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OPV for mobile applications: an evaluation of roll-to-roll
processed indium and silver free polymer solar cells
through analysis of life cycle, cost and layer quality
using inline optical and functional inspection tools

Nieves Espinosa,a Frank O. Lenzmann,b Stephen Ryley,c Dechan Angmo,a

Markus Hösel,a Roar R. Søndergaard,a Dennis Huss,d Simone Dafinger,d

Stefan Gritsch,d Jan M. Kroon,e Mikkel Jørgensena and Frederik C. Krebs*a

Organic photovoltaic modules have been evaluated for their integration in mobile electronic applications

such as a laser pointer. An evaluation of roll-to-roll processed indium and silver free polymer solar cells has

been carried out from different perspectives: life cycle assessment, cost analysis and layer quality evaluation

using inline optical and functional inspection tools. The polymer solar cells were fabricated in credit card

sized modules by three routes, and several encapsulation alternatives have been explored, with the aim

to provide the simplest but functional protection against moisture and oxygen, which could deteriorate

the performance of the cells. The analysis shows that ITO- and silver-free options are clearly

advantageous in terms of energy embedded over the traditional modules, and that encapsulation must

balance satisfying the protection requirements while having at the same time a low carbon footprint.

From the economic perspective there is a huge reduction in the cost of the ITO- and silver-free options,

reaching as low as 0.25 V for the OPV module. We used inspection tools such as a roll-to-roll inspection

system to evaluate all processing steps during the fabrication and analyse the layers’ quality and

forecast whether a module will work or not and establish any misalignment of the printed pattern or

defects in the layers that can affect the performance of the devices. This has been found to be a good

tool to control the process and to increase the yield.
Introduction

Mobile as well as information and communications technology
(ICT) applications that require electrical energy can be powered
by a storage unit such as a battery or an energy-harvesting unit
such as a solar cell. In typical applications, energy storage and
energy harvesting devices operate together. Polymer solar cells
have been contemplated as light harvesting devices for mobile
and ICT applications for quite some time and have been
demonstrated in some applications. In most of the examples
they have been based on exible polyester foil with indium-tin-
oxide as the front electrode with the polymer solar cells being
prepared initially by a combination of sheet-to-sheet and roll-to-
roll processing. Today they are manufactured exclusively by
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roll-to-roll processing and sheet-to-sheet processing has no
industrial or commercial value besides being a tool employed
during initial development. Early life cycle analysis studies
carried out by several independent groups1–3 concluded that use
of indium among other metals will not enable sustainable use
of photovoltaic technologies due to barriers related to resource
scarcity4,5 resulting in high cost and environmental impact.
Accordingly, replacements with a technical performance on par
with ITO and that can be R2R compatible are being sought.
There have been a few examples and most are based on metals
such as copper or silver.6–11 Regarding the technical perfor-
mance, especially silver shows promise. Good processability is
achievable for example as silver electrodes can be easily printed
at high speed and in high yield. However, in terms of resource
abundance, silver is as scarce as indium which implies that
replacing indium with silver cannot be expected to be a valid
solution.4 Therefore new abundant electrode materials must be
developed and even if silver could be recycled more easily than
indium other alternatives such as the recently reported carbon-
based electrodes12,13 are highly attractive.

When analysing the potential of OPV for mobile and ICT
applications, life cycle analysis in conjunction with cost analysis
J. Mater. Chem. A, 2013, 1, 7037–7049 | 7037
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is an indispensable set of tools that can be used to direct the
R&D efforts in such a way that compliance with desired
economic and environmental boundary conditions is achieved.
Since manufacturing yields can have a strong impact on envi-
ronmental and cost calculations, the critical assessment of
yields along the complete process chain is of vital importance.
In line quality monitoring can be used for the optimization of
yields as we also demonstrate in this present study.

In this work we report on the LCA and cost analysis of
different OPV device structures for mobile electronic applica-
tions. Furthermore, we show how a high technical yield can be
ensured by quality control using fast inline optical and func-
tional inspection tools.
Methodology
Life cycle assessment

Since every aspect in the lifespan of a device can be assessed
with life cycle assessment tools, from its conception to its end of
life and even beyond, it is possible to guide the complete pro-
cessing of any product towards a sustainable path. There have
been a few LCA studies related to plastic solar cells from the lab
scale14,15 to the roll-to-roll production3 in which critical param-
eters have been established. ITO has been estimated to embed
from 66% to 87%3,16 of the energy required for the materials,
mainly due to its deposition via a sputtering process. Drying
steps have been pointed out as energy intensive processes as
well as layer thicknesses. Therefore a few alternatives that do
not compromise efficiency but keep a low energy budget have
been addressed in this study. An OPV powered demonstrator
lamp was studied as well,17,3 showing the great environmental
advantage these devices can have over kerosene lamps and
other light supply options. Based on these previous results, a
new collection of routes for processing polymer solar cells
addressing the hotspots was designed and assessed.

The scope of this life cycle analysis is to estimate the cradle-
to-gate embodied energy associated with the production of
polymer solar modules by three different routes with different
encapsulation and adhesives. The goal is to assess the perfor-
mance of these indium and silver free modules, which are
meant to be used in laser pointer devices, and lead to a solution
with lower environmental impact as well as faster reduction in
manufacturing costs.

The quality of an LCA study is strongly correlated with the
quality of the inventory data, therefore the rst step to accom-
plish in every life cycle analysis18 is to ensure the quality of the
material and energy needs of the modules manufacturing. This
step is known as Life Cycle Inventory (LCI) and it is made for a
functional unit (FU), which is the amount of product that
everything is calculated for. In this study the functional unit has
been chosen as 1 m2 of processed foil, where up to 161 credit
card sized modules are produced. The reason for using this
particular processed area originates from the fact that it has
been a traditional unit used for PV, because it enables fair
comparison with other PV technologies. It is moreover a very
suitable unit for OPV modules fabricated by continuous
methods, such as roll-to-roll techniques.
7038 | J. Mater. Chem. A, 2013, 1, 7037–7049
The commercial and widely used LCA soware SimaPro
(version 7.3.3) has been used in conjunction with its integrated
Ecoinvent 2.2 database.19 The embedded energy has been esti-
mated by following the ISO 14040 standard Cumulative Energy
Demand – CED V.1.04. Not all the inventory data required for
this analysis are available from LCA databases such as the
Ecoinvent database. For example, for the production of the
materials for photoactive layers, adhesives or silver inks,
inventory data had to be estimated from a publicly available
literature, from public databases such as Bath Energy Inven-
tory,20 from contact with manufacturers, and from our own
previous studies where embedded energies for some materials
e.g. PEDOT:PSS, P3HT, PCBM, etc. were calculated.3,14,15,21

The energy requirements for every step in the manufacturing
process of the solar cell devices were obtained by measurements
at the pilot line facility. This is unlike other LCA studies, where
energy consumption has been estimated from similar
machinery, and sometimes leaving aside important processes
such as drying,14 so here real data from the machines used in
the pilot line facility at DTU were used.

The Life Cycle Impact Assessment (LCIA) consists of the
identication and evaluation of the amount and signicance of
the potential human and ecological effects arising from the LCI.
Inputs and outputs obtained from the LCI, are classied and
related to some environmental indicators, e.g. global warming
potential (GWP), ozone layer depletion, etc.

For the combination of adhesive and encapsulation with the
lowest embedded energy, we have introduced in SimaPro the
processes and the environmental prole of each route evalu-
ated. Environmental indicators have been estimated with
SimaPro soware by using the following methods:

� CML 2001 (baseline).
� Eco-indicator 99 (endpoint).
Life cycle costs of the different structures

The economic viability of OPV modules integrated in devices
has been debated by some, although predicted future costs
appear highly attractive. As an emerging technology OPV
currently present a high cost when compared to other more
established photovoltaic alternatives such as silicon or chalco-
genides; in this study we want to emphasize the low share that
the OPV modules present when viewed in terms of the overall
device cost.

Although life cycle costing (LCC) has not yet been stan-
dardized officially at this moment, the following phases can be
distinguished: goal and scope denition, cost calculations and
interpretation of the results.

The goal and scope is to calculate the cost of a square meter
of a polymer solar cell produced under the routes studied by
LCA in this work.

The cost calculations in this study have a preliminary basis,20

but since they have not been produced on a commercial scale so
far, the costs of the materials, especially of those not produced
on a bulk scale, are estimates. However, a detailed costs analysis
of the manufacturing process has been possible through the
extensive equipment for roll-to-roll processing available to this
This journal is ª The Royal Society of Chemistry 2013
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project. In a PV system the cost should include materials and
production costs of themodules as well as the balance of system
component costs.
Fig. 1 A photograph of the application for the polymer solar cell modules
studied here. A laser pointer comprising a solar cell module charging a lithium
polymer ion battery. Three versions of the solar cell module designs were explored
which differed in the choice of the electrodematerials: An inkjet printed silver grid
(front) and a silver back electrode ¼ SSE (left), only a Pedot front and a silver back
electrode ¼ PSE (middle) and a module based on silver free electrodes ¼ SFE
utilizing all carbon modules (right).
Inspection tools during processing and post processing

The quantitative analysis of the best solar cell stack with respect
to costs and energy payback time is just one part of the device
design. To ensure a full R2R production with high yield a
qualitative inline analysis of each layer helps to identify pro-
cessing defects and potential non-functional devices. A recently
installed R2R optical inspection system (SolarInspect RtR, Dr
Schenk GmbH, Germany) enables a 100% inspection of the
moving substrate to detect point defects, layer homogeneity and
misalignments of single layers and layer stacks. The system
setup consists of three LED-based light sources (white, blue,
red) with two 8192 pixel line-scan cameras, which can be used
for the observation in the dark eld, bright eld, and trans-
mission mode. The maximum web speed we explored in this
work was 20 mmin�1 while the system can be operated at much
higher speeds. The maximum speed depends on the number of
defects and ultrahigh speeds (>180 m min�1) can only be
reached for a relatively defect free material, as the data rate is
what limits the web speed for optical inspection with high
resolution. The device prepared here presented a high defect
density and we ran the inspection at 2 m min�1 to ensure a
proper data acquisition. The system has a detection resolution
of down to 10 mm.

The devices were investigated as well using light beam
induced current (LBIC) mapping of the nal solar cell devices to
identify the causes of poor performance. The performance of
printable metal back electrodes for polymer solar cells has
previously been investigated using LBIC.22

The LBIC experiments were carried out using a custommade
setup with a 410 nm laser diode (5 mW output power, 100 mm
spot size z 65 W cm�2, ThorLabs) mounted on a computer
controlled XY-stage and focused to a spot size of <100 mm. The
short circuit current from the device under study was measured
using a computer controlled source measure unit (SMU, a
Keithley 2400 model instrument).
Fig. 2 The three routes, SFE, PSE and SSE, the encapsulation options – E1, E2 and
the adhesive choices – A1, A2 analysed in this study.
Results and discussion
The mobile application as a subject of this study

To demonstrate the ITO-free technology, laser pointers in which
the modules were integrated into a plastic rectangular body
were fabricated.23 Laser pointers comprising a solar cell module
for charging a lithium ion polymer battery are shown in Fig. 1.
Description of the process routes for the various solar cell
designs

The versatility of the experimental setup for roll-to roll pro-
cessing means that a variety of structures for the manufacturing
of polymer solar modules can be produced as shown in Fig. 2.
Three routes have been used with the purpose to be integrated
in credit card size laser pointers, all comprising the same 4-layer
stack in the core: PEDOT:PSS–ZnO–active–PEDOT:PSS, but
This journal is ª The Royal Society of Chemistry 2013
varying the electrodes between silver and carbon graphite. The
highly conductive front PEDOT:PSS (Heraeus Clevios PH1000)
was diluted with isopropanol at a concentration of 10 : 3 (w/w),
ZnO ink is a stabilized nanoparticle suspension in acetone
(55 mg mL�1) and the active layer comprised a solution of
P3HT:PCBM (P3HT was Sepiolid P200 from BASF and PCBM
was technical grade [60]PCBM from Solenne BV) in chloroben-
zene (30 mg mL�1 each). The back PEDOT:PSS electrode
J. Mater. Chem. A, 2013, 1, 7037–7049 | 7039
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(Orgacon EL-P 5010 from Agfa) was diluted with isopropanol in
a ratio of 10 : 2 (w/w).

For this core, processing was as follows: in the same in
line machinery the rst two layers are printed. First, front
PEDOT:PSS is deposited by rotary screen printing, at 10 m
min�1, and dried at 140 �C in a 2 m length oven plus infrared
light. The coating of the ZnO layer comes immediately aer
by slot-die at the same speed but dried at 90 �C in a 2 m length
oven plus at 140 �C in a 2 m length oven. Separately in
another run, the active layer is slot die coated at 5 m min�1

and dried at 140 �C in a 4 m length oven. To nish the core,
top PEDOT:PSS is rotary screen printed at 2 m min�1 and
dried aer at 140 �C in a 2 m length oven plus infrared light.
The electrodes in the modules dene the three different
routes as follows:

- In the Silver Free Electrode route (SFE) the back electrode
is made with carbon graphite, patterned in a way that
enables serial connections between stripes. This carbon ink was
applied by rotary screen printing at 3 m min�1 speed and dried
at 140 �C.

- To conrm the convenience of the use of carbon graphite as
an electrode, the second route, named as Pedot Silver Elec-
trodes (PSE), has silver printed at the backside in a pattern
allowing for serial connections of the stripes. This was depos-
ited by rotary screen printing at 2 m min�1 and dried at 140 �C.

- Modules with silver in both the front and the backside were
used in what has been called Silver Silver Electrodes (SSE).23 A
water-based ink with a 20% silver loading was employed (Sun-
tronic U7089 from Sun Chemicals) as front silver. Inkjet
printing was carried out by printing directly on the substrate,
followed by drying. The back silver electrode was rotary screen
printed at 2 m min�1 followed by drying.

The encapsulation schemes in the benchmark devices of this
study are based on either a “cold lamination” procedure using
pressure sensitive adhesives (PSA), called A1 or using ultraviolet
light curable adhesives (UVA), named A2. Modules with two
alternative encapsulation structures have been fabricated as
well: E1 consisting of barrier/module/barrier and E2 barrier/
substrate/module/barrier, where PET foil is purchased as
Melinex ST506 from Dupont–Teijin and the barrier material
purchased from Amcor. While in the rst encapsulation E1
structure, thin PET foils with basic moisture barrier properties
may be sufficient for relatively short-lived mobile electronic
applications, power generation applications are expected to
require substantially different encapsulation schemes
providing a more robust protection from humidity and oxygen
ingress as well as from mechanical impacts. However, this
consideration is not supposed to suggest that this is indeed the
encapsulation structure for viable power generating OPV
devices in the future; it will depend on the stability and degra-
dation lifetimes.

The active area of all the modules is 45.5%, as a result of the
several pattern limitations in each deposition step. Common
steps and the ow of manufacturing the credit card size
modules are shown in Fig. 2. All the three routes analysed here
share steps from S2 to S5, from front PEDOT:PSS to back
PEDOT:PSS deposition.
7040 | J. Mater. Chem. A, 2013, 1, 7037–7049
Life cycle analysis of the different device structures

Tables 1–3 show the material and energy inventories for 1 m2

of the processed area with 161 modules produced. The
material requirements in mass units (g) for the three routes
have been either measured in situ or calculated directly from
data sheets – from geometry calculations, i.e. pumping rates,
wet thicknesses, mesh specications, etc. They are given in
Table 1.

With regard to the energy requirements, we distinguish here
between two types: the energy required for the production of
every input material used in the module manufacture, called
Materials Energy (ME in Table 2), and the energy needed for
operating the machines, called here Direct Process Energy (or
DPE in Table 3).

One observation that can be made on the basis of the
inventory in Table 2 is that for modules which are printed on
PET and encapsulated with two barrier layers, the fraction of
PET in the materials energy raises from 30% up to more than
50% (see a labelled shares in Fig. 3). The embodied energy of
materials labelled with the letters b to k in Fig. 3 remains
constant (11.82 MJEPE), which corresponds to fractions between
50 and 30% for the various designs.

For all routes and choices we have the same energy
consumption for the manufacturing steps S2 to S5 (which are
identical for all devices). These processing steps account for
9.60 MJEPE. The embodied energy of the other manufacturing
steps (S1, S6 and S7) varies between the different devices as
can be seen in Fig. 4–6. The gures show clearly, that back
electrode printing (S6) contributes to a large part of the Direct
Process Energy (DPE) in all cases. The manufacturing steps S1
and S7 on the other hand have only a negligible inuence on
the total manufacturing energy. The deposition of the back
PEDOT:PSS layer (S5) contributes to the total DPE with a value
of approx. 30% and the active layer deposition (S4) with
approximately 16%.

Fig. 7 shows a comparison of the devices with the 3
different choices in electrode materials (SSE, PSE and SFE) in
terms of the overall embedded energy (broken down into
totals of materials energy and process energy) with the
benchmark ITO-based module. S4, S5 and S6 are the slowest
processes (5, 2 and 2/3 m min�1) and correspondingly the
drying processes raise the embedded energy, as indicated in
Table 3. The lightest encapsulation structure based on the
pressure sensitive adhesive was assumed in this gure. The
silver free electrode route results in the lowest total embedded
energy. In fact the value of only 37.58 MJEPE per m2, is the
lowest published for any organic photovoltaic device to date.
For the energy embedded just in the ITO module, we have
plotted a maximum value derived from a maximum energy
embedded of 266.13 MJEPE m�2 and a minimum energy
required of 130 MJEPE m

�2 – total energies respectively shown
in Fig. 7 – 291.42 and 155.29 MJEPE m�2. The ratio between
materials energy and direct energy has changed dramatically,
from being 30/70 to be more balanced 40/60 approximately.
Moreover, the carbon-based new route shows a decrease in
energy of a factor of 10 times.
This journal is ª The Royal Society of Chemistry 2013
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Table 1 Material inventory in grams for the processing of 1 m2 by the three routes analysed: SFE, PSE and SSE, with the two encapsulation options and using two
different adhesives

E1 A1 E2 A1 E1 A2 E2 A2

SFE PSE SSE SFE PSE SSE SFE PSE SSE SFE PSE SSE

S0 substrate
PET lm — — — 178.10 178.10 178.10 — — — 178.10 178.10 178.10
PSA — — — 10.12 10.12 10.12 — — — — — —
UVA — — — — — — — — — 14.00 14.00 14.00
Barrier 65.48 65.48 65.48 65.48 65.48 65.48 65.48 65.48 65.48 65.48 65.48 65.48

S1 front electrode IJP
Silver ink — — 0.09 — — 0.09 — — 0.09 — — 0.09

S2 Pedot deposition
PEDOT:PSS 26.32 26.32 26.32 26.32 26.32 26.32 26.32 26.32 26.32 26.32 26.32 26.32
Isopropanol 7.90 7.90 7.90 7.90 7.90 7.90 7.90 7.90 7.90 7.90 7.90 7.90

S3 ZnO deposition
Zinc acetate 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29 0.29
Potassium hydroxide 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20
Methanol 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60 2.60
Acetone 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20 5.20
Methoxyethoxy acetic acid 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

S4 active layer
P3HT 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
PCBM 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Chlorobenzene 7.28 7.28 7.28 7.28 7.28 7.28 7.28 7.28 7.28 7.28 7.28 7.28

S5 back PEDOT
PEDOT:PSS ink 33.05 33.05 33.05 33.05 33.05 33.05 33.05 33.05 33.05 33.05 33.05 33.05

S6 back electrode
Carbon graphite 5.14 — — 5.14 — — 5.14 — — 5.14 — —
Silver ink — 7.61 7.61 — 7.61 7.61 — 7.61 7.61 — 7.61 7.61

S7 encapsulation
PSA 6.97 6.97 6.97 6.97 6.97 6.97 — — — — — —
UVA — — — — — — 9.64 9.64 9.64 9.64 9.64 9.64
Barrier 45.08 45.08 45.08 45.08 45.08 45.08 45.08 45.08 45.08 45.08 45.08 45.08

Total mat. inventory (g) 205.71 208.18 208.28 393.93 396.40 396.50 208.38 210.85 210.95 400.48 402.95 403.05
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Encapsulation and adhesive choices impact

To prevent moisture and oxygen entering the devices, these are
encapsulated in a nal step. When the modules are directly prin-
ted on the barrier material, just another barrier layer is laminated
on top (E1). But when they are printed on the PET substrate, the
barrier material is laminated on both sides, front and back or
bottom and top. This last option, E2 has a strong impact on the
materials energy, since it means an extra layer; going in the case of
the SFE route from 23.04 to 39.45 MJEPE per FU.

When analysing the two adhesives that have been used to
glue the barrier material to the modules, one of them, the PSA
embeds less energy both in the material production itself and in
the processing of the OPV modules. The UV curable adhesive
has stronger bond strength but requires 6 kW power of UV light
for crosslinking meaning around 2.5 MJEPE more energy
embedded. This latter point can possibly be optimized by
employing LED lamps with emission spectra specically suited
This journal is ª The Royal Society of Chemistry 2013
for curing the adhesive. We estimate that the same curing effi-
ciency can be achieved with around 2 kW of LED power.

Assessment of other environmental impact categories

Table 4 shows the results of the LCA calculations for other
environmental impact categories, i.e., non-renewable energy
use (NREU), climate change in the next 100 years (global
warming potential, GWP100), abiotic depletion, ozone layer
depletion, photochemical oxidant formation, acidication and
eutrophication. The calculation of environmental impacts
(except NREU) follows the latest CML method.

In Fig. 8 further illustrations of the environmental impact
calculations are shown. Eco-indicator values indicate a material’s
or an action’s impact based on its effects on the different cate-
gories chosen. One conclusion that can be drawn from these
illustrations, for example, is that the SFE route does not cause any
impact on carcinogens since it does not involve the use of silver.
J. Mater. Chem. A, 2013, 1, 7037–7049 | 7041
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Table 2 Materials energy inventory in MJ of equivalent primary energy units for the processing of 1 m2 by the three routes analysed: SFE, PSE and SSE, with the two
encapsulation options and using two different adhesives

E1 A1 E2 A1 E1 A2 E2 A2

SFE PSE SSE SFE PSE SSE SFE PSE SSE SFE PSE SSE

PET 8.93 8.93 8.93 23.31 23.31 23.31 8.93 8.93 8.93 23.31 23.31 23.31
PEDOT:PSS 9.46 9.46 9.46 9.46 9.46 9.46 9.46 9.46 9.46 9.46 9.46 9.46
Isopropanol 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50
P3HT 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
PCBM 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87 0.87
Chlorobenzene 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45 0.45
Zn(OAc)2 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
KOH 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
MeOH 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
Acetone 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24 0.24
MEA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Carbon graphite 0.90 0.90 0.90 0.90
Silver ink 2.35 2.38 2.35 2.38 2.35 2.38 2.35 2.38
Pressure sensitive adhesive 1.40 1.40 1.40 3.43 3.43 1.40
UV curable adhesive 1.93 1.93 1.93 4.74 4.74 4.74

Subtotal (MJEPE) 23.04 24.50 24.53 39.45 40.91 40.94 23.58 25.03 25.06 40.77 42.22 42.25

Table 3 Energy inventory in MJ of equivalent primary energy units for the processing of 1 m2 by the three routes analysed: SFE, PSE and SSE, with the two encap-
sulation options and using two different adhesives. The conversion factor used for primary energy to electricity is 35%

E1 A1 E2 A1 E1 A2 E2 A2

SFE PSE SSE SFE PSE SSE SFE PSE SSE SFE PSE SSE

S0 substrate
R2R lamination — — — 0.04 0.04 0.04 — — — 2.53 2.53 2.53

S1 front electrode IJP
Silver ink — — 0.08 — — 0.08 — — 0.08 — — 0.08
Layer drying 1.90 1.90 1.90 1.90

S2 front Pedot deposition by RSP
PEDOT:PSS deposition 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12 0.12
Layer drying 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70 0.70

S3 ZnO deposition by SD
ZnO ink preparation 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
ZnO coating 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08 0.08
Layer drying 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59

S4 active layer deposition by SD
P3HT:PCBM ink preparation 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07 0.07
P3HT:PCBM coating 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28 0.28
Layer drying 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36 2.36

S5 Back PEDOT:PSS by RSP
PEDOT:PSS printing 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59
Layer drying 4.07 4.07 4.07 4.07 4.07 4.07 4.07 4.07 4.07 4.07 4.07 4.07

S6 back electrode printing by RSP
Carbon/silver ink printing 0.39 0.59 0.59 0.39 0.59 0.59 0.39 0.39 0.39 0.39 0.39 0.39
Layer drying 4.50 6.74 6.74 4.50 6.74 6.74 4.50 6.74 6.74 4.50 6.74 6.74

S7 encapsulation
R2R lamination 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.04

Total 14.54 16.98 18.96 14.58 17.02 19.00 17.02 17.02 21.45 19.55 22.00 23.98

7042 | J. Mater. Chem. A, 2013, 1, 7037–7049 This journal is ª The Royal Society of Chemistry 2013
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Fig. 3 Material energy requirements share for the different routes with two encapsulation and two adhesive choices per functional unit (FU).

Fig. 4 Energy share used in the OPV modules manufacturing steps, from S1 to S7, for the SFE route with four encapsulation and adhesive choices; i.e. E1, E2, A1, and A2.

Fig. 5 Energy share used in the OPV modules manufacturing steps, from S1 to S7, for the PSE route with four encapsulation and adhesive choices; i.e. E1, E2, A1, and A2.
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Energy payback time (EPBT) and energy return factor (ERF)

For an energy-production technology and especially for renew-
able energy technologies, it is of great value that the system
quickly re-generates the equivalent amount of energy consumed
in its construction and decommissioning phases. And that this
is done several times along its lifetime (L). These concepts are
This journal is ª The Royal Society of Chemistry 2013
reected by the parameters energy pay-back time (EPBT) and
energy return factor (ERF). EPBT and ERF are dened in eqn (1)
and (2) below.

EPBT ¼ EEMB

EGEN

(1)
J. Mater. Chem. A, 2013, 1, 7037–7049 | 7043
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Fig. 6 Energy share used in the OPV modules manufacturing steps, from S1 to S7, for the SSE route with four encapsulation and adhesive choices; i.e. E1, E2, A1, and A2.

Fig. 7 Total embedded energy comparison of 1 functional unit of 1 m2 ITO-based modules –withmaximum andminimum values – and the modules manufactured by
the three routes directly printed on the barrier – E1 – and using pressure sensitive adhesive from 3M� – A1.

Table 4 LCA results for 1 m2 of polymer solar modules manufactured by the
three routes SFE, PSE, SSE for E1 and A1 choices

Results for 1 m2 processed area

Environmental
impact category Unit SFE PSE SSE

NREU MJ 37.58 41.48 43.49
Climate change g CO2 eq. 2350 3222 3440
Abiotic depletion g Sb eq. 0.0203 0.0525 0.0537
Ozone layer
depletion

g CFC-11 eq. 1.26 � 10�7 1.88 � 10�7 1.94 � 10�7

Photochemical
oxidant formation

g ethene 0.000441 0.00104 0.00106

Acidication g SO2 eq. 0.00762 0.0248 0.0253
Eutrophication g PO4

3 eq. 0.00188 0.0242 0.0246
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ERF ¼ EGENL

EEMB

¼ L

EPBT
(2)

They can be determined from the total embodied energy
(EEMB) and the electricity output (EGEN) of the OPV module as
dened further above. It is not the purpose of the laser pointers
to create energy, however, if the modules were used for that,
they would have energy payback times in the range of less than 4
7044 | J. Mater. Chem. A, 2013, 1, 7037–7049
months in the case of the silver free electrode route. Results are
gathered in Table 5.
Cost analysis of the different device structures

Building on the detailed material inventory shown in Table 1
and the manufacturing process explained in the previous
section, the economic cost of a 1 m2 organic photovoltaic
system has been calculated taking into account the materials,
direct process, balance of system component costs and using a
well established methodology for the economic analysis.24,25

Costs of materials involved in the modules manufacturing such
as inks and solvents are their price as purchased from the
suppliers. Production costs have been determined for the
manufacturing steps, and included in Table 6, as the electricity
consumption of the machinery (using a cost of industry elec-
tricity typical for Europe of 0.116 V per kW h (ref. 26)).

The material costs for every route and encapsulation choice
are shown in Table 6. The total cost varies between 41.77 V per
m2 and 69.47 V per m2 for the various devices. It might seem a
high cost for a gadget, but for the use of these OPV modules in
energy systems, this would be a reasonable price of ex-factory
cost of 0.25 V per device, representing a low share.
This journal is ª The Royal Society of Chemistry 2013
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Fig. 8 Comparing ‘PSE’, ‘SFE’ and ‘SSE’ routes with the method: Eco-indicator 99 (E) V2.07/Europe EI 99 E/E/Single score. SimaPro, pRé Consultants, The Netherlands.

Table 5 Energy payback times and energy return factors for 1 m2 processed surface of OPV modules prepared by the three routes, the subject of this study, for 2%
efficiency and 45.53% of active area, and assuming an insolation level of 1700 kW h m�2 per year

E1 A1 E2 A1 E1 A2 E2 A2

SFE PSE SSE SFE PSE SSE SFE PSE SSE SFE PSE SSE

EPBT (years) 0.29 0.33 0.34 0.42 0.45 0.47 0.32 0.35 0.37 0.47 0.50 0.52
EPBT (months) 3.54 3.91 4.10 5.09 5.46 5.65 3.82 4.19 4.38 5.68 6.05 6.24
ERF 50.85 46.07 43.94 35.37 32.98 31.88 47.06 42.94 41.08 31.68 29.75 28.85
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The photoactive and electrode layers hardly have, however,
any signicant contribution to the costs, due to the fact that the
layers are very thin. While in previous ITO-based modules this
transparent conductor represented a 37%29 share of the total
cost; now most of the cost is attributed to the back PEDOT:PSS,
representing 40% in some cases, but moreover adding both
front and back PEDOT:PSS, the share raises up to 60%, as
shown in Fig. 9. It is very curious that the majority of the cost is
driven by the materials in the new set of routes –more than 99%
of the cost is due to the materials, while the cost of the elec-
tricity for processing is insignicant.

Performing a limited comparison with other PV technolo-
gies, it appears that per Wp of OPV module, the ex-factory costs
are 5 times higher than the ex-factory costs of thin lm amor-
phous silicon PV modules, i.e. V5.57 per Wp versus V1.1 per
Wp.27 According to currently published EU average electricity
price for households is V0.19 per kW h,28 and considering an
internal rate of return of more than 20%, the price of the OPV
product for a rollup charging panel must be not more than
This journal is ª The Royal Society of Chemistry 2013
V1.70 per Wp. Here, from our study the signicant costs come
from the PEDOT:PSS layers, caused by a high unit price,
compared to the other materials. We can expect reductions in
price if economies of scale are considered and PEDOT:PSS is
produced in bulk.

Assuming values for the performance ratio of the PV system,
insolation level, ination and interest rates, the levelized cost of
electricity (LCOE) from an organic photovoltaic system has been
calculated to be 0.26V per kW h for 3% efficiency modules with
a 5 years lifetime, a performance ratio of 0.85 and an insolation
of 1700 kW h m�2 per year.29
In-line optical inspection

All of the analyses above assume a technical yield of 100% which
is of course unrealistic while it is possible to achieve such a very
high technical yield using in-line inspection during manufacture.
In this study we employed a R2R inspection system as shown in
Fig. 10 to analyse all processing steps during the fabrication of the
J. Mater. Chem. A, 2013, 1, 7037–7049 | 7045
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Table 6 Material cost of 1 m2 of the processed surface in V manufactured by the three routes analysed: SFE, PSE and SSE, with the two encapsulation options and
using two different adhesives

Material

SFE PSE SSE

E1 A1 E2 A1 E1 A2 E2 A2 E1 A1 E2 A1 E1 A2 E2 A2 E1 A1 E2 A1 E1 A2 E2 A2

PET substrate — 2.84 — 2.84 — 2.84 — 2.84 — 2.84 — 2.84
Barrier 5.95 11.90 5.95 11.90 5.95 11.90 5.95 11.90 5.95 11.90 5.95 11.90
Adhesive
Pressure sensitive 1.76 4.31 — — 1.76 4.31 — — 1.76 4.31 — —
UV curable — — 5.82 14.28 — — 5.82 14.28 — — 5.82 14.28
Carbon graphite 0.30 0.30 0.30 0.30
Silver
IJP — — — — — — — — 0.20 0.20 0.20 0.20
RSP — — — — 6.37 6.37 6.37 6.37 6.37 6.37 6.37 6.37
PEDOT
Front 8.55 8.55 8.55 8.55 8.55 8.55 8.55 8.55 8.55 8.55 8.55 8.55
Back 16.52 16.52 16.52 16.52 16.52 16.52 16.52 16.52 16.52 16.52 16.52 16.52
P3HT 2.69 2.69 2.69 2.69 2.69 2.69 2.69 2.69 2.69 2.69 2.69 2.69
PCBM 4.31 4.31 4.31 4.31 4.31 4.31 4.31 4.31 4.31 4.31 4.31 4.31
Zn(OAC)2 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59 0.59
Solvents
Chlorobenzene 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57
Isopropanol 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19 0.19
Acetone 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13 0.13
MeOH 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05 0.05
KOH 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
MEA 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Subtotal (V) 41.61 52.95 45.68 62.92 47.68 59.02 51.75 68.99 47.88 59.22 51.95 69.20
Electricity cost (V) 0.16 0.16 0.19 0.22 0.19 0.19 0.22 0.25 0.21 0.21 0.24 0.27
Total (V) 41.77 53.11 45.87 63.15 47.87 59.21 51.97 69.24 48.09 59.43 52.19 69.47

Fig. 9 Materials cost in V per m2 of the processed substrate for all the encapsulation choices and manufacturing routes.
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ITO and silver free devices with carbon back electrodes. Each of
the three illumination modes was used to evaluate its suitability
on the increasing layer stack. An overview of the camera output
and the detection quality for each mode is shown in Fig. 11.
7046 | J. Mater. Chem. A, 2013, 1, 7037–7049
Bright eld and transmission mode is best suited for thin
and semi-transparent layers such as the rst PEDOT:PSS elec-
trode and the ZnO layer. The slight inhomogeneity due to the
screen printing of the PEDOT:PSS layer is clearly visible. The
This journal is ª The Royal Society of Chemistry 2013
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Fig. 10 Photograph of the optical R2R inline inspection system (top left) and the
corresponding graphical user interface of the inspection software showing a real-
time defect map (top right). The principal setup with three different illumination
modes is illustrated below.

Fig. 11 Suitability of the three illumination modes for the different materials on t
printed material and on the stack size.

This journal is ª The Royal Society of Chemistry 2013
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effect on the solar cell performance is negligible, whereas
pinholes will act as zones without current generation. The
stacked layer of PEDOT:PSS with ZnO and even the active layer
can be inspected in the best way with the bright eld mode.
Optical fringes due to different layer thicknesses or around
pinholes help to identify potential zones of short cuts in the
nal device. Pinholes can easily be detected in the transmission
mode for thick and less transparent layers where they show up
as white spots. It shows a low suitability for the full layer stack
as everything shows up black. The several layers and their
alignments are hard to differentiate.

The dark eld mode is preferably used for thick and rough
surfaces such as the back PEDOT:PSS and the carbon electrode
on top of the layer stack. Hereby the edge quality, pinholes and
a functional serial interconnection are the main areas of
inspection.

The optical inspection is a very good tool to map the
complete substrate with all fabricated modules on it. It helps to
analyse the layer quality and defects for potential process
optimizations to ensure a high production yield. Furthermore,
it is possible to identify areas with non-functional devices due
to misalignment leading to short cuts. These areas can be
he layer stack. Each mode has advantages and disadvantages depending on the

J. Mater. Chem. A, 2013, 1, 7037–7049 | 7047
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Fig. 12 LBIC images of several completed devices in the same region of the web, with carbon graphite electrodes where dust particles and dewetting spots can be
observed – some are magnified.
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extracted from subsequent handling processes such as lami-
nation and device integration to increase the overall production
efficiency.

Functional inspection post processing

With the LBIC technique, defects and thickness variations due
to the R2R coating processes are most easily seen for the cells
with fully covering electrodes, as in Fig. 12. There can be seen
small dark spots that may originate point defects. This type of
defects could arise from either bubbles in one of the coating
solutions or from point defects in a layer beneath that inhibits
coating causing dewetting in the subsequent one. These
defects, however, do not always catastrophically impede the
overall functioning of the cell but may result in partial device
shunting and cause a lower ll factor. Weaker lines and areas
that are seen to run along the R2R stripe pattern may be due to
thickness variations inherent in this type of coating process.

Conclusions

The sought replacement of ITO as an electrode in organic
photovoltaics has been fullled in this work. First attempts with
silver have resulted in an affordable option in terms of cost and
environmental impact. However, forecasting a larger scale of
OPV modules and attending to the availability of material
resources, silver is unlikely to represent the right choice for
replacing indium. Therefore the use of carbon inks as employed
here has been proven to be a more sustainable as well as
affordable option. The use of silver and indium free OPV
modules, especially for this kind of applications, provide
signicant advantages in their prole to be a cheap and green
product easy to integrate and dispose; opening up opportunities
for exclusive access to particular markets.

Several encapsulation structures for the modules in the
devices have been presented and their analyses reveal the
importance of the substrate and encapsulation components
choice on the overall environmental prole. The pressure sensi-
tive adhesive embeds less energy both in the material production
itself and in the processing of the OPV modules as compared to
the UV curable adhesive. The UV curing adhesive offers a better
encapsulation but requires high power of UV light for cross-
linking, meaning 20% more energy embedded on average.

The cost of electricity from an organic photovoltaic system
could be more favourable than that obtained for an equivalent
7048 | J. Mater. Chem. A, 2013, 1, 7037–7049
inorganic (silicon-based) system and could attain grid parity in
the coming years. Nevertheless, for a long-term perspective the
prospected manufacturing costs in terms of V per m2, are not
sufficient. There is still a need to increase efficiency and lifetime
substantially to become really competitive with c-Silicon
technologies.

Besides such environmental and cost analyses, to ensure the
high yield of a full R2R production, a qualitative inline analysis of
each layer has been performed to identify processing defects and
potential non-functional devices. On the one hand, a R2R optical
inspection system by Dr. Schenk GmbH that enables a 100%
inspection of the moving substrate was employed. On the other
hand, the LBIC technique mapping the current was used for
functional testing. Both inspection tools have been found to be
effective tools for process quality control and to increase the yield.
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