributed to the

comparable climatic conditions of the two same-latitude locations, and thus, selec-

tive pressures.

As outlined above, soiling by abiotic factors (dust, dirt, snow, etc.) is well-studied in

arid climates (reviewed in e.g., Ilse et al.65 and Costa et al.70), but some data onmore

humid climates are also available.67 Interestingly, increased relative humidity and

moisture content on a surface can dramatically decrease particle rebound, and an
2092 Joule 4, 2088–2100, October 14, 2020
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effective particle ‘‘capture’’ occurs at relative humidity levels above 75%.92 Such cap-

ture mechanisms may be applicable not only to pollen and spores that have been

regarded (but not systematically assessed) as biotic factors to date but also to

inocula for SAB colonization. Initial colonization may proceed from wind-blown

inocula (e.g., as travelers on pollen or spores, leaves93–95) and bird droppings.

Possibly, the first step in the colonization of PV surfaces is carbon fixation by photo-

autotrophs followed by the development of more complex communities of chemo-

heterotrophic organisms, including fermentative bacteria and fungi73,89 (Figure 1).

Counterintuitively, SAB colonizing solid-atmospheric interfaces are not entirely aer-

obic.77 The existence of redox gradients in SABs results from the fact that both

oxidative and reductive parts of elemental cycles can be thermodynamically

favored. For instance, SABs on stone monuments host almost complete nitrogen

(nitrogen-fixing cyanobacteria, nitrifying and denitrifying bacteria) and sulfur cycles

(sulfur-oxidizing bacteria and sulfate-reducing bacteria [SOB and SRB, respectively])

as well as autotrophic carbon fixation and other processes.96 On the outdoor stone-

work affected by atmospheric sulfur pollution,97 the bacterial communities active in

sulfur cycling are composed mainly of cyanobacteria, anoxygenic phototrophic sul-

fur bacteria, and aerobic SOB and SRB.97 The growth of SRB and SOB is fueled by

organic carbon produced by cyanobacteria during photosynthesis. SOBs consume

oxygen and allow for the reducing environments necessary for SRB and anoxygenic

phototrophic sulfur bacteria proliferation. As a result, a mature SAB on a PV installa-

tion can represent a complex food web, where elements are cycled internally.

Considering that a SAB consists mostly of water and EPS,98 colonization by SABs

may increase soiling rates, with the bacteria acting similar to a ‘‘sticky tape.’’ Some

strategies against soiling are aimed at increasing hydrophilicity to facilitate the

‘‘self-cleaning’’ effect of rain.99 Although effective in laboratory (abiotic) conditions,

SAB colonization on outdoor solar panels may deliver the glue for ‘‘cementation’’

that is currently thought to arise from the combination of mineral deposits. Under

this phenomenon, moisture cycles from dew drive the formation of strong bonds

of adhesion with the module surface.65 The deposition of any material decreases

incoming light via scattering, reflection, and absorption to some extent and thus

reducing PV efficiency. An aspect of some microbes in SABs, however, is the biosyn-

thesis of pigments that absorb light in the visible spectrum. Pigments serve several

physiological functions, of which the most paramount is photosynthesis, but they

also confer protection from solar radiation and oxidative damage.76 In this regard,

solar radiation is understood as an environmental stressor that drives the develop-

ment of UV resistance in strains that take the form of pigments.100 All pigments share

a chromophoric character that is based on the absorption of a certain range of the

visible light. PVs depend as well on the use of photons with a large overlapping spec-

trum (Figure 2), pointing to the inherent ‘‘competition for photons’’ between biota

and photoactive materials. Prokaryotes, such as cyanobacteria and eukaryotic algae,

are both abundant in SABs101,102 and contain porphyrin-based chlorophyll a,

whereas purple bacteria contain bacteriochlorophyll a or b.103

Chlorophylls (a, b, bacteriochlorophyll a) differ primarily in substituents and double

bonds around porphyrin-like rings when endowing these pigments different absorp-

tion properties (Figure 2). In micro-colonial fungi, which are common inhabitants of

SAB, protection fromUV is conferred by carotenoids andmelanins (76 and references

herein). Melanins, or hydrophobic pigments of highmolecular weight,105 confer pro-

tection against UV radiation and complete the antioxidant pathway in some phyto-

pathogens.106 Carotenoids consist of a wide array of biomolecules produced by
Joule 4, 2088–2100, October 14, 2020 2093
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Figure 2. Photon Competition in the Visible Solar Spectrum

Absorbance spectra for common pigments produced by SABs and the global standard solar

spectrum AM1.5. Significant overlap within the visible range can be seen, and hence, the presence

of such ubiquitous chromophores in relevant concentrations in the biofilm can impact PV quantum

yield and thereby performance. Spectral data were used from photochemCAD (Taniguchi et al,

2018).104
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plants, fungi, and some bacteria.107 All algae (and green plants) contain b-carotene,

whereas purple sulfur and non-sulfur bacteria contain aliphatic and aryl-type carot-

enoids; green bacteria contain only aryl carotenoids.103 Among others, carotenoids

absorb light energy and pass excitation energy to chlorophyll. These processes not

only extend the energy range that can be harvested for photosynthesis but also in-

crease competition for photons (Figure 2). In summary, competition for photons is

inevitable, but the extent of competition both in terms of total photon influx and

wavelengths preferentially absorbed depends on the colonization and maturation

of SAB communities—issues that remain largely unknown.

PHYSICAL SUBSTRATE BIODETERIORATION THAT AFFECTS PV
LIFETIME

Virtually, all of today’s PV installations are based on glass substrates. Effects of glass

biodeterioration (e.g., etching, pit corrosion, and leaching108) are well known. How-

ever, one may doubt that these would occur to a considerable extent during the

anticipated lifetime of a PV installation (around two decades). Rather than affecting

the glass substrate as a whole, one may nevertheless imagine microscopic etching of

the surface, possibly facilitating SAB colonization during years or decades of out-

door exposure. In contrast, other approaches to embedding organic electronics

are used and commerlized,109 and the production of transparent, flexible, and inex-

pensive thin-film PVs that can be deployed at large scale are typically prepared on

PET or PEN films. If a barrier film is placed on both sides of a cell, PET can contribute

to�90% of OPV weight.9 In comparison with glass, plastic products, such as PET, are

softer materials and thus more vulnerable to microscopic damages (scratches, pin-

holes, etc.) during production and installation. A higher surface roughness and

porosity also affect bio receptivity regarding colonization in ceramic building mate-

rials.101 Hence, plastic-encapsulated PV and glass-based PV may extensively differ

as regards susceptibility to colonization. In addition, the initial colonization of het-

erotrophic microorganisms depends on the bioavailability of a carbon source, which

may be provided by organic substances leaching from either the polymer matrix of a
2094 Joule 4, 2088–2100, October 14, 2020
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cell or additives, plasticizers and other impurities found in plastic-based, emerging

thin-film PVs. Decaying biomass can then provide a rich medium on which commu-

nities (including complex organisms, such as plants, mosses, or lichens) may further

develop.

The general resistance of plastics against microbial attack has been related to the fact

that their presence in nature has not allowed for the evolution of appropriate microbial

enzymatic systems for complete or fast degradation.Only recently, a pure strain that can

use PET as its major energy and carbon source, hydrolyzing PET as well as an interme-

diate to monomeric terephthalic acid and ethylene glycol has been reported.110 An en-

gineered enzyme was demonstrated to have even higher PET hydrolysis rates than do

any known native enzyme,111 pointing to the limitations of PET degradation under nat-

ural conditions. The biodegradation of most synthetic plastics in the environment is a

sequence of physicochemical degradation processes that act synergistically with

biodegradation. UV degradation and thermal stress result in more hydrophilic, lower-

molecular-weight derivatives that are ultimately accessible to microorganisms. The

biodegradation of polymeric materials has been divided into four successive stages:

(1) Microbes adhere to a surface, thereby altering surface properties (e.g., hydrophilici-

ty); (2) additives (e.g., plasticizers) andmonomers leach; (3) biogenic enzymes or radicals

attack plastics and additives, thereby increasing brittleness; and (4) water accumulates

and penetratesmaterials.112 Often, a combination of extra- and intracellular depolymer-

isation and hydrolytic enzymes are actively involved in such processes: exo-enzymes

initially break down complex polymers that are too large to pass microbial membranes.

The resultant lower-molecular-weight oligomers, dimers, and monomers may then

encounter intracellular enzymes, thus undergoing further degradation. Note that abiotic

hydrolysis, however, is a rate-limiting step that initiates the environmental degradation

of PET and several other synthetic polymers. Hydrolytic degradation is favored at high

temperatures,113 and hence, can occur on plastic PVs. Since environmental degradation

of plastics is a result of the combined, synergistic actionof physical (UV, thermal) and bio-

logical stressors (biodegradation), the question remains as to which extent degradation

of plastic PVs in the field is accelerated in contrast to degradation by single stressors.

The alternating heating-cooling, freezing-thawing, or wetting-drying cycles that occur

on plastic PVs can ease and accelerate biodeteriorative effects. Once challenged by

increased brittleness, microbial filaments can penetrate materials,112 perturbing the

physical integrity of a plastic substrate by generating (among other effects) high cellular

pressure. For instance, the rice pathogen Magnaporthe grisea penetrates synthetic

surfaces, such as poly(vinyl chloride) or Mylar�, by generating pressures in excess of

8.0 Mpa (80 bars).114 Once cracks reach photoactive layers, a number of precipitation

and/or solubilization reactions can occur and consequently decrease the lifetime of

plastic PVs. Increased brittleness resulting in elevated water-gas permeability or

even crack formation is not only detrimental to performance but can also release com-

pounds encapsulated in PV modules to the environment (Figure 1). This problem is

particularly critical when it comes to metal-based thin-film PV (perovskites, GaAs,

CIGS, etc.). It was previously demonstrated that field-installed OPVs emit silver and

zinc, with large peak concentrations occurring as soon as their physical integrity is

breached.115
ACTIVE LAYER BIODETERIORATION THAT AFFECTS PV LIFETIME

As outlined above, a mature SAB on a PV installation can host a complex community

of different trophic groups of organisms,72,116 producing a number of metabolic in-

termediates and end products that can affect the lifetime of PVs, especially those
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based on plastic. For instance, SRB use sulfate as a terminal electron acceptor in their

respiratory chain, producing H2S, which can permeate through a variety of polymers,

including (virgin) PET. H2S is highly reactive toward a number of metals, so-called

chalcophiles, thereby forming insoluble precipitates, such as ZnS (Ksp = 2 3 10�25)

or Ag2S (63 10�51). Consequently, rapid sulfidation occurs, for instance, in nanopar-

ticles of Ag and ZnO and from Sn stemming from ITO leachates.117–119 The biogenic

production of H2S requires only minute amounts of biofilms and sulfate (high reduc-

tion rates occurring down to 1 mM = 96 mg/L120). In perovskite thin-film PVs, H2S

permeation could even induce degradation of the photoactive layer. Various lead

salts, including PbS (Ksp = 9 3 10�29), are fairly insoluble; hence, degradation of

the perovskite structure via Pb precipitation would fully perturb PV performance.

Considering alteredmetal speciation is essential also from the point of PV failure and

subsequent leaching. In the case of perovskite PV, the low solubility product (Ksp

�10–8)121 initially points to PbI2 as a phase, controlling dissolved (and eventually

bioavailable) Pb concentration. However, the presence of H2S would result in even

lower dissolved Pb concentrations at thermodynamic equilibrium. Moreover, car-

bonate and phosphate are omnipresent in the environment. CO2 from heterotrophic

respiration dissolves in rainwater, providing a potential pathway for (bi)carbonate

exposure on intact or damaged PV cells. Microbially released phosphate in the

extracellular matrix can directly generate phosphatic species on a PV surface. Micro-

bial carbonate and/or phosphate sources might lead to Pb immobilization via the

formation of PbCO3 or PbHPO4 and further constrain Pb solubility yet shift equilibria

toward perovskite dissolution. In contrast to silicate weathering on glass-based PV

substrates, such biodeterioration processes transpire within a minimal time

frame—possibly within the lifetime of a typical PV application. Unlike H2S and

CO2, organic acids released by bacteria and fungi may have a chelating, and thus,

opposing effect on the fate of Pb in the environment.122,123 For instance, small-

molecular-weight acids of biogenic origin increase lead solubility via chelation.124

Pb is also known to readily form complexes with natural organic matter.125,126

Bacterial siderophore production can be enhanced by the presence of lead,127

which may, in turn, enhance the solubilization of other functional PV materials

(e.g., TiO2
128).

The transformation of metals when exposed to environmental media (e.g., perovskite to

PbI2 nanoparticles) underlines that simply quantifying dissolved Pb under classical

damp-heat conditions might be an inappropriate proxy for the assessment of the envi-

ronmental fate of leachates. Instead, a mandatory requirement would be to conduct

tests in (model) natural waters and, possibly, waters that contain commonmicrobial res-

piratory products (i.e., H2S, CO2, and organic acids). Cracks may potentially represent

point sources for metal release, and thus, represent a challenge to product safety.

Upon dissolution, sequestration within a biofilm ultimately determines environmental

concentrations.Whatevermetal is being used in PV,models that estimate risks needdis-

solvedmetal concentrations as an essential input. Thermodynamicmodeling (e.g., in the

form of pE versus pH diagrams) alone is insufficient to evaluate the latter because (1)

most thermodynamic constants are defined for ‘‘pure’’ systems (i.e., systems with no

complex organic matter in the form of intact or decaying biomass); (2) databases are

often incomplete (particularly those on biotransformed species) or contradictory; and

(3) conditions at thermodynamic equilibrium are considered. Thus, no conclusions can

be drawn on kinetics, allowing for formedmeta-stable phases as intermediary products.

In fact, many biomineralized (induced or controlled) precipitates are meta-stable, often

highly disordered phases that are stabilized against transformation intomost thermody-

namically stable species via biogenic molecules.129–131
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In this regard, special attention should be given to perovskite PV, because these contain

metals with well-documented ecotoxic histories (i.e., lead and its most common substi-

tute, tin). Concerns have been raised regarding instant and completemethylammonium

lead iodide (non-encapsulated) degradation upon contact with rain.132 The authors

assumed that the formation of PbI2 colloids explain the limited dissolved Pb concentra-

tions and described this worst-case assessment as ‘‘highly undesirable’’ but ‘‘far from

catastrophic.’’ Using state-of-the-art analytical methods in examining trace metals,

such as (single particle) ICP-MS, can provide the necessary tools for further elucidating

the dissolution of inorganic PV layers. Understanding the fate and transport processes

of contaminant emissions from emerging thin-film PVs is also expected to ultimately

affect the overall environmental impact of renewable energy technology.

CONCLUSION

Renewable energy based on solar harvesting requires technologies that are long lasting,

highly efficient energy converters that, at the same time minimize energy- and material-

intensive production. Emerging thin-film PV technologies have improved in terms of

initial longevity issues, but longer service times are mostly extrapolated on the basis

of accelerated aging tests conducted in laboratories. These typically excludebiologically

induced failure mechanisms known as biodeterioration, which perturb a range of inert

materials (including glass and plastic PV substrates) and have not been properly ad-

dressed thus far in relation to thin-film solar cells. Intrinsic material properties (e.g., sur-

face hydrophilicity, roughness, hardness, brittleness, gas permeability, substrate thick-

ness, etc.) may result in the kind of deterioration exclusively occurring in plastic-based

PVs. Therefore, plastic-based thin-film PVs may not live up to their promise as regards

a lifetime under real-life, outdoor operating conditions. There is a need for simulations

and tests to include biodeterioration effects. Only if SAB colonization of photovoltaics is

understood on a fundamental level, one may be able to design suitable laboratory tests

and simulations to predict ‘‘true’’ efficiencies and lifetimes in the field. Further, only poly-

mers resistant to biodeterioration represent environmentally safe materials since they

will prevent leaching of metals contained.
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Mastroianni, S., Mathiazhagan, G., Hinsch, A.,
et al. (2016). Characterization of perovskite
solar cells: towards a reliable measurement
protocol. APL Mater 4, 091901.

46. Khenkin, M.V., Katz, E.A., Abate, A., Bardizza,
G., Berry, J.J., Brabec, C., Brunetti, F., Bulovi�c,
V., Burlingame, Q., Di Carlo, A., et al. (2020).
Consensus statement for stability assessment
and reporting for perovskite photovoltaics
based on ISOS procedures. Nat. Energy 5,
35–49.

47. Khenkin, M.V., Anoop, K.M., Visoly-Fisher, I.,
Galagan, Y., Di Giacomo, F., Patil, B.R.,
Sherafatipour, G., Turkovic, V., Rubahn, H.-G.,
Madsen, M., et al. (2018). Reconsidering
figures of merit for performance and stability
of perovskite photovoltaics. Energy Environ.
Sci. 11, 739–743.

48. Zhang, Y., Samuel, I.D.W., Wang, T., and
Lidzey, D.G. (2018). Current status of outdoor
lifetime testing of organic photovoltaics. Adv
Sci (Weinh) 5, 1800434.

49. Hacke, P., Spataru, S., Terwilliger, K., Perrin,
G., Glick, S., Kurtz, S., and Wohlgemuth, J.
(2015). Accelerated testing and modeling of
potential-induced degradation as a function
of temperature and relative humidity. IEEE J.
Photovoltaics 5, 1549–1553.

http://refhub.elsevier.com/S2542-4351(20)30396-2/sref7
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref7
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref7
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref7
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref7
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref8
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref8
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref8
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref8
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref9
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref9
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref9
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref9
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref10
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref10
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref10
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref10
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref10
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref11
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref11
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref11
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref11
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref12
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref12
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref12
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref12
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref12
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref12
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref14
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref14
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref14
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref14
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref14
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref15
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref15
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref15
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref16
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref16
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref16
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref16
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref16
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref16
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref17
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref17
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref17
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref17
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref18
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref18
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref18
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref18
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref18
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref19
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref19
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref19
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref20
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref20
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref20
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref21
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref21
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref21
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref21
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref21
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref22
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref22
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref22
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref22
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref23
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref23
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref23
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref23
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref23
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref23
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref23
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref24
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref24
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref24
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref24
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref24
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref24
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref25
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref25
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref25
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref25
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref25
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref25
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref26
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref26
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref26
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref26
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref27
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref27
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref27
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref27
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref28
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref28
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref28
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref28
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref29
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref29
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref29
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref29
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref29
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref29
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref30
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref30
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref30
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref30
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref31
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref31
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref31
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref31
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref31
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref32
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref32
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref32
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref32
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref32
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref33
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref33
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref33
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref33
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref33
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref33
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref33
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref34
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref34
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref34
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref34
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref34
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref34
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref34
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref35
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref35
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref35
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref35
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref35
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref35
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref35
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref36
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref36
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref36
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref36
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref36
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref37
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref37
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref37
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref37
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref38
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref38
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref38
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref38
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref38
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref39
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref39
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref39
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref40
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref40
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref40
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref40
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref40
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref44
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref44
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref44
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref45
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref45
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref45
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref46
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref46
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref46
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref46
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref46
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref47
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref47
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref47
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref48
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref48
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref48
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref48
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref48
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref48
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref49
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref49
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref49
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref49
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref49
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref49
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref49
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref49
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref50
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref50
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref50
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref50
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref50
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref50
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref50
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref51
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref51
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref51
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref51
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref52
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref52
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref52
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref52
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref52
http://refhub.elsevier.com/S2542-4351(20)30396-2/sref52


ll
Perspective
50. Meng, L., You, J., and Yang, Y. (2018).
Addressing the stability issue of perovskite
solar cells for commercial applications. Nat.
Commun. 9, 5265.

51. Commission, I.-I.E., et al. (2016) Iec 61215-1-3.
https://webstore.iec.ch/publication/29787.

52. Reese, M.O., Gevorgyan, S.A., Jørgensen, M.,
Bundgaard, E., Kurtz, S.R., Ginley, D.S., Olson,
D.C., Lloyd, M.T., Morvillo, P., Katz, E.A., et al.
(2011). Consensus stability testing protocols for
organic photovoltaic materials and devices.
Sol. Energy Mater. Sol. Cells 95, 1253–1267.

53. Corazza, M., Krebs, F.C., and Gevorgyan, S.A.
(2015). Lifetime of organic photovoltaics:
linking outdoor and indoor tests. Sol. Energy
Mater. Sol. Cells 143, 467–472.

54. Gevorgyan, S.A., Zubillaga, O., de Seoane,
J.M.V., Machado, M., Parlak, E.A., Tore, N.,
Voroshazi, E., Aernouts, T., Müllejans, H.,
Bardizza, G., et al. (2014). Round robin
performance testing of organic photovoltaic
devices. Renew. Energy 63, 376–387.

55. Manceau, M., Rivaton, A., Gardette, J.-L.,
Guillerez, S., and Lemaı̂tre, N. (2011). Light-
induced degradation of the P3HT-based solar
cells active layer. Sol. Energy Mater. Sol. Cells
95, 1315–1325.

56. Andreasen, B., Tanenbaum, D.M., Hermenau,
M., Voroshazi, E., Lloyd, M.T., Galagan, Y.,
Zimmernann, B., Kudret, S., Maes, W., Lutsen,
L., et al. (2012). TOF-SIMS investigation of
degradation pathways occurring in a variety
of organic photovoltaic devices–the ISOS-3
inter-laboratory collaboration. Phys. Chem.
Chem. Phys. 14, 11780–11799.

57. Berhe, T.A., Su, W.-N., Chen, C.-H., Pan, C.-J.,
Cheng, J.-H., Chen, H.-M., Tsai, M.-C., Chen,
L.-Y., Dubale, A.A., and Hwang, B.-J. (2016).
Organometal halide perovskite solar cells:
degradation and stability. Energy Environ.
Sci. 9, 323–356.

58. Niu, G., Guo, X., and Wang, L. (2015). Review
of recent progress in chemical stability of
perovskite solar cells. J. Mater. Chem. A 3,
8970–8980.

59. De Rossi, F., Barbé, J., Tanenbaum, D.M.,
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