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The use of Indium–Tin Oxide (ITO) as a transparent conductor in organic photovoltaic (OPV) devices has
been shown to present a bottleneck for the technology due to the use of the rare metal Indium and also
the energy intensive manufacturing processes required and subsequent high economic cost. This study
discusses some of the alternative materials, which are being considered for use as transparent
conductors in OPV modules. A life cycle and cost analysis of a number of the most promising
ITO-free transparent conductors, namely: high conductivity PEDOT:PSS; a silver grid embedded in
PEDOT:PSS; silver nanowires; single walled carbon nanotubes are completed in this study. The results
show that there is great potential for reducing both the energy pay-back time and the cost of OPV
modules by replacing ITO with an alternative transparent conductor.
& 2011 Elsevier B.V. All rights reserved.
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1. Introduction
Organic photovoltaics (OPV) are often cited as being a low cost,
low embodied energy route to photovoltaic electricity. However,
the use of Indium Tin Oxide (ITO) as a transparent conductor (TC)
limits the degree to which costs and embedded energy can be
reduced by adopting OPV technology [1–4]. The ITO electrode is
fabricated via a vacuum sputtering process, which is extremely
energy intensive1 and economically expensive, thus contributing
a large amount to both the economic cost and Energy Payback
Time (EPBT) of OPV modules [7,8]. In addition there is the
potential for a bottleneck in the scale-up of OPV due to the
use of the scarce element, Indium [9]. Moreover, the use of
ITO also limits the robustness of device performance under
ﬂexing [10].

Abbreviations: TC, Transparent Conductor; OPV, Organic Photovoltaics; ITO,
Indium–Tin Oxide; SWCNT, Single-Walled Carbon Nanotube; AgNW, Silver
Nanowire; CVD, Chemical Vapour Deposition; VPP, Vapour Phase Polymerisation;
HC-PEDOT:PSS, High Conductivity PEDOT:PSS; LCA, Life Cycle Analysis; LCI, Life
Cycle Inventory; EPBT, Energy Payback Time; PR, Performance Ratio.
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There exists some discrepancy in the amount of energy involved in the
sputtering processes when one compares published calculations and some databases
[5,6]; however, there is general agreement that ITO accounts for the largest share of
the embodied energy in OPVs.
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Numerous alternative TCs have been explored in order to avoid
the use of ITO as the transparent conducting electrode in organic
photovoltaics. Such alternatives have the potential to alter device
performance via changes to the series resistance across the device,
lower transparency leading to lower photogenerated current and
effects on the lifetime. However, any detrimental effects could be
tolerated if the overall cost or energy requirements for manufacture
of OPV modules were signiﬁcantly reduced. The converse of this has
previously been observed in the use of novel active layers to
fabricate more efﬁcient devices, which have been seen to adversely
affect the EPBT of the device [11].
A number of life cycle analysis (LCA) studies have analysed
OPV modules, as well as their use in speciﬁc applications
[5,7,12–14]. This article presents a life cycle and cost analysis of
OPV devices manufactured using an existing process but with
ITO-free electrodes in place of ITO, making use of data gathered
during previous studies [7,8]. We calculate an EPBT and cost per
Watt for OPV modules for each alternative TC considered.
This paper is organised as follows. Section 2 presents a range
of TCs, which have been studied in the literature, and discusses
their potential for reducing the cost and EPBT of OPV modules.
Section 3 presents a life cycle analysis of four of the most
promising ITO-free TCs, namely: high conductivity PEDOT:PSS; a
silver grid embedded in PEDOT:PSS; silver nanowires; single
walled carbon nanotubes, whilst Section 4 presents a cost analysis
of the same TCs. Section 5 discusses the effect that replacement of
the TC may have on the performance of the device and presents
a method for theoretically calculating such an effect. Finally,
Section 6 concludes and summarises the ﬁndings of this study.
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Table 1
Best demonstrated performance results of TCs on ﬂexible substrates.
Film type

Sheet resistance
(X/sq)

Transparency
(%)

Reference

Sputtered ITOa
HC-PEDOT:PSS
VPP-PEDOT
Metal grid embedded in
PEDOT:PSS
Metal nanogrid
Metal nanowires
SWCNTs
CVD graphene
Reduced graphene oxide

60
63.3
130
1b

79
67.4
 80
92

[15]
[16]
[17]
[18]

23
8
40
 30
80

80
80
70
 90
79

[19]
[20,21]
[22]
[23]
[24]

a
Characteristics shown here are for the most commonly used ITO on PET,
rather than the best demonstrated performance ﬁlm.
b
Sheet resistance shown here is for the metal grid only rather than the
composite ﬁlm.

2. Transparent conductors in organic solar cells
Candidates for ITO-free TCs include: semitransparent or patterned metal layers; doped metal oxides; conductive polymers;
metal nanowires; carbon nanotubes; graphene among others.
OPV devices require an electrode with a number of key properties
including high transparency, good conductivity and low surface
roughness. The degree to which a TC possesses these properties
can greatly affect the performance of an OPV device. Table 1
shows the best published results for various TCs on ﬂexible
substrates.
2.1. Conductive polymers
The use of conductive polymers shows a promising method for
fabricating alternative TCs. Poly(3,4-ethylenedioxythiophene) is
often combined with poly(styrenesulfonate) (PEDOT:PSS) in order
to enable aqueous solubility and thus allow solution processing
of the layer; however, the addition of PSS reduces the conductivity of the PEDOT [25]. PEDOT:PSS modiﬁed by the addition of
highly dielectric solvents such as DMSO, ethylene glycol or
diethylene glycol is known to greatly increase the conductivity
of a PEDOT:PSS ﬁlm [26]. These additives make PEDOT-rich
chains, which increase the conductivity of the ﬁlm [27]. Subsequently, a number of companies (namely HC-Stark and AgfaGevaert N.V.) have begun to manufacture solutions of high
conductivity PEDOT:PSS (HC-PEDOT:PSS) capable of reaching
low sheet resistances and these formulations have been used as
TCs in OPV devices [16,28–35].
One method of fabricating PEDOT ﬁlms without the addition of
PSS is by vapour phase polymerisation (VPP) of 3,4-ethylenedioxythiophene (EDOT), which leads to a promising TC [25,36].
Unfortunately, lack of information of a scalable example of such
a process prevented the completion of an LCA of this material for
this study.
2.2. Metallic grids
Large scale grids (on the millimetre scale), either evaporated or
screen printed from a metallic ink have been investigated in order
to increase the conductivity of PEDOT:PSS [18,37–40]. The best
results of a metal grid embedded in PEDOT:PSS [39] have used a
very thin PEDOT:PSS layer and thermal evaporation to deposit the
grid. This is a very energy intensive process [5] and so this study
instead analyses the more promising solution of a screen printed
grid. However, it has been observed that a very thick layer of
PEDOT:PSS is required since otherwise solvent within the silver
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ink seeps into the active layer, and this thickness results in poor
performance due to low transparency [38].
Nanoscale grids have been fabricated via nanoimprint lithography of a metal layer [19,41–43]. However, this process
involves printing the nanogrid from a PDMS stamp, which has
been coated in the metal, usually via thermal or e-beam evaporation, which are extremely energy intensive processes [5].
2.3. Nanowires and nanotubes
Silver nanowires represent an alternative method for creating
a transparent metallic coating, which can be produced by solution
processable methods and have the potential for being a low cost
and low energy alternative to sputtered or thermally evaporated
metal ﬁlms [20,21,44–47]. Silver nanowires are fabricated by
reduction of silver nitride to create a functional ink, which can
be deposited by low cost and low energy processes such as slotdie or spray coating [44]. The performance of such ﬁlms is
dramatically improved by coating of the nanowires in gold via
galvanic displacement, which greatly reduces the resistance of the
junctions between nanowires [20].
In the same way as for metal nanowires, single-walled carbon
nanotube (SWCNT) TCs can be produced by spray coating a
solution of SWCNTs onto a transparent substrate. An ink is
prepared by creating an aqueous solution of SWCNTs with the
addition of a surfactant [48]. This can then be deposited by a
variety of methods onto a prepared substrate. The ﬁlm is ﬁnally
washed with acid, which improves conductivity due to the
removal of excess surfactant and the subsequent ﬁlm densiﬁcation, which acts to decrease the resistance across junctions
between SWCNTs and enhances the metallicity of the SWCNTs
[22]. Both nanowires and nanotubes present a promising ITO-free
TC; however, both have a number of issues regarding the roughness of the resulting ﬁlm as well as their adhesion to the substrate.
2.4. Other materials
Other transparent conducting oxides (TCOs), manufactured
similar to ITO, such as Fluorine-doped tin oxide and Galliumdoped Zinc Oxide, have been used in polymer electronic devices
[10,49]. However, analysis has shown that by replacing ITO with
other sputtered metals does not avoid the issue of the high energy
intensity of this layer [13]. Most methods used to deposit unpatterned, monolithic, transparent metal layers currently require
very energy intensive processes, often in vacuum or high temperature conditions, such as sputtering and thermal evaporation
[49–53], and thus do not appear to be a promising solution to the
high energy intensity of TC fabrication.
Graphene ﬁlms are often cited as being a potentially excellent
replacement to ITO [3,4,54]. The most common and successful
method for creating highly conductive graphene ﬁlms is by
chemical vapour deposition (CVD) onto a variety of metallic
substrates, which are then transferred onto transparent substrates to create a TC [23,54–60]. However, CVD is a very energy
intensive process, which accounts for the vast majority of the
embedded energy in amorphous silicon solar modules [61]. Thus,
although CVD graphene may be able to achieve excellent performance attributes, good ﬂexibility and a high potential for low cost
[54], it fails to solve the problem of the high embedded energy of
ITO (assuming that the conditions for CVD of amorphous silicon
are similar to that for graphene). Although an alternative method
for graphene production from solution has been published
[24,62,63], an LCA of this method could not be completed due
to a lack of information in the literature.
This study provides a detailed life cycle and cost analysis
of four, solution processable, TCs: high conductivity PEDOT:PSS
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(HC-PEDOT:PSS); a silver grid embedded in PEDOT:PSS; silver
nanowires (AgNWs); single walled carbon nanotubes (SWCNTs).
These materials were chosen due to their potential for low cost
and low energy manufacture, as well as the availability of detailed
information of their manufacture.

energy within this layer are due to the electricity required to
S-D coat and dry the layer, which contribute around 75% of the
embedded energy. The remainder is largely accounted for by the
energy embedded in the Isopropanol used to wash the substrate
before the HC-PEDOT:PSS is applied. Less than 1% of the
embedded energy is due to the embedded energy in the HCPEDOT:PSS.

3. Life cycle analysis
3.2. PEDOT:PSS with silver grid
In order to carry out a LCA of modules based on alternative
TCs, we use the data and methodology from a previous LCA of a
pre-industrial roll-to-roll manufacturing process for OPV modules, known as ProcessOne [7], where we replace the ITO with
each of the selected TCs.
Here we account for the embedded energy in all raw materials
used in the fabrication of the TC as well as the energy requirements for manufacture. Energy demands associated with the
manufacture of the required equipment as well as transport of
the raw materials and the ﬁnal product are not included in this
analysis. From a detailed life cycle inventory (LCI), gathered for
the various TCs, the embodied energy of the raw materials was
found and electricity requirements were converted to equivalent
primary energy using a 35% conversion factor.
ProcessOne is based on the following cell architecture: ITO/
ZnO/P3HT:PCBM/PEDOT:PSS/Ag. Fig. 1 shows the contribution of
the various TCs to the embodied energy in the module. Fig. 3a
shows a comparison of the effect using different TCs to replace
ITO in this architecture has on the EPBT of the module. The EPBT
calculation is based on a cell efﬁciency of 3%, a performance ratio
(PR) of 75% to account for system losses, a photovoltaically active
area of the module of 67% and annual insolation of 1700 kWh/m2,
which is typical of Southern Europe.
3.1. High conductivity PEDOT:PSS
A process for creating HC-PEDOT:PSS ﬁlms via slot-die (S-D)
coating was analysed. The HC-PEDOT:PSS ink was assumed to be
comprised of conventional PEDOT:PSS with the addition of 5%
DSMO or ethylene glycol. Commercial HC-PEDOT is likely to
contain small amounts of unknown additives; however, since
conventional PEDOT:PSS has a high embodied energy, it can be
assumed that any small amount of additive would contribute a
negligible amount to the embodied energy in the layer. Since the
best results for HC-PEDOT:PSS ﬁlms in the literature consist of
very thin coatings (around 200 nm [16]), the S-D coating conditions were based on similar coating thicknesses used in the
manufacture of ProcessOne modules (i.e. for the ZnO and active
layers), for which a detailed LCA has already been completed [7].
The LCA of HC-PEDOT:PSS shows that this layer has an
extremely low embodied energy in comparison to the rest of
the module, see Fig. 1. The largest contributions to the embedded

A life cycle analysis of a silver grid embedded in PEDOT:PSS is
completed, in this study, based on an adapted ProcessOne, known
as ProcessTwo [38]. ProcessTwo replaced the ITO used in ProcessOne with a screen printed silver electrode, and altered the top
silver electrode to a grid pattern. A life cycle analysis of a similar
module, known as HIFLEX (which contains a sputtered Aluminium
and Chromium layer), which also employs the use of such a silver
grid TC, has been completed in a previous study [13]. The data
collected during this study for the silver grid and PEDOT:PSS
composite TC were used in this study to allow a comparative
analysis of this TC.
The embodied energy in the composite silver grid and PEDOT:PSS TC was largely accounted for equally by the drying of the
PEDOT:PSS and the electricity required for screen printing, which
represent 77% of the embodied energy in the TC. The large
contribution due to the energy for PEDOT:PSS drying is the result
of a need for a thick layer to prevent damage to the active layers due
to solvents in the silver ink, as mentioned above (see Section 2.2).
3.3. Silver nanowires
In order to complete the LCA of a silver nanowire (AgNW) ﬁlm,
a life cycle inventory of AgNW ink given in [20] was combined
with the energy requirements for slot-die coating of the PEDOT:PSS layer in ProcessOne [7], since the wet ﬁlm thickness and
drying conditions are similar for these two layers. The results of
this analysis showed that processing AgNW ﬁlm requires little
energy compared to ITO, see Table 2.
The AgNW are highly dispersed in the ink used to create these
TCs, thus a thick layer of ink is required in the fabrication process
[20]. The resulting energy required in S-D coating and drying of
this layer subsequently account for approximately 55% of the
embodied energy in the ﬁlm. The remaining embodied energy is
mostly attributed to the embodied energy in the raw materials, in
particular to ethylene glycol, which is used as a solvent.
3.4. Carbon nanotubes
A life cycle analysis of a process for creating SWCNT ﬁlms via
spray deposition for use in OPV devices [48] was completed in
this study.

Fig. 1. Pie charts showing the breakdown of the maximum energy embedded in modules using various TCs.
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The best performing SWCNTs, which are created via arc-discharge [64], are extremely energy intensive to manufacture, with an
embedded energy of 6523 MJ/kg [65]. However, the small amount
of carbon nanotubes required (despite this study ﬁnding this
amount to be much larger than has previously been suggested
[66,67], see Section 4.4) mean that their embedded energy contributes around 5% of the total energy embedded in the ﬁlm. The
SWCNT ink used in this process contains only 0.03% carbon
nanotubes [48], thus the wet layer of the spray coated ink is
extremely thick and subsequently requires an extensive drying time.

4. Economic cost analysis
To calculate the cost of modules, a published cost model [8]
was extended using data gathered for the TCs shown above.
Details of the life cycle inventory and material costs for the TCs
can be found in the supplementary information, and are summarised in Table 2. Labour costs and the capital costs of required
machinery for TC manufacture (with the exception of ITO) were
not included as they were expected to be small [8].
Labour, overheads and investment costs associated with all
layers in the modules except the TC, as found in [8], were
included at a minimum value of 20.05 h/m2, and a maximum
value of 28.23 h/m2. Subsequently, the cost per Watt of ITO-free
modules was calculated, using the same assumptions for cell
efﬁciency, PR, active area and insolation as for the LCA calculations, and is presented in Fig. 4a. Fig. 2 shows the contribution of
the various TCs to the cost of the module.
4.1. High conductivity PEDOT:PSS
A cost analysis of a HC-PEDOT:PSS ﬁlm was completed based
on the price of commercially available HC-PEDOT:PSS along with
Table 2
Summary of LCA and cost analysis results for various TCs, from this study unless
otherwise noted. Note that these values do not contain the embodied energy or
cost of the PET substrate with the exception of the cost of ITO ﬁlm which contains
the cost of PET.
Transparent conductor

ITO
HC-PEDOT:PSS
PEDOT:PSS with Ag grid
Ag nanowires
SWCNTs

Embodied energy
(MJ EPE/m2)

Cost
(Euro/m2)

Min

Max

Min

Max

71.98 [6]
5.61
61.24
47.84
57.41

271.19 [7]
6.03
62.03
53.78
59.48

14.64 [8]
0.11
19.57
5.31
102.66

65.50 [8]
1.27
21.17
17.87
339.58
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the electricity requirements for the S-D coating of such a ﬁlm. The
cost of the HC-PEDOT:PSS accounted for between 30% and 50% of
the cost of the TC, with Isopropanol, which is used for preparing
the substrate, accounting for the majority of the remaining cost.
4.2. PEDOT:PSS with silver grid
The cost analysis of a silver grid embedded in PEDOT:PSS
found that the thick layer of PEDOT:PSS required in the process
analysed, ProcessTwo, along with the silver ink, account for 98% of
the cost of such a ﬁlm. However, it should be noted that when
extending this analysis to the module level, the PEDOT:PSS layer
within the module is already accounted for, as can be seen in the
cell architecture of ProcessTwo [38]. Subsequently, a direct
comparison of the cost of this TC with other alternatives, as
shown in Table 2, overestimates the impact this has on the
module level, which is shown in Fig. 2.
4.3. Silver nanowires
Silver nitrate contributes the greatest cost to the fabrication of
an AgNW ﬁlm, accounting for 30–65% of the cost of the ﬁlm.
There is a large range in the cost analysis of this TC largely due to
the range of prices for common chemicals used to produce the
nanowire ink (such as ethylene glycol and methanol), many of
which can be found at a greatly reduced price from China.
4.4. Carbon nanotubes
Carbon nanotubes are an extremely expensive material; however, it has often been suggested that this would not necessarily
lead to a high cost of SWCNT ﬁlms since only small amounts are
used [66,67]. This study contradicts this assumption and found
that carbon nanotubes account for 69% of the cost of the module,
even if the cheapest carbon nanotubes currently on the market
are used (which have been seen to give inadequate performance
in OPV applications [personal communication with X. Wang]).
The value for the amount of SWCNTs required in a TC ﬁlm
suggested in [66,67] (approximately 20 mg/m2) are based on
the amount observed or predicted to be contained within the
ﬁnal ﬁlm. However, this fails to account for the amount lost
during the puriﬁcation and deposition of the SWCNT ink and
a better estimate for the amount of SWCNTs required for the
manufacture of a TC is 480 mg/m2 [personal communication with
X. Wang].
A summary of the results of the life cycle and cost analysis are
presented in Table 2. The cost of ITO shown in Table 2 is the price
offered by manufacturers and thus includes a proﬁt margin and
other costs not included in the analysis of other TCs, such as

Fig. 2. Pie charts show the breakdown on the minimum cost per m2 of modules using various TCs. Note that the TC in the ITO pie chart includes PET whereas all other TCs
include this separately.

18

C.J.M. Emmott et al. / Solar Energy Materials & Solar Cells 97 (2012) 14–21

labour. These values are therefore an overestimate in comparison
to other TCs, which do not include such a margin.

5. Effect on module performance
In order to obtain a realistic energy and cost analysis of OPV
devices made with ITO-free TCs, their effect on the performance
of the solar module should be accounted for.

Table 3
Performance characteristics of TCs, used to provide weightings to performance
assumptions.
Transparent
conductor

Sheet resistance
(Ohms per square)

Transparency

Reference

Weighted
efﬁciency

ITO (baseline)
HC-PEDOT:PSS
PEDOT:PSS
with Ag grid
SWCNT
AgNW

60.0
63.3
–

79%
67%
–

[15]
[16]
–

57.0
8.0

65%
80%

[48]
[20]

3.00%
2.57%
Insufﬁcient
data
2.48%
3.07%

The sheet resistance of the TC in an OPV device directly inﬂuences
the Series Resistance, Rs, across that device, subsequently diminishing the performance of the solar cell. This effect increases with the
area of the solar cell such that if an ITO-free electrode is seen to
perform equally to an ITO based device in small area solar cells, the
same may not be true when large area devices are fabricated [34].
Thus while several articles report ITO-free electrodes performing
similarly to ITO reference cells, in small area devices, the higher sheet
resistance of the ITO-free electrodes would be expected to degrade
performance of large area devices, compared to ITO based devices.
Reduced transparency of the TC in an OPV module will clearly
impact its efﬁciency by reducing the photogenerated current
through the device. Many ITO alternatives have a lower sheet
resistance with increased thickness but this reduces transparency
(e.g. HC-PEDOT:PSS). Thus there is often a need to balance
transparency against sheet resistance, which should be considered an important parameter for cell architecture design.
The roughness of TCs, in particular nanowire ﬁlms, can often
cause a reduction in device performance due to increased parasitic
current shunting [68], therefore reducing the shunt resistance of
the device and deteriorating both the ﬁll factor and the power
conversion efﬁciency [69]. Therefore, an additional layer may be
used to prevent shorts across the device. This layer would have its

Fig. 3. (a) un-weighted and (b) efﬁciency-weighted EPBT of modules using various TCs.
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Fig. 4. (a) un-weighted and (b) efﬁciency-weighted cost per Watt of modules using various TCs.

own environmental, economic and performance cost; however,
these are neglected in this study due to lack of reliable data.
The choice of TC can also have a large impact on the lifetime of
the module. For example, ITO electrodes are susceptible to ion
diffusion into the polymer layers, substantially reducing the efﬁciency over the lifetime of devices [10]. PEDOT:PSS used as a hole
transport layer is often credited as a leading cause of degradation in
OPV devices due to the absorption of water by the hydroscopic
PEDOT:PSS, which leads to higher resistance in the PEDOT:PSS layer
[70]. By utilising PEDOT:PSS as an electrode material, this degradation mechanism would likely be exacerbated since cell performance
would be increasingly reliant on the resistance of the PEDOT:PSS
layer. This is a major disadvantage to the use of high conductivity
polymers as TCs since degradation is already a major issue in
organic solar cells. However, effect on the module lifetime of the TC
was not accounted for in this study due to insufﬁcient data.
When assessing the EPBT and cost per Watt of OPV modules
containing various TCs, the sheet resistance and transparency of
the TC was used to assess the expected performance of modules
with respect to ITO based devices. TC characteristics of the ﬁlms
prepared using the methods analysed for this study were used

rather than best reported characteristics (which use different
methods of fabrication, which may have different LCA results than
have been shown in this study). A baseline efﬁciency was chosen
at 3%, corresponding to the use of ITO on a ﬂexible substrate. The
difference in performance to the ITO baseline, due to sheet
resistance and TC transparency was calculated using Eq. 1, the
derivation of which is shown in the supplementary information

ZTC ¼

T TC
T

ITO

ZITO

1P TC
s

ð1Þ

1P ITO
s

where
PTC
s

"
#2
2
b TC T TC ITO
¼
R
J
P in s T ITO

b ITO h ITO i2
R
J
P in s
2

and

PITO
¼
s

in these expressions: ZTC is the weighted efﬁciency of a cell
containing a given TC; ZITO is the baseline, ProcessOne cell efﬁciency,
set at 3%; T is the transparency of the TC (see Table 3); Ps is the
fractional power loss due to the sheet resistance of the TC; JITO is
the photogenerated current density in a ProcessOne cell, taken to be
73.3 A/m2 [1]; b is the width of the cell stripe within the module,
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taken to be 6 mm [1]; Rs is the sheet resistance of the TC (see
Table 3); Pin is the incident light in test conditions, set at 1000 W/m2.
This provides a weighting, shown in Table 3, which was used
to compare the TCs. The corresponding effects on the EPBT and
cost per Watt are shown in Figs. 3b and 4b, respectively,
calculated using the same inputs for active area, insolation and
performance ratio as before. A lack of information on other
impacts on module performance or lifetime, such as TC roughness
or degradation mechanisms, means that these factors could not
be quantitatively taken into account.
Insufﬁcient data were available for the composite PEDOT:PSS
and silver grid to calculate a theoretical performance weighting
for this module. However, a large area module, manufactured
similar to ProcessOne has been demonstrated to achieve an
efﬁciency of 0.27% [38]. Using this efﬁciency, the EPBT was found
to be around 5 years and the cost per Watt was found to be
between 16.09 h/Wp and 33.33 h/Wp.
6. Conclusion
A review of the literature shows that there are a number of
promising alternatives to ITO, which may be used to reduce the
EPBT or ﬁnancial cost of OPVs in the future. Despite inferior
performance by many of these alternatives, the gains made in
reduced embodied energy, lower cost and increased ﬂexibility
may mean that they still present an attractive alternative.
However, the effect on the lifetime due to replacing ITO, has not
been assessed here and this may show that the use of materials
such as HC-PEDOT:PSS may lead to a reduced lifetime. Some
effects on efﬁciency have also not been considered in this study,
such as roughness, which may show that the use of materials
such as silver nanowires or carbon nanotubes may result in a
higher EPBT or cost than estimated here.
The most promising TCs from an environmental viewpoint
are shown to be those based on silver nanowires as well as
HC-PEDOT:PSS. However, whilst the high embodied energy in
carbon nanotubes does not lead a high embodied energy in
SWCNT ﬁlms, their high economic cost shows that carbon
nanotube ﬁlms will only become competitive if the cost of carbon
nanotubes drops signiﬁcantly or methods of manufacture can
reduce the amount of nanotubes discarded during production.
Silver nanowires and HC-PEDOT:PSS both prove to be excellent
alternatives to ITO, which have the potential to reduce module
costs per Watt by 17% and 10%, and EPBTs by 17% and 32%, with
respect to ITO based modules. However, both these materials
have a number of potential issues: silver nanowire ﬁlms may
deteriorate performance due to their surface roughness and
also have issues with their adhesion to the substrate; whilst
HC-PEDOT:PSS may detrimentally affect the lifetime of modules.
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