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Foreword
This report consists of a summary description of results from the HÅPLA project, as well as the
project presentation slides from the SETAC LCA Case study Symposium in Copenhagen
November 2012.
A full reference to this publication should be written as follows:
Ljungkvist H., Rydberg T., Felix J., Garmer K. (2016) Sustainable recycling of flat panel displays:
Evaluation of methods for sustainability assessment of LCD waste management scenarios. IVL
report C 210.
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Summary
The Swedish joint R&D project “Sustainable Recycling of Flat Panel Displays (HÅPLA)” is an
initiative to develop a comprehensive solution for the recycling of flat screen TVs and computer
monitors, particularly those based on liquid crystal technology (i.e. LCD screens). The project scope
comprises several aspects such as development of recycling strategy, process technology,
applications and markets for recovered materials/components, sustainability evaluation models
and guidelines for eco-design. By involving several steps and actors in the value chain such as
manufacturers of flat screen TVs and monitors, WEEE collection organization, WEEE recyclers,
recycling equipment suppliers and environmental labeling organizations a better understanding is
provided of the complex conditions influencing the life cycle of flat screens.
This report presents selected findings made within the project. The results presented are
specifically related to i) Process for indium recovery from LCD glass; ii) Recovery and re-use of
optical components; and iii) Sustainability rating of different recycling scenarios involving mainly
large-scale shredding, manual dismantling or semi-automated dismantling.
A process has been developed by Chalmers for indium recovery from LCD glass. The process,
which involves leaching of the indium-tin oxide layer, and then subsequent extraction, has been
studied in terms of kinetics and yield with regards to choice of leachants, extractants and various
process parameters. The best conditions identified in this study gave indium contents in the range
0.20-0.25 g/kg glass at a yield of nearly 90%. However, to achieve economical sustainability of the
process relatively large volumes of LCD glass needs to be treated every year. The required
volumes will not be available in the Swedish waste stream until 2015.
In another work package of the project, we investigated ways of recovering a higher monetary
value than currently from discarded flat screens. We found that recovery and re-use of LCD optical
components in high-end applications would be a potential way of achieving economical
sustainability of LCD recycling particularly for small to medium scale recyclers. As the main
properties of many components are not significantly affected by their lifetime in a flat screen, they
are well suited for re-use, generally not in LCD screens, but in other applications where their
optical properties can improve current product performance. The main application in which we
have evaluated recovered components is LED fittings for general illumination. Using the optical
components of the LCD backlight unit, which constitute 25-30 weight-% of a 17 inch LCD monitor,
enables energy-efficient flat LED luminaries to be produced at a favorable cost level. As a spin-off
from the project, serial production of LED fittings has been initiated.
In addition, recycling scenarios suitable for the volumes currently available in Sweden have been
developed. Sustainability assessments of these scenarios were performed and compared with
existing processes.
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Sammanfattning
Det svenska FoU-projektet "Hållbar återvinning av platta bildskärmar (Håpla)" är ett initiativ för
att utveckla en heltäckande lösning för återvinning av platta TV-apparater och datorskärmar,
särskilt de som är baserade på flytande kristall-teknik (d.v.s. LCD-skärmar). Projektet omfattar
flera aspekter såsom utveckling av återvinningsstrategi, processteknik, applikationer och
marknader för återvunna material/komponenter, modeller för utvärdering av hållbarhet och
riktlinjer för ekodesign. Genom att involvera flera aktörer i värdekedjan, såsom tillverkare av
platta TV-apparater och bildskärmar, insamlingsorganisationer, återvinningsföretag, leverantörer
av återvinningsutrustning och miljömärkningsorganisationer ges en bättre förståelse för de
komplexa förhållanden som påverkar livscykeln för platta skärmar.
I denna rapport presenteras utvalda resultat från projektet. De är specifikt relaterade till i) Process
för indiumåtervinning från LCD glas; ii) Återvinning och återanvändning av optiska komponenter;
och iii) Hållbarhetsvärdering av olika återvinningsscenarier såsom storskaliga fragmentering,
manuell demontering eller halvautomatisk nedmontering.
En process har utvecklats av Chalmers för indiumåtervinning från LCD glas. Processen, som
innebär lakning av indium-tennoxidskikt med efterföljande extraktion, har studerats i termer av
kinetik och utbyte med avseende på val av lakningsvätska, extraktionsmedel och olika
processparametrar. De bästa förhållandena i studien gav indiuminnehåll i intervallet 0,20 till 0,25
g/kg glas vid ett utbyte av nästan 90%. För att uppnå ekonomisk hållbarhet måste dock relativt
stora volymer LCD glas behandlas varje år. De nödvändiga volymerna kommer inte att vara
tillgängliga i den svenska avfallsströmmen förrän runt 2015.
I en annan del av projektet, undersöktes olika sätt att skapa högre värden från kasserade platta
skärmar än vad dagens hantering ger. Man fann att återvinning och återanvändning av optiska
LCD komponenter i avancerade tillämpningar skulle vara en möjlig väg för att uppnå ekonomisk
hållbarhet, särskilt för små till medelstora återvinningsföretag. Eftersom flera av de viktigaste
egenskaperna hos många komponenter inte påverkas nämnvärt under sin livstid i en platt skärm
är de väl lämpade för återanvändning, inte i LCD-skärmar, men i andra tillämpningar där deras
optiska egenskaper kan förbättra nuvarande prestanda. Projektet har huvudsakligen utvärderat
återvunna komponenter i LED-armaturer för allmänbelysning. Genom att använda optiska
komponenter i LCD-skärmens bakgrundsbelysningsenhet, vilka utgör 25-30 vikt-% av en 17 tums
LCD-monitor, kan energieffektiva platta LED armaturer produceras till en fördelaktig kostnad.
Som en spin-off från projektet har serieproduktion av LED-armaturer inletts.
Dessutom har återvinningsscenarier formulerats som är lämpliga för de volymer som för
närvarande finns i Sverige. Hållbarhetsbedömningar av dessa scenarier utfördes och jämfördes
med befintliga processer.
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Evaluation of methods for
sustainability assessment of LCD
waste management scenarios Text

1.1

Introduction

The volume of flat panel displays appearing in the waste stream is rapidly increasing. In Sweden,
the volume is doubling every year, particularly due to LCD screens, i.e. displays based on liquid
crystal technology. Desktop monitors and TV sets are dominant in the European LCD waste
stream, estimated to reach combined volumes of nearly 500 000 tons in 2018 (Salhofer et al 2011).
The LCD screens produced during the past 10 years generally have a back-light unit using mercury
containing cold cathode fluorescent light tubes (CCFLs), which means that the discarded products
have to be treated separately in the waste handling process to avoid mercury exposure and
contamination of other materials. A projection for the technology used in TV sets in 2014 compared
to 2010 expects a phase out of CCFL screens in Europe (Display search, 2011), which could lead to
increased mercury content in the waste volumes. Today, the treatment methods generally applied
to this waste stream are either manual dismantling, where CCFLs are removed manually, or largescale shredding where CCFLs are left in the screen and mercury is removed from the shredded
waste. Semi- automated dismantling techniques for LCD screens are also evolving in the market,
and the project has evaluated that recycling route as well. The technologies all have their pros and
cons and are issue to shifting market prices for raw materials, labor costs, available waste volumes
etc., influencing their economical boundary conditions.
One increasingly acknowledged aspect of technology performance is the ability to preserve
material and minimize waste. In a future, resource efficient economy, material losses need to be
minimized in all instances of the value chain for environmental, availability and economic reasons.
Apart from regular construction metals like steel and aluminum, one material of interest for
increased recycling is indium which is an important constituent of the transparent indium-tin
oxide (ITO) electrode layers in LCD screens. Indium is mentioned on the EU list of strategic/critical
raw materials, together with rare earths, platinum group metals and others (EC 2012).
The reported indium content in LCD screens varies between literature sources, spanning between
56 and 5600 mg/m2 LCD screen depending on publication (Boeni et. al. 2012). Several studies on
the recovery of indium from ITO and other metals by solvent extraction have been published. One
example is Gupta et. al. (2004) where the separation of indium dissolved in nitric acid (HNO3),
hydrochloric (HCl) or sulphuric acid (H2SO4) from a number of other metals (such as transition
metals) by solvent extraction with 0.2 M Cyanex 923 in toluene. A more recent publication by
Virolainen et. al. (2011) investigated the viability of an extraction system consisting of H2SO4 or HCl
as the aqueous phase and Tributyl Phosphate (TBP) or Di-(2-ethylhexyl) phosphoric acid (DEHPA)
dissolved in kerosene as the solvent. The result for the extraction of indium from a relatively
synthetic indium-tin mixture resembling dissolved ITO showed that in sulphuric medium, DEHPA
was found to be able to extract both indium and tin, and indium could then be selectively stripped
(back-extracted) by HCl. The question is if this type of metal recovery can be deployed in large
scale LCD recycling processes in a risk free and economically sound manner.
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Facing increasing volumes, there is an increased need for sustainable processes that enable removal
of mercury and other hazardous substances from the LCD waste flow and facilitate achievement of
recycling rates required by the WEEE directive (2012/19/EU). Treatment methods have been
suggested to control mercury and enable closed loop recycling (McDonnell and Williams 2012).
Active dismantling, involving specialized fasteners and advanced information technology has been
proposed (Peeters et. al. 2012a), as well as clustering products depending on material content
before treatment (Peeters et. al. 2012b). When developing such methods, many important aspects
should be considered, such as health and safety, environmental impacts and costs. A Swiss project
indicated that manual dismantling and mechanical treatment were all feasible from an
environmental- and heath regulations standpoint, while incineration should be avoided due to loss
of material and low calorific value (Boeni et. al. 2012). In the three-year national R&D project
“HÅPLA”, involving 15 parties along the LCD value chain, the initiative has been taken to find
comprehensive solutions for the sustainable recycling of LCDs under Swedish conditions. The
project addresses several different aspects of LCD recycling, and has the following goals:
1) develop sustainable recycling processes;
2) investigate applications for recovered components;
3) create a model for the collective assessment of sustainability aspects of recycling scenarios;
and
4) create guidelines for Eco design, environmental certification and legal requirements
concerning LCD products.
Within the project, both dismantling techniques and material recovery methods have been
developed. To develop a method for recovery of Indium, the kinetics of metal leaching from
crushed LCD panel glass by acidic aqueous solutions was investigated. Additionally, screening
tests were performed on the leached metals in order to measure the distribution ratios (D or Dvalue) as well as the extraction kinetics of the selected systems (Yang, 2012).

1.2

Goal and scope

This article focuses on the third goal of the HÅPLA project, with the aim to describe the methods
used to evaluate sustainability aspects of recycling scenarios. Rather than following an established
sustainability assessment framework like the one proposed by Kloepffer (Kloepffer 2008), the
assessment used a toolbox approach, where risk assessment, economic modeling and LCA
methodology were applied to four recycling scenarios. The toolbox approach, although using a
different set of tools, has previously been used for evaluating effect of policy instruments on waste
management (Ekvall et. al. 2009). The product system evaluated was LCD desktop monitors, from
the end of use to recycling, while the economic model assesses a mix of desktop monitors and TV
sets, reflecting the actual waste stream.
The four recycling scenarios for LCD desktop monitors were selected representing the existing
treatment options at the start of the project; incineration, shredding and manual dismantling, as
well as emerging treatment methods such as semi- automated dismantling. All scenarios include a
first step of sorting and dismantling of large metal or plastic parts at a pre-treatment facility, since
this is the common practice for electronic waste in Sweden.
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Incineration
As a first scenario, incineration of the LCD module was considered, since this was previously the
main treatment scenario in Sweden, and therefore interesting as a historical comparison to current
practices.
Shredding
The second scenario included shredding in a dedicated plant and recycling of the resulting
material fractions. This treatment exists in Europe today and can handle large volumes of material.
Manual dismantling
The third scenario assumed complete manual dismantling of the LCD screen, enabling reuse of
certain components as well as material recycling of the remaining materials.
Semi-automated dismantling
As a fourth scenario, semi-automated dismantling was modeled; where edges of the screen were
cut off by a machine to enable the fast and easy sorting of materials into different fractions.
The losses per material and complete recycling rates for the four scenarios are listed in Error!
Reference source not found.. Based on the toolbox assessment results, input to the stakeholder
consultation on the Eco design directive for energy using products was formulated. This input will
also be presented below.

1.3

Method

When evaluating the sustainability of complex recycling scenarios, it is our view that a toolbox
approach is valuable to create a solid basis for evaluation, since one tool may not capture the
tradeoffs and diverging aspects needed for well informed decisions. The three methods were
chosen as they represent the three pillars of sustainability: environment, economy and society.
Rather than studying a broader category of social impact, risk assessment was considered of key
importance, given the presence of mercury in the waste stream. The methods also cover very
different disciplines and therefor approach the scenarios in different ways.
For addressing health and safety aspects, a ”Three Step Risk Assessment Method” for Safe and
Healthy when recycling LCD screens was developed within the project. It is based on a method
developed in the EU- project Dismantling of Vessels with Enhanced Safety and Technology
(Garmer, 2010). The first step of the method ensures that basic legal requirements for work safety
are fulfilled. The second step systematically screens all work activities to identify hazards and list
them, starting with the most hazardous task. Risk reduction measures are then listed and assessed
to secure an acceptable risk reduction. Hazards that cannot be eliminated in this step remain on the
list for deeper investigation in step three. Based on the probability, severity and risk level for each
hazard, mitigation actions are suggested, and step 2 is repeated. This iterative kind of risk
assessment was carried out for the project recycling scenarios to identify work environment risks
and suggest safety measures accordingly.
A multi input model, based on net present value calculation, was created for the economic
assessment of recycling scenarios. Input parameters contained energy and material prices,
technology investment cost, interest rates, labor requirement, dismantling time and landfill cost.
The assumed payback time for investments used was 5 years, and the incoming material in each
scenario was set to 1000 tonnes per month which corresponds to the predicted Swedish LCD waste
flow by 2015 (Felix et. al. 2012).
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To evaluate environmental impacts, the scenarios were first analysed together with the recycling
representatives in the project team to quantify estimated material losses (see table 1) and energy
demand for the studied treatment options. The environmental impacts were then quantified using
Life Cycle Assessment (LCA) methodology. The four investigated impact categories chosen by the
project steering committee were Climate impact (GWP100), Acidification potential (AP),
Eutrophication potential (EP) and Abiotic Depletion Potential (ADP). The first three of these
categories are commonly used in LCA practice, while the ADP category was chosen to highlight
the resource perspective
Table 1. Modelled material losses for each of the four recycling scenarios. FR plastics = flame retardant
plastics, PCB = Printed Circuit Boards.

Material losses per recycling scenario (kg per LCD desktop monitor
Module
incineration (1)

Shredding (2)

Manual
dismantling (3)

Semi-automated
dismantling (4)

Steel

0.34

0.088

0.034

0.23

Polycarbonate (PC)

0.25

0.19

0.005

0.11

PMMA

0.48

0.21

0.035

0.094

ABS

0.48

0.21

0.035

0.094

Polystyrene (PS)

0.05

0.0089

0.032

0.032

FR Plastics

0.25

0.25

0.25

0.25

Glass

0.43

0.4

0.43

0.43

Circuit boards (PCB)

0.13

0.2

0.025

0.025

Cables/wires

0.025

0

0.025

0.025

Aluminium

0.074

0.012

0.034

0.13

1.4

Analysis

The risk assessment was carried out on site at representative recycling facilities. As required by the
method, the assessment group was composed by management, employees and the risk assessment
expert, to make sure that all important aspects of the work activities were covered.
In the economic model, the inflow of material was assumed to be 65% TV sets and 35% LCD
monitors (weight by weight).
The material prices were varied between low, medium and high levels in relation to current levels.
The number of employees, salary costs and energy consumption for machines and facilities were
also used as input parameters.
Indium extraction was modeled as an optional treatment step for all recycling scenarios. The
accumulated result after five years was then calculated and compared.
The Life cycle assessment assumed a material content of each LCD screen based on Salhofer et.al.
(Figure 1). Based on the estimated material losses and treatment options for each scenario, the
maximum material recycling rate was calculated. For the LCA, the following general assumptions
and boundary conditions (among others) were taken into account:

10

Report C 210 Sustainable recycling of flat panel displays – Evaluation of methods for sustainability
assessment of LCD waste management scenarios
•

5kg /LCD desktop monitor.

•

All glass is ”lost” (i.e. not recycled) in all scenarios (8% w/w).

•

Mixed material loss of 5% in recycling processes (in shredding 25% total loss).

•

All flame retardant plastics are lost (5% w/w) in all scenarios.

•

1000 tons of material is treated per month (consistent with the economic model)

•

50% of printed wiring boards and components (PCB:s) are lost in the shredding process.

•

Recycled materials can be reused in similar applications.

Assumptions were also made regarding infrastructure and energy requirements for each scenario,
while transports where excluded. The scenarios were then modelled using LCA techniques to
calculate environmental impacts.

1.5

Results

The risk assessment methodology identified the hazards and risks of each work task in the
scenarios. For the manual dismantling scenario, the risks remaining for further investigation were
mainly related to musculoskeletal injuries. The semi-automated dismantling scenario had a
number of remaining risks related to mercury exposure, while traffic risks were identified as the
most critical risks for the shredding scenario, due to many vehicles sharing space with pedestrians
in the shredding plant. The incineration scenario was not evaluated in the risk assessment, since
this treatment is no longer practiced in Sweden.
Not surprisingly, the manual dismantling scenario had the largest total recycling rate, 82%,
followed by semi-automated dismantling (see table 2). The environmental impact assessment
showed that the environmental impacts from virgin material production are larger than the
impacts associated with infrastructure and operation in the four recycling scenarios. This trend was
consistent in all four impact categories, where the total results were calculated as impacts from
material losses and processes minus credits from material recycling. In other words, the primary
means of reducing environmental impacts is to ensure a high recycling rate, given that the recycled
material can be used in similar applications. Electronic components (printed circuit boards) had the
largest environmental impact per weight. The possibility to recycle components is eliminated in the
incineration and shredding scenarios, and they have the largest losses of materials.
In the economic assessment, semi automated dismantling was the most profitable recycling option
using medium material prices, followed by incineration and shredding, while manual dismantling
showed negative results. The assumption regarding 50% loss of PCB value for the shredding
scenario had a large impact on the result; when this loss was eliminated in the model shredding
was the second most profitable option. With maximum material prices, the manual dismantling
showed positive results, while minimum prices resulted in all scenarios to be negative for the first
45 months.
The modelling of indium recovery as an additional treatment after shredding, manual and semiautomated dismantling, the profitability decreased for all these scenarios.
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Table 2 Summary of results from the three methods. *Negative impacts imply that the credits from
recycling are larger than the impacts from material losses and recycling processes.
Recycling
scenario

Total recycling rate
(% w/w)

GWP (kg CO2-eqv
per LCD monitor)*

Acccumulated
result after 5 years
(MEuro, medium
prices)

Main types of risks
remaining after first
assessment

Incineration

50

-3,82

8,9

Shredding

69

-6,09

10,2

Traffic incidents

Manual
dismantling

82

-26,13

-1,5

musculoskeletal
injuries

Semi-automated
dismantling

72

-20,17

13

n/a

mercury exposure

Figure 1 Material content of an LCD screen (based on Salhofer t.al. 2012.

1.6

Method evaluation

The risk assessment results are of a more qualitative nature than the economic and environmental
results. Some preparation is needed for the assessment participants, so that they are familiar with
the steps and documentation formats of the method. The approach and scope of the method were
appreciated by the recycling operators; who found it suitable for their type of business, where all
risks cannot easily be foreseen. However, the qualitative nature of the results makes them more
complex and challenging as a basis for decisions.
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The economic sensitivity of each scenario was evaluated using the difference in accumulated result
between the low and high price options. The larger the span between maximum and minimum
result, the more sensitive is the scenario to market changes. This rather simple measurement
showed that manual dismantling was the most sensitive scenario, closely followed by the semiautomated and shredding scenarios, which showed similar result spans. The most robust scenario
was incineration, since less material is actually sold in this case.
Sensitivity analysis of the LCA input data showed that PMMA & PCB datasets were critical in
terms of environmental impact per material weight. Due to lack of alternative data, a robustness
check could not be concluded, but is recommended for further work. The choice of electricity mix;
Nordic or EU25, was also investigated, but did not result in any major changes in environmental
impact.
In total, the methods in the toolbox were found to complement each other and facilitate multi
criteria based decision making in a way that a single tool could not provide. While it would be
possible to combine all parameters in one model, i.e. monetize them in a cost benefit analysis, this
leads to a great loss of detail and introduces large uncertainties in pricing assumptions and model
complexity. Another drawback is that the total result of such a model would change with each
adjustment, while the toolbox approach allows for keeping results of some methods stable and
only change the relevant parameters, for example prices in the economic model. This makes the
toolbox assessment more transparent, and makes it easier to adjust the weight of each aspect
depending on case specific circumstances.
One possible drawback of the toolbox approach is that complex results are more difficult to present
and demands more involvement of the audience/ decision maker. It may also be more time
consuming to perform, but this depends on the setup of the work, knowledge of methods and data
availability. For research on complex issues such as the recycling scenarios in the HÅPLA project, it
is recommended to use multiple methods in order to evaluate all aspects in sufficient detail. We
therefor recommend the toolbox approach for this type of research.

1.7

Conclusions

The toolbox assessment has provided a complex and nuanced basis for decisions regarding
recycling of LCD screens. One very concrete result is a list of recommendations to the Eco design
directive (2005/32/EC), which was presented at the EU consultation forum on October 8th 2012
(Error! Reference source not found.). In summary, the current directive is solely focused on energy
consumption, which is a rather limited way of relating to Eco design. In the future, updated
directive, we hope to see a more complete way of addressing Eco design, including issues
regarding hazardous substances, material choices and dismantlability. This view is shared by the
Swedish Energy Agency, which in a comment to the forum proposal wanted to …”encourage the
Commission to formulate a proposal addressing other environmental aspects, starting with
measures that are relatively easy to implement” (Swedish Energy Agency, 2012).
Although Indium extraction from crushed panel glass is technically feasible in laboratory and semi
scale tests (Yang 2012), the economic assessment showed that given current market conditions and
volumes, there is no economic incentive to recycle Indium. This is consistent with the findings of
Boeni et. al. (2012). There is a clear trade off to be made between the cost efficient methods of semiautomated dismantling and shredding, and the costly but environmentally preferable manual
dismantling with low material losses.
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The risk assessment procedure for health and safety was a useful and appreciated method to
systematically identify hazards, decide appropriate risk levels and when needed develop risk
reduction measures. The risk assessment procedure in this way significantly improved the health
and safety aspects of the different recycling scenarios.
Environmental impacts decrease with increased recyclability rate, which favors the manual
dismantling option. This is especially true for electronic components, since these contain precious
metals which are resource- and energy intensive to produce. However, the value of these metals is
not great enough to offset the high labor cost that makes manual dismantling a negative business
case today.
Table 3 Project recommendations (Jönsson 2012) to the Ecodesign directive (2005/32/EC).

Suggested product requirements

Suggested information requirements

The whole monitor including the panel, and PCBs
must be possible to dismantle (possibly with a
specified toolkit) in a limited time (possibly 30 s)

LCDs containing mercury (Hg) must be labelled
“Hg” (mercury content)
or preferably “not Hg” (no mercury content)

The lamps must be easily detachable if containing
mercury

Plastic components must be labeled according to
ISO 11469 and its sub standards 1043-1,-2,-3,-4
(indication of the presence of dangerous
additives, such as Br FR)
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