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Abstract
Purpose An life cycle assessment (LCA) study of a field
emission display (FED) television device was established.
The first objective of this study was to get an up-to-date and
comprehensive picture by applying the latest developments in
the area of LCA, especially concerning the use of nanoparti-
cles. In its second part, the study shows a comparison with
today’s display technologies (i.e. CRT, LCD, plasma) and the
timely development of the assessment of a FED television
device.
Methods This LCA study covers the complete life cycle of a
FED television device in accordance with the ISO 14040
standard, from the extraction of raw materials until the final
end-of-life treatment in a European WEEE recycling system.
Two different functional units were applied in this study: For
the in-depth analysis of the FED television device, an entire
device along its complete life cycle was considered as func-
tional unit—for the subsequent comparison with today’s dis-
play technologies, “one square-inch of display during 1 h of
active use” was used as an appropriate functional unit. Main
data source for the FED device was patent information;
ecoinvent was used as default background database.
Results and discussion The in-depth analysis of this FED
television device shows a clear dominance of the production
phase (independently of the impact category). Within the
production of such a device, the electronics part (i.e. the

printed wiring boards) shows the highest contribution—while,
even when focussing on the glass and its various coating
layers only, the carbon nanotubes (CNTs) production has a
very minor influence. The releases of CNTs during the End-
of-Life treatment do not contribute in a relevant manner to the
overall impact neither—even when focussing on the
“ecotoxicity potential” by using conservative CFs reported
for this type of releases. Last but not least, the comparison
with the existing television display technologies shows that an
FED device has an environmental advantage over all three
other technologies using the above stated functional unit of
“one square-inch of display during 1 h of active use”.
Conclusions Traditional impact categories as well as the
ecotoxicity factor results in clear environmental advantages
for an FED television device when comparing it to the three
display technologies used today. Concerning the general issue
of evaluating applications of manufactured nanomaterials in
LCA studies, this case study shows the high relevance of an
adequate integration of nanoparticle releases into LCA studies
in order to achieve an actually comprehensive evaluation.

Keywords Carbon nanotubes . CNT . FED . Field emission
display . Life cycle assessment . LCA .Manufactured
nanomaterial . MNM

1 Introduction

Displays are an important interface in machine-based commu-
nication among human beings—or, as summed up, e.g. in
Gurski and Quach (2005), “a picture is worth a thousand
words”. In 2009, more than 92 % of all households in Swit-
zerland had at least one television device and more than 80 %
had at least one desktop computer (having an additional
screen). In 2011, each person in Switzerland spent on average
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from 2 h and 17 min (German part) up to 2 h and 52 min
(Italian part of Switzerland) in front of a television (BfS 2013).

The area of display technologies (both, for television de-
vices as well as for computer screens) has been dominated by
the cathode ray tube (CRT) technology since the 1920s—with
many different flat panel display (FPD) technologies coming
up since the late twentieth century, ranging between various
self-emissive and non-emissive technologies (Gurski and
Quach 2005; Leung 2008). Concerning television devices, a
consumer today looks for “improved features in thinness,
brightness, contrast ratio, viewing angle, longevity, size, and
reduced weight & power consumption” (ObservatoryNANO
2011). According to this latter report, a variety of different
technologies have emerged in television devices for this, but
not any one of them fulfils all requirements; each one has not
only advantages, but also constraints, as shown in Table 1 for
the most popular of these different FPD technologies.

This article focusses in the following on the last FPD
technology mentioned in Table 1, i.e. field emission display
(FED) technology, and its application in the area of television
devices.

1.1 Field emission display technology

According to Chalamala et al. (1998), the FED technology can
be best compared to the CRT technology. Both of them are
based on the principle of a cathode that (in a vacuum) launches
electrons towards a glass plate coated with phosphorous. But
whereas in the CRT technology just one such cathode is used,
the FED technology uses one individual cathode for each
single pixel. In this way, this new technology allows the
construction of devices with very promising features like,
e.g. a thin, self-emissive screen, a distortion free image, or a
wide viewing angle (Zeng et al. 2006). Within the FED
technology, two main development streams can be distin-
guished: SED and NED. SED stands for “surface-conduction
electron-emitter display” technology and represents the FED
technology developed by Canon and Toshiba (Fink et al.
2007). NED is the “nano-emissive display” technology devel-
oped by Motorola (Coll et al. 2006). While the first one uses
lateral field emitters—the latter one represents a cost-efficient
way of producing large display sizes (Dean 2010).

A great challenge in the development of the FED technol-
ogy is the issue of micro fabrication of the cathodes in order to
have one cathode per pixel. For this, carbon nanotubes (CNT),
a manufactured nanomaterial (MNM), appear to be a valuable
alternative to traditional microtip structures (Zheng et al.
2009). Then according to Dean (2007), CNTs offer the best
behaviour (both in production and in use) concerning the
required characteristics of a display technology (i.e. stable
structures, no support for creation of harmful oxides or sul-
phides; and the ability to self-assemble in the presence of a
respective catalyst). These various technical features of CNTs

allow a screen based on the FED technology in the end to be as
bright as a CRT screen, by being as thin as today’s LCD
screens (Chalamala et al. 1998; Dean 2010; Zeng et al.
2006; or Verma 2010).

1.2 The environmental sustainability of display technologies

Although with life cycle assessment (LCA) a comprehen-
sive framework is available for an evaluation of the eco-
logical side of sustainability and specific guidelines for
the use of this framework in the area of electronics have
been published by the related industry recently (ETSI
2011), it has thus far been possible to find only few such
studies of flat screen technologies, including the FED
technology. A very first LCA study of a television device
was published more than 15 years ago (Thomas et al.
1988); but since then, only a handful of additional studies
have been published (Aoe 2003; IPTS 2003; Hischier and
Baudin 2010; Feng and Ma 2009) dealing with traditional
television devices, i.e. devices based on CRT, LCD, or
PDP technology. According to Andrae and Andersen
(2010)—analysing the consistency of different studies
dealing with the same type of consumer electronic de-
vice—the results of television LCA studies are more
consistent than those of other types of devices (e.g. laptop
computers). Concerning screen and/or television devices
based on the FED technology, LCA studies are even
scarcer. A first such study, but on a qualitative level only,
was published in 2004 (Steinfeldt et al. 2004), followed
by two quantitative studies according to the ISO 14040
standard (ISO 2006) in 2007 and 2008. The first one
(Steinfeldt 2007) dealt with an FED device estimated via
data for the LCD technology, while the 2008 study (Bauer
et al. 2008) focussed on a “hypothetical” FED computer
screen as case study. However, both studies were
established before the tool LCA had been properly
adapted for a use in the area of nanotechnology; then as
shown in several recent review articles (e.g. Hischier and
Walser 2012) hardly any LCA studies were published in
the area of nanotechnology up to 2007. The two above-
mentioned FED studies lack therefore adequate, compre-
hensive background data of the production of CNTs as
well as characterisation factors (CFs) for the subsequent
environmental impact assessment of possible releases of
CNTs along the life cycle. While writing this publication,
a screening-level LCA study of an FED device has been
published (Upadhyayula et al. 2012, 2014). According to
this study, using the US-LCIA method TRACI, the main
impact results from the production (being responsible for
two third and more of the impact), while the subsequent
use over 10,000 h (according to the authors, the viewing
life-span of such a device) and the end-of-life treatment
are of minor relevance only.
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1.3 Latest developments in the area of LCA

As shown by various recent review studies (e.g. Hischier
and Walser 2012), the LCA method has been adapted,
expanded for a use in the area of nanotechnology in the
last few years only. Results of this development are, e.g.
the publication of life cycle inventory data about the
production of various MNM, among them CNT (Healy
et al. 2008; Isaacs et al. 2010), the publication of a
framework for a systematic modelling of releases of
nanoparticles along the complete life cycle (Hischier
2014), as well as first estimations of CFs in the area of
ecotoxicity for the assessment of releases of nanoparti-
cles (Eckelman et al. 2012; Salieri 2013). All this allows
today a much more comprehensive LCA analysis of
products and/or services using MNM, like, e.g. a FED
television device.

1.4 Structure of this publication

The goal of this study was therefore an up-to-date and com-
prehensive assessment of the ecological sustainability of an
FED television device by the use of all these latest develop-
ments in the area of LCA, keeping the study in accordance
with the ISO 14040 standard (ISO 2006). Therefore, this
paper summarizes in section 2 the key elements of the goal
and scope definition of our study, together with the most
important data sources used for the LCA study of an FED
television device. Section 3 then shows in a first part
the results of the in-depth analysis of such an FED
television device, followed by the results of a compar-
ison with current display technologies used for televi-
sion devices, and the timely evolution of the results for
the FED television device over the past 5 years. In
section 4, all these results are further analysed and

discussed, and the resulting conclusions are summarized
in the concluding section 5.

2 Methodology

2.1 Goal and scope definition

2.1.1 Objective

The overall objective of this study is an ecological in-depth
analysis of an FED television device by applying the latest
developments in the area of LCA in accordance with the ISO
14040 standard (ISO 2006). Based on in-house experience in
the area of consumer electronics (i.e. the FED model in Bauer
et al. 2008, was established at Empa—and models for CRT,
LCD and PDP devices from Empa are reported, e.g. in
Hischier and Baudin 2010; Hischier et al. 2013), comparisons
between this FED television device and television devices
based on today’s display technologies, but also the develop-
ment of the data for the FED technology along a timeline 2008
to 2013 are established as a second and third element within
this study.

Scope and examined system The scope is a traditional cradle
to grave LCA study—from the supply of the raw materials
used in the production, along the actual production and the
subsequent use of the FED television device to the End-of-
Life (EoL) treatment (i.e. dismantling, recycling, or disposal)
at the end of the life of such a device. An overview of this
system is shown in Fig. 1.

For all other television technologies, the models already
published by the author (references see above) are used here.

Table 1 Advantages and disadvantages of most popular Flat Panel Display Technologies (information based on Gurski and Quach 2005;
ObservatoryNANO 2011; Salmon 2012)

Technology Advantages Disadvantages

LCD • More energy efficient (than CRT) • Colours and contrast changes with viewing angle

• Safer disposal option • Motion rendition may be inadequate

PDP • Large viewing angles, high image quality • Susceptible to burn-in effects

• Size does not harm the image quality • Rather high energy consumption

OLED • Emissive display (no backlight needed) • Relatively short lifespan

• Surpasses LCD for viewing angle, brightness, contrast, and power
efficiency

• Color balance issues (blue color)

• Poor sunlight readability

FED • High contrast • Requires high vacuum level to operate (challenging
production)• Low energy consumption

LCD liquid crystal display, PDP plasma display panel, OLED organic light emitting diode, FED field emission display

Int J Life Cycle Assess (2015) 20:61–73 63



2.1.2 Functional unit

For the study of the FED television device, one entire device
over its complete life cycle (using the use pattern described
below) is considered as the functional unit. For the subsequent
comparison with these other television devices mentioned
above, “1 square-inch of display during 1 h of active use” is
used as functional unit in order to take into account that the
various devices exist in very different size ranges due to
technological constraints. Such an area-based functional unit
is the most appropriate choice for such a comparison, as
according to DCE 2007, the energy consumption of a televi-
sion device is about proportional to its surface size.

2.1.3 Study object

The study object is a 36-in. FED television device. This device
is compared in a second part of the study with “typical”
television devices of other technologies (“typical” concerning
their size). Therefore, Table 2 summarizes key characteristics
of all the television devices examined here. The derivation of
the numbers for the FED television device is explained in
more details in section 1 of the Electronic Supplementary
Material of this paper.

2.1.4 Data sources

The main data sources for the foreground processes of the
FED television device according to Fig. 1 are patents (e.g.
Dean et al. 2005; Hwang et al. 2005) and the publication by
Fink and co-workers comparing FED and SED technologies
(Fink and Yaniv 2007). A comprehensive documentation of
the here modelled FED television device and a complete list of
used data sources can be found in the Electronic

Supplementary Material. In the background, data from the
database ecoinvent v2.2 (ecoinvent Centre 2010) have been
used.

For the other television devices taken into account in this
study here (i.e. CRT, LCD, and PDP devices), models devel-
oped at Empa in the framework of former studies have been
used (Hischier and Baudin 2010, for CRTand PDP—Hischier
et al. 2013, for LCD). Actually, the FED device here is
modelled in a way similar to that for those devices by, e.g.
using the same background database (ecoinvent v2.2), thus
yielding a dataset comparable to these other technologies.

2.2 Life cycle inventory analysis of the FED television device

2.2.1 Production FED television device

According to Hwang et al. 2005, and Dean et al. 2005, such an
FED device could be split into the following main compo-
nents (see lower part of Fig. 1): housing, FED panel, cable,
and electronics. The values used here for the various elements
are summarized in Table 3; more details about the derivation
of these numbers, and their exact modelling—especially
concerning the various coatings within the FED panel, can
be found in the Electronic Supplementary Material.

2.2.2 Use phase

Active use of a television device for 4 h per day is assumed.
For all remaining time (during a complete life-span of 8 years),
this device is assumed to be turned “off” 4 weeks per year (the
typical time of holidays in most European countries—and this
seems to be the only realistic time for having such a device
“really” turned off), while all other time, a television device is

Fig. 1 Examined system for the
cradle-to-grave LCA study of an
FED television device. As
background, the database
ecoinvent v2.2 (ecoinvent Centre
2010) is used
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assumed to be on “stand-by” only. The energy consumption of
this “stand-by” time is attributed proportionally to the use
phase (i.e. resulting in 5 h of “stand-by” per hour of active
use). For the 4 weeks of “off”, no energy consumption is
assumed for each of the examined technologies. For the
consumed electricity, as default value, the Swiss electricity
mix is used here.

2.2.3 End-of-life treatment

For all television devices examined here, an end-of-life treat-
ment in accordance with the European Waste Electric and

Electronic Equipment (WEEE) Directive was modelled, using
the various WEEE treatment datasets in ecoinvent (described
in detail in Hischier et al. 2007). In this study, it is assumed
that all the devices are in a first step manually depolluted, then
mechanically treated (i.e. passed through a shredder). For the
depollution, the rules from Hischier et al. (2007; part V, Tab.
4.6) are used; the further mechanical treatment is modelled
according to the procedure described in Hischier et al. (2007;
part V, chapter 4.3.5). More details about the resulting frac-
tions for all the television display technologies are reported in
the Electronic Supplementary Material.

For the recycled materials, the avoided burden approach is
applied—i.e. a bonus is given that is equivalent to the envi-
ronmental load from the primary production efforts for a
similar amount of material (e.g. primary steel production in
a converter furnace), minus the recycling efforts for the re-
spective material (e.g. the efforts of secondary steel produc-
tion in an electric arc furnace).

2.2.4 Modelling of carbon nanotubes along the life cycle

All the CNT flows are modelled in a separate way in this
study. Their production has been modelled with information
from the patent for FED technology (Hwang et al. 2005) and it
has been amended with data from other literature sources
dealing with production of CNTs in general (e.g. Healy et al.
2008; Isaacs et al. 2010). More details about the modelling of
CNT production can be found in the Electronic Supplemen-
tary Material.

In general, release concentrations and/or amounts of CNTs
along the life cycle of a product have been studied only to a
very limited extent—experimentally and/or analytically (Gott-
schalk et al. 2013). In the present case, based on the descrip-
tion of the CVD process technology in Plata 2009, it can be
deduced that during the production no emissions of CNTs are

Table 2 Key characteristics of the television devices examined and compared in this study

Specification FED LCD PDP CRT

Screen size [incha]/format 36/16: 9 40/16:9 42/16: 9 32/16:9

Resolution (pixel × pixel) 1,280×768 1,366×768 1,024×768 n.a.b

Luminosity [cd/m2] 500 500 1,400 n.a.

Contrast 20,000:1 15,000:1 3,000:1 n.a.

Weight [kg] 13.5 17.4 30.2 48.3

Electricity consumption [W]

- On 70 138 303 115

- Stand-by 1.7 1.7 1.6 1.8

Data source Details in suppl. materials Hischier et al. (2013) Hischier and Baudin (2010) Hischier and Baudin (2010)

a 1 in.=2.54 cm
b n.a. not applicable

Table 3 Weight and modelling of the main components of a 36-in. FED
television device

Component Weight
[kg]

Details and comments

Housing 4.6 1.1 kg ABS (injection moulding)+3.5 kg
aluminium (50 % profiles, 50 % sheet)+
0.02 kg screws, as chromium steel (profiles).
Data derived from information for LCD
television screens (for details, see
supplementary materials)

FED panel 7.8 5.8 kg glass (front, rear panel, separator ribs)+
1.5 kg aluminium (profile)+500 g electronics.
Data based on description of a 36-in. SED
panel in Fink and Yaniv 2007. For the
(additional) coatings on both panel plates, see
supplementary materials.

Cable 0.4 Assumption: similar as to the PDP display—split
up into 275 g internal cable (as ribbon cable,
20-pin)+1.2 m electricity cable (+plugs). Data
derived from the model for a PDP in Hischier
and Baudin (2010).

Electronics 0.7 Modelled as “printed wiring board, mixed
mounted, unspec., solder mix”. Amount data
derived from information for LCD television
screens (for details, see supplementary
materials)

Int J Life Cycle Assess (2015) 20:61–73 65



taking place. A similar assumption can be made for the use
phase of such a television device, as the CNTs are embedded
inside the FED panel. Obviously, the situation is very different
in the end-of-life treatment of such devices, where CNTs
could be released to nature, as the FED panel is mechanically
destroyed. As described in the Electronic Supplementary Ma-
terial, this disposal step is modelled as 50 % similar to CRT
glass tubes and 50 % similar to PDP modules.

& CRTcase: Whenever an FED panel is treated in a manner
similar to the coated CRT glass, the CNTs are washed off
together with all other coatings; and this wet material is
then incinerated. Gottschalk and co-workers modelled in a
former study the incineration step of CNTs by assuming
that 98 % of the CNTs are burned (i.e. transformed into
CO2), and that the remaining 2 % go in the slag compart-
ment (Gottschalk et al. 2010). In a worst case scenario, it
could be assumed then that 100 % of this amount in the
slag compartment would be emitted into the ground-water.

& PDP case: When using a similar treatment as for plasma
panels, i.e. putting such a panel into a shredder installa-
tion, the release of (at least one part) of the CNTs as
emissions to air has to be assumed. Hence, for a worst
case scenario, a release into air of all the CNTs contained
in such a panel is assumed here.

All these assumptions lead—for a worst case scenario—to
a total amount of 1.25 mg of CNTs emitted into air and
0.025 mg of CNTs emitted into ground-water during the
complete life cycle of a FED television device. In accordance
with the modelling framework for releases of MNM reported
in Hischier 2014, the released amount is further characterised
in terms of shape and size (distribution). Based on the descrip-
tion of the production of CNTs in the FED screen (as detailed
in the Electronic SupplementaryMaterial) and due to a lack of
further information related to the behaviour of CNTs in the
EoL treatment activities described above, it is assumed here
that 100 % of the released CNTs is of fibrous shape and has an
average diameter (DAvg) of 50 nm, with a maximum length (L)
of 2.5 μm.

2.3 Impact assessment

Two of the most up-to-date methods in this area have been
applied here—i.e. the ReCiPe (Goedkoop et al. 2012) and the
USEtox method (see, e.g. Rosenbaum et al. 2008), the con-
sensus model for the assessment of toxicity in LCA.

The latter one is used here, as releases of nanoparticles
could lead to toxicological concerns; and a recent publication
has reported for the first time characterisation factors (CF) for
the ecotoxicity potential of CNT releases (Eckelman et al.
2012); factors that can be used for the assessment of the above

described amount of CNTs released in the end-of-life treat-
ment. ReCiPe, on the other hand, is an up-to-date, convenient
and consistent way of presenting results on a midpoint and on
an endpoint level. In this study, the CF for PM10 emissions is
also applied to releases of CNTs in the calculation of the
impact category “PMFP, particulate matter formation poten-
tial”, in order to get an idea of the relevance of these CNT
releases, in comparison with all remaining PM10 releases.

So far however, none of the LCIA methods contains a CF
for the impact of CNT releases on human health or human
toxicity, respectively—an impact that due to the above de-
scribed shape (i.e. fibrous form) releases from such CNTs
most probably have however.

3 Results

3.1 The overall life cycle of a FED television device

The examination of the environmental impacts along the
complete life cycle of the 36-in. FED television device spec-
ified here—partly reported in Table 4—results in the environ-
mental impacts shown in Fig. 2.

These results show a clear dominance—independently
from the particular LCIA factor considered—of the pro-
duction phase of the television device. This life-stage is
responsible for 70 % (in the case of “ozone depletion”,
ODP) up to almost 95 % (for “metal depletion”, MDP)
of the overall impact. The relevance of any CNT releases
in the end-of-life treatment is shown in an extension in
the right part of Fig. 2. While for the ReCiPe midpoint
factor PMFP these releases are not even visible under
such strong enlargement, Fig. 2 shows a small impact in
the case of the USEtox ecotoxicity potential. The
resulting impact is shown with both CFs reported in
Eckelman et al. 2012. Actually, the impacts from CNT
release are negligible because even with the high, con-
servative CF an impact results due to CNT release that is
only about 0.003 % compared to the overall ecotoxicity
potential of the examined FED television device. An
indication concerning the influence on the human toxic-
ity potential is missing so far due to a lack of respective
CFs.

Next, the production of the FED television device is exam-
ined in more details. Figure 3 shows these results.

The production phase is again dominated—across all LCIA
factors examined here—by one single element, the electronic
(i.e. the various printed wiring boards in such a device). From
the remaining elements, the estimation for the production
efforts (assumed here as 75 % of the assembly efforts for an
LCD screen in ecoinvent—details see Hischier et al. 2007)
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shows a clearly higher impact than the other parts of the
device, i.e. the housing or the FED panel.

Figure 4 shows the latter—i.e. the FED panel—in more
details, as this element contains the CNTs. However, even in
such a focussed diagram, the contribution from the production
and application of CNTs (summarized as “CNT CVD”) is
very minor; the process is dominated either by the glass
production (in case of impact factors FDP, GWP, and ODP)
or the silver paste used (in case of MDP, PMFP, ETP, and
HTP). All in all, production and application efforts of CNTs

do not influence at all the LCA results of such a television
device.

3.2 Comparison with today’s television devices

In a second step, this FED television device was compared
with the three technologies on the market today for television
devices—i.e. the CRT, the LCD, and the PDP technology.
Based on a similar use pattern for all these technologies, the
resulting environmental impacts for 1 h of watching television

Table 4 Extract of emission and resource consumption factors out of the cumulative life cycle inventory results for the life cycle of a 36-in. FED
television device

Total Production Use End-of-Life Treatment

FED panel Remaining parts Efforts Benefits

(a) Resource consumption

Aluminium, in ground kg −4.13E−01
8.39E+01
1.09E+02
9.22E+01
1.09E+00
5.94E+01
1.59E+02
4.51E+00
3.27E+01
1.43E+03

1.48E−00 3.26E+00 5.41E−02 2.34E−03 −5.21E+00

Calcite, in ground kg 8.39E+01 3.39E+01 4.88E+01 3.17E+00 3.36E−01 −2.29E+00
Coal, brown, in ground kg 1.09E+02 3.29E+01 4.40E+01 3.74E+01 5.97E−01 −5.65E+00
Coal, hard, in ground kg 9.22E+01 2.20E+01 5.61E+01 2.27E+01 8.16E−01 −9.35E+00
Copper, in ground kg 1.09E+00 3.32E−01 7.64E−01 3.80E−01 6.36E−02 −4.52E−01
Gas, natural, in ground Nm3 5.94E+01 2.01E+01 2.73E+01 1.33E+01 1.48E+00 −2.75E+00
Gravel, in ground kg 1.59E+02 5.71E+01 9.23E+01 1.52E+01 2.56E+00 −8.56E+00
Iron, in ground kg 4.51E+00 1.01E+00 2.40E+00 1.36E+00 4.95E−02 −3.09E−01
Oil, crude, in ground kg 3.27E+01 1.29E+01 2.08E+01 4.85E+00 3.33E−01 −6.21E+00
Energy, potential, converted
(in hydropower reservoir)

MJ 1.43E+03 1.36E+02 2.59E+02 1.19E+03 5.89E+00 −1.55E+02

(b) Emission to air

Carbon dioxide, fossil kg 5.39E+02 1.62E+02 2.91E+02 1.16E+02 1.60E+01 −4.67E+01
Sulphur dioxide kg 2.68E+00 9.27E−01 1.50E+00 4.31E−01 2.34E−02 −1.93E−01
Nitrogen oxides kg 1.52E+00 5.33E−01 8.46E−01 2.25E−01 1.77E−02 −1.01E−01
Methane, fossil kg 1.22E+00 3.00E−01 7.74E−01 2.13E−01 1.31E−02 −7.82E−02
PAH, polycyclic aromatic hydrocarbons kg −6.91E−06 1.12E−04 2.65E−04 1.10E−05 8.01E−07 −3.96E−04
CNT, carbon nanotubes kg 1.25E−06 – – – 1.25E−06 –

(c) Emission to water

COD, chemical oxygen demand kg 1.03E+01 4.02E+00 6.29E+00 8.30E−02 8.19E−02 −1.62E−01
Chloride kg 4.02E+00 1.31E+00 2.30E+00 7.29E−01 5.72E−02 −3.82E−01
Sulphate kg 1.17E+02 4.81E+01 6.02E+01 1.05E+01 4.60E−01 −2.72E+00
Ammonium, ion kg 2.99E−01 1.37E−03 2.96E−01 1.41E−03 1.44E−05 −1.23E−04
Nickel, ion kg 5.31E−02 1.91E−02 2.49E−02 9.56E−03 1.94E−03 −2.40E−03
Cobalt, ion kg 4.52E−02 1.92E−02 2.37E−02 3.15E−03 2.54E−04 −1.01E−03
Vanadium, ion kg 1.32E−02 5.47E−03 8.17E−03 1.44E−03 6.30E−05 −2.80E−03
CNT, carbon nanotubes kg 2.50E−08 – – – 2.50E−08 –
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were calculated. The results of this comparison are shown on a
“per square-inch” basis in order to make the four technologies
and their—due to technical restrictions—different screen sizes
comparable. According to DCE (2007), the three existing
technologies have an electricity consumption in the use phase
that is directly proportional to the surface of the screen; hence
this latter can be used as functional unit for this technology
comparison. The results in Fig. 5 show the relative impact per
one square-inch of screen and per hour of watching television
for the three damage systems of the ReCiPe Endpoints
method.

All four technologies are dominated by the production of
the respective device—the use phase (based on the Swiss
electricity mix!) shows a clearly lower impact. When using a

more polluting electricity mix (e.g. the European UCTE mix),
the differences between the various technologies become
more accentuated. Changes are due to a higher impact of the
use phase (see small picture within Fig. 5); and in some cases
(like, e.g. for all three shown damage categories in the case of
the PDP; in the case of the resource damage factor also for the
CRT), the use phase now becomes even more important than
the production of the device.

The FED television device shows for all damages catego-
ries the lowest impact, independently from the actual electric-
ity mix used. The impacts from the other three technologies do
not differ very much on the relative scale per square-inch. A
similar analysis for the USEtox indicator “ecotoxicity poten-
tial”—bearing in mind that CNT releases add less than

Fig. 2 Environmental impacts of a 36-in. FED television device along
the complete life cycle—split into the life stages shown in the upper part
of Fig. 1; shown are [ReCiPeMidpoints] fossil depletion potential (FDP),
metal depletion potential (MDP), global warming potential (GWP), ter-
restrial acidification potential (TAP), freshwater eutrophication potential
(FEP), marine eutrophication potential (MEP), ozone depletion potential

(ODP), photochemical oxidant formation potential (POFP), particulate
matter formation potential (PMFP), [USEtox] ecotoxicity potential
(ETP), human toxicity potential (HTP), [ReCiPe End-points] damage to
human health (HH), on ecosystem quality (EQ), and resource consump-
tion (Res)

Fig. 3 Environmental impacts of the production of a 36-in. FED television. For an explanation of the abbreviations of the reported LCIA factors, see
Fig. 2
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0.005 % to the overall impact (see Fig. 2)—results in the
picture shown in Fig. 6.

Figure 6 shows a more or less similar picture, as the three
damage categories of the ReCiPe Endpoints method—i.e. the
use of a FED television device leads to the lowest environ-
mental impact, followed by the LCD, the PDP and the CRT
device. The impact of CNT releases—even in the case of
100 % of release (i.e. almost twice the amount used in the
calculation)—is not visible, compared to all the other impacts
in the production and in the use phase.

3.3 Temporal development within the LCA of the FED
technology

At Empa, an FED television device has been examined two
times—a first time for the 2nd case study reported in Bauer
et al. 2008, and a second time for the case study reported here.

In-between these two studies, there is a time span of more than
5 years; a lapse of time that has seen major developments in
the area of LCA, like, e.g. ecoinvent v2 (and its data covering
the electronics sector) or the publication of first inventory data
about the CNT production (Healy et al. 2008; Isaacs et al.
2010). In other words, the first modelling had been done in an
era having only one single dataset for the whole electronics
sector available and before the publication of CNT LCI data.
As a consequence, the comparison between the two calcula-
tions shows the influence of the developments on the level of
inventory modelling (e.g. expansion of background databases,
MNM modelling rules, etc.). The comparison is shown in
Fig. 7. Due to different screen sizes, the results for four
different midpoint indicators from the CML method (Guinee
et al. 2001), used in Empa’s first case study of the FED
technology (Bauer et al. 2008), are shown per square-inch of
screen surface.

Fig. 4 Environmental impacts of the production of the FED panel (explanation of the abbreviations of the reported LCIA factors is given in Fig. 2)

Fig. 5 Impacts (damage systems
of ReCiPe Endpoints; shown in
“points”) of 1 h of watching
television with the various
devices—shown are relative
results per square-inch of surface
of each single device used with
the Swiss electricity mix (big
picture) or the use with the
European UCTE (Union for the
Co-ordination of Transmission of
Electricity) electricity mix (small
picture)
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The results in Fig. 7 show an astonishing similarity in the
results from the two studies; apparently the more adequate
modelling that is possible today has a quite similar influence
on all three screen technologies included here (see, e.g. the
factor “ozone depletion”—factor that shows a very small dif-
ference between 2008 and 2013 in case of FED and CRT). An
examination of toxicity factors (and like this, an inclusion of the
above estimated releases of CNTs) is not possible; respective
calculations for the data published 2008 are not available.

4 Discussion

4.1 FED and today’s television devices

The resulting picture for the FED television device is a
rather clear picture—despite all the uncertainties

concerning the release (and the respective assessment)
of CNTs during the various life stages of such a device.
Actually, this FED television device shows a typical
result for more energy efficient technologies—the pro-
duction phase of the device (i.e. the device as infrastruc-
ture) becomes increasingly relevant. CNTs as a new
element in this infrastructure do not show any relevance
on the level of production—the printed wiring board and
the ICs continue to be the most relevant elements having
the highest environmental impact within such an ICT
device. In competition to the various further display
technologies used today in television devices, the shown
comparison on the level of the three damage factors of
the ReCiPe Endpoint method results in a quite clear
environmental advantage for the FED television device
- in total, and also on the level of the infrastructure and
with the use phase taken into account separately. Actu-
ally, the FED television device proves that having a

Fig. 6 Impacts (expressed as
“ecotoxicity potential” according
to the USEtox method) of 1 h of
watching television with the
various devices—relative results
per square-inch of surface of each
single device used with the Swiss
electricity mix are shown (left)
and the use with the European
UCTE electricity mix (right)

Fig. 7 Relative impact per
square-inch of various television
technologies (relative, as the LCD
device is normalized to 100 % for
each of the shown LCIA factors)
for four different midpoint
factors. shows results
from the former study (taken out
of Fig. 10 in Bauer et al. 2008)
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simpler technical structure, and being less power con-
suming, are valuable arguments for being a more envi-
ronmentally friendly technology.

4.2 Temporal development within the LCA of the FED
technology

This seeming accordance between the simple model used in
Bauer et al. (2008), and the much more detailed model of this
study is actually the result of several, overlapping effects. A
detailed analysis of the results in Bauer et al. (2008), shows
that the results are dominated (a) by the use phase via the
electricity consumption of the device (assumed as 75 % of the
consumption of an LCD display) and (b) by the CNT produc-
tion. Based on the knowledge acquired since then, an amount
per surface that was much too high, and an energy consump-
tion for the CVD process itself that was much too high were
integrated into this first model. In the “new” model, due to
more detailed background data for electronic components, the
printed wiring boards have a much higher impact than in the
old model. In combination with current data about the energy
consumption of a 36-in. FED television and more realistic
data concerning the amount of CNTs that are used in such a
device, this results in the end in a ratio between LCD and FED
in the same order of magnitude for both studies. But it has to
be stipulated clearly here, that the current model is much more
accurate than the simple model for the FED technology
established for Bauer et al. 2008.

4.3 Critical view of the LCI framework for nanoparticle
releases

In accordance with the modelling framework for releases of
MNM reported in Hischier 2014, the released amount of
CNTs has been further characterised here in terms of shape
and size (distribution). However, this additional information
cannot be used actively in the assessment due to the fact that
only one single CF for the ecotoxicological effects of CNTs
(in Eckelman et al. 2012) is reported so far. It is thus not yet
possible to judge this framework mentioned above. At the
same time, this example shows quite well the actual depen-
dency of LCI and LCIA—and the need for further specifica-
tions on both levels. The rather simple and straight-forward
assumptions for the releases of CNTs into the environment
used here during the End-of-Life phase of the FED device
leads in the case of the “ecotoxicity potential”—using the
higher value reported in Eckelman et al. 2012, as the CF for
the CNT releases—to a hardly visible increase on the order of
0.003 %. And even a worst case, assuming a release of the
complete CNT content to air, would only double this result—
i.e. result in a 0.006 % higher impact of a FED device; in other
words, (still) would have no influence on the overall
ecotoxicity result of such a screen. In the end, the case

examined here is an example that rather confirms the “general
opinion” about MNM—i.e. that its use “will allow a more
efficient use of materials and energy and reduce waste and
pollution” (see, e.g. Bauer et al. 2008).

However, this rather large range for the ecotoxicity CF of
CNT releases (in Eckelman et al. 2012) is a sign in favour of
the request for additional specifications of this kind of emis-
sions (as also stipulated in Hischier 2014)—despite the fact
that even the higher CF value does not lead to a relevant
impact of the CNTs in this specific case study. On a long-
term (having in mind the “exact” CF values in case of bulk
emissions—and the large variety between different forms and
types of CNTs, and their differences in environmental behav-
iour), there will be several different CFs for different sizes/
forms of CNTs and if this is only in order to narrow the range
between a conservative and a realistic value each time.

An additional point that stresses the development of spe-
cific CFs for MNM is the influence shown here (i.e. actually
the non-influence, as shown in Fig. 3) of a pure mass-based
factor like the “particulate matter formation potential
(PMFP)”. A simple application of the PM10-CF on MNM
(and according to the definition of PM10, MNM—sometimes
called PM0.1—belong to the PM10 substances) shows that due
to the very small amount of used/released MNM they are in
such a mass-based weighting as to be of no importance and
relevance at all.

5 Conclusions and outlook

The study gives—as far as this is possible, based on the
current state of the development of the LCA framework for
an application in the area ofMNM—a comprehensive and up-
to-date overview of the ecological assessment of MNM-
containing ICT devices. For the examined device, it could
be concluded that an FED television device has an environ-
mental advantage over the three currently sold television
display technologies; this is valid for traditional impact as-
sessment categories (like, e.g. Global Warming, or Acidifica-
tion) as well as for the aspect of “ecotoxicity”. Due to meth-
odological lacks, the assessment in the area of human toxicity
does not show a comprehensive picture yet; respective CFs for
releases of MNM are missing in this area. However, indepen-
dently from these results, today in industry, the development
of FED television devices has been abandoned by all major
producers; instead they already turned towards other FPD
technologies (like, e.g. OLED) for tomorrow’s television
devices.

In a next step, these new FPD technologies (OLED, etc.)
should be assessed in a similar manner; ideally in an as early
phase of the development as possible. At least some of these
FPD technologies in development are also based on the
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application of MNM—and thus, need to be evaluated careful-
ly; in order to ensure that they result, similar as the FED
technology, in ecological advantages when compared to the
current display technologies.

Concerning the general issue of evaluating MNM applica-
tions in LCA studies, it could be deducted from this study here
that an adequate integration of releases of MNM during the
life cycle is necessary for a comprehensive evaluation. The
case here—although it results in no relevance for this kind of
releases—has shown once more how important it is that the
LCIA community develops in a systematic way CFs (in the
areas of ecotoxicity and human toxicity) for a proper integra-
tion of releases of the most important MNM into comprehen-
sive LCA studies.
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