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Abstract 

The treatment of the rapidly increasing number of End-of-Life (EoL) Flat screen Televisions (FTVs) presents ma-

jor challenges and opportunities. Closing loops in plastic housing material flows remains a particular technical 

challenge because of the presence of additives, such as Flame Retardants (FR) in recovered housings. In the 

framework of a collaborative project PRIME with TP Vision the TV development site for Philips TVs and a Van 

Gansewinkel first level recycling plant, series of experiments are set up to recycle plastic housings of FTVs. In 

these series of experiments plastic back covers are manually disassembled from the current WEEE stream and 

sorted based on manufacturers information and polymer analysis. With these plastics, new back covers and test-

ing bars are injection molded and evaluated. The results of these experiments and the presented cost-benefit anal-

ysis demonstrate the technical and economic feasibility of closed loop recycling of housing plastics and indicate 

further opportunities for design and process improvements. 

 

1 Introduction 

Worldwide a total number of 400 million Liquid Cris-

tal Display (LCD) FTVs have been sold before 2010 

and about 620 million units in the three subsequent 

years [1]. In addition, the average lifetime of TVs de-

creased over the past year from 8.4 to 6.9 years [1], 

which will result in a fast increasing number of EoL 

FTVs. In addition, in Europe due to legislation LCD 

FTVs will have to be collected separately and pro-

cessed in a dedicated recycling line, since many LCD 

FTVs use mercury containing Cold Cathode Fluores-

cent Lamps (CCFLs) as backlighting [2].  

Worldwide already about 4 million tonne of LCD 

FTVs plastics will reach their EoL [1]. On average 

45% of these plastics are used in the back cover and 

15% in the front cover, which often contain FRs be-

cause of manufacturers’ safety policy or because of 

legislation. For example, European legislation obliges 

from 2010 onwards the application of FR in FTV 

housings (EN 60065:2002/A11:2008). Separation of 

plastics based on plastic type and FRs is required prior 

to recycling, because of technical constraints and leg-

islation. For example, the European legislation classi-

fies different types of bromine based FRs as hazardous 

and therefore a separate treatment is required. [3]. 

Since commonly used separation techniques cannot 

differentiate among FR plastics, incineration currently 

is the most adopted EoL treatment for plastics contain-

ing FRs [3]. However, the European Waste Electrical 

and Electronic Equipment (WEEE) directive has in-

creased the recycling quotas, which will oblige recy-

clers to recycle more materials [2]. According to this 

European directive waste materials can either be recy-

cled in a closed loop or ‘downcycled’, indicating that 

plastics can also be reapplied for purposes other than 

the original. Nonetheless, from an environmental per-

spective closed loop plastic recycling is the preferred 

EoL option [4]. Also, from an economic perspective 

closed loop recycling of plastics is an opportunity, 

since this allows selling the recovered plastics at a 

higher value. Hence, the EoL treatment of FR plastics 

could possibly shift from incineration with energy re-

covery, with a cost of 160 €/tonne, to profit generating 

closed loop recycling [5].  

The question to be addressed is thus whether closed 

loop recycling of FTVs plastic housings containing 

FRs is technically and economically feasible. Prior 

laboratory research has demonstrated that most FR 

plastics maintain their properties after multiple-pass 

recycling [6, 7]. However, little is known about the 

feasibility of separating and closed loop recycling FR 

plastics on an industrial scale from the current waste 

stream. Therefore, within the PRIME project in col-

laboration with industrial partners different series of 

experiments have been performed [8]. This paper re-

ports on the results of these experiments in which PC-

ABS plastic with phosphorous FR is recycled in a 

closed loop. This research focuses on PC-ABS with 
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phosphorous FR, since this is the most commonly 

used FR plastic for LCD back covers, which can be 

disassembled relatively easily.  

2 Current FTV plastic recycling 
processes 

In the European setting direct cooperation between 

manufacturers or retailers and recyclers is a rare phe-

nomenon. As a result, recyclers seldom have access to 

information about material content and product archi-

tecture of the products they process. This implies that 

the information associated with the product is gradu-

ally lost after the point-of-sale, which is one of the 

major obstacles for efficient value recovery from EoL 

products [9].  

Figure 1 Recycling processes in conventional EoL 

treatment of FTVs 

Consequently, in Europe FTVs are in most cases treat-

ed in a fully automated rough shredding based process 

chain, as shown in Figure 1. Except for the mercury 

extraction, these treatment processes are similar as 

generally used for WEEE. After the magnetic and ed-

dy current separation in these processes a plastic dom-

inated mix remains. From this plastic mix low density 

plastics can easily be extracted with floatation based 

techniques for reapplication. However, other plastics 

with a higher density, such as plastics with flame re-

tardants, are commonly incinerated with energy re-

covery. The separated plastics or plastic mixes are al-

so often exported, for example to China, which im-

ported 8.36 million tonne of scrap plastics in 2011 for 

the domestic market [10].  

Besides density based sorting techniques, also ad-

vanced post-shredder separation processes have re-

cently been developed, which can separate shredder 

residue based on optical material properties. However, 

most of these processes have difficulties with separat-

ing black plastics on plastic type, whereas 93% of 

FTV housings are black [11]. Also, the separation 

based on FRs type is generally characterized by a low 

efficiency. Though, all housing plastics of FTVs in 

Europe from 2010 onwards can be expected to contain 

FRs and the analysis of 106 back covers of FTVs from 

before 2010 indicated that 12% of these FTVs  con-

tain plastics with Bromine Based Flame Retardants 

(BrFR) and 43% with Phosphor Based Flame Retard-

ants (PFR), as shown in Figure 2. Furthermore, a puri-

ty of at least 98% is required to preserve the physical 

properties of recycled plastics comparable to  those of 

virgin materials [11]. In addition, the European legis-

lation on Restriction of the Use of Hazardous Sub-

stances (ROHS) requires high separation efficiencies 

to limit the concentration of hazardous elements, such 

as a maximum concentration of 1000ppm of Bromine. 

As a result of the involved risk of investment due to 

low separation efficiency and the required high in-

vestment, advanced post-shredder separation process-

es are rarely applied for the separation of FTV hous-

ing plastics.  

Figure 2 Commonly used plastics and FRs in LCD 

FTV back covers 

Alternatively, for the separation of components based 

on plastic type and FR other identification methods or 

techniques, which have a higher reliability, can be 

used. Therefore, this research proposes to manually 

disassemble the back cover for closed loop recycling, 

since the back covers contain 75% of the FR plastics 

which cannot be recycled post-shredder with the cur-

rent technology. 

3 Technical feasibility of closed 
loop PFR plastic recycling 

3.1 Recycling Philips FTVs 

Laboratory experiments have demonstrated that PC-

ABS with PFR maintains its physical properties after 

multiple-pass recycling [6, 7]. In some cases these 

FRs appear to even improve the performance and fea-

sibility of the recycling processes [7]. However, in an 

industrial setting the first challenge to closed loop re-

cycle plastics from WEEE is to separate plastics with 

a high reliability. Accordingly, the main goal of the 

first series of experiments was to demonstrate the fea-

sibility of separating different plastics from FTVs’ 

back covers. Within this experiment the separation of 

FR plastics was done based on manufacturers’ product 

information. Furthermore, to demonstrate the techni-

cal feasibility of closed loop recycling of plastics from 

the current waste stream, new back covers were injec-
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tion moulded from the recycled PC-ABS with PFR 

and further analyzed.  

Within this experiment a total of 158 EoL Philips 

FTVs from the Belgian collection system were identi-

fied. This was done by means of a barcode scanner or 

based on the serial number indicated on the product. 

Thereafter, the specific plastic blend utilized for every 

back cover was looked up in the Philips products data 

base and the back cover was manually disassembled. 

With this procedure 57 kg of a specific blend of PC-

ABS with PFR and 150 kg of a mix of different blends 

of PC-ABS with PFR were collected. 

Despite of full access to TP Visions’ product data of 

Philips FTV, the conclusion of this experiment is that 

sorting plastics only based on manufacturers’ data is 

not feasible. Underlying reason is that some EoL 

FTVs cannot be identified because of missing or dam-

aged barcodes and serial numbers, which is in line 

with prior research [12]. Within the experiment this 

was the case for 6% of the analyzed FTVs. In addi-

tion, over time different variants of a specific FTV 

product model have often been produced, using dif-

ferent types of plastics. The problem with these prod-

uct variants is that they cannot be differentiated based 

on serial number or barcode, since this information is 

not tracked by the manufacturer. Therefore, in this ex-

periment the plastics were separated based on both 

Philips product information and plastic type indicated 

in the mould. However, prior studies have indicated 

that a significant amount of plastic components are 

mismarked [13]. Accordingly, a separation based on 

manufacturers’ information and mould indication has 

low reliability. Therefore, within the second experi-

ment plastic analysis equipment was used to sort the 

plastics with a higher reliability. 

Nevertheless, to acquire an initial idea about the tech-

nical feasibility of closed loop recycling PC-ABS with 

PFR, the back covers from the first experiment were 

further processed. Before regrinding the plastics, all 

screws and attached components were removed from 

the back covers. Thereafter, the back covers were 

grinded into particles smaller than 5mm and prior to 

injection moulding a magnetic separation step was 

performed. Surprisingly, still a substantial amount of 

ferrous material was separated within this process. 

Despite the high amount of dust present on the back 

covers, no other pre-cleaning activities were per-

formed.  

Based on the available product data two batches of 

plastics were further processed to investigate whether 

different plastic blends can be jointly recycled. Ac-

cordingly, first PC-ABS of a specific blend, hereinaf-

ter called Single Blend, was injection moulded. After 

a cleaning step of the injection moulding installation, 

a second batch of mix of blends of PC-ABS was proc-

essed. In both cases no virgin plastics or additives 

were added. Thus, two types of back covers, both 

made from 100% recycled PC-ABS with PFR, have 

been produced. 

The remoulded back covers were chemically analyzed 

to check the presence of hazardous substances in line 

with the ROHS directive. In addition, by means of a 

vertical burn and candle burn tests the flammability of 

the recycled PC-ABS was evaluated. Also, mechanical 

material properties were evaluated by means of  ten-

sile,  ‘charpy’  and ball drop tests [14]. 

The test results, shown in Table 1, indicate that the 

flammability levels dropped from V0 to V1 for both 

plastic batches. However, with the V1 flammability 

level the legal requirements for FTV back covers are 

still met. Also, the impact resistance and tensile 

strength of the samples is lower than the virgin mate-

rial, which is probably caused by the material impuri-

ties as shown in Figure 3. However, based on these 

test results the TP Vision designers consider the mate-

rial sufficiently strong to be applied for consumer 

product housings. Furthermore, there are only minor 

differences in the physical characteristics between the 

R-PC-ABS PFR Virgin Of only Philips FTVs  Of different brands 

Mix blends Single blend  No filter 0,5 mm 0,25 mm 0,16 mm 

ROHS test Pb (ppm) < 1000 7,6 8,0 - 5,9 / / / / 

ROHS test Br (ppm) < 1000 118 118 - 149 / / / / 

Vertical flame test V0 V1 V1 / / / / 

Candle flame test Pass Pass Pass / / / / 

Impact test (with ball) Pass Pass Pass / / / / 

Charpy Impact test (J) > 5 3  3  3,8 3,8 5,68 6,12 

Tensile test (Mpa) 61,48 55,55 55,69 55,3 56,1 56,7 56,8 

Strain at break (%) 12,17 5,21 5,73 6,77 7,72 9,05 7,98 

Table 1 Mechanical and chemical properties of virgin and within the experiments recycled PC-ABS 



recycled PC-ABS from a single blend and from a mix 

of plastic blends of different producers.  
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Figure 3 Contamination in the fracture area of re-

cycled PC-ABS with PFR from a single blend and 

from a mix of blends of housing plastics 

 

 

Figure 4 Silver lines and polluted spots present in 

back covers of recycled PC-ABS with PFR 

Regardless of the contaminations in the fracture area, 

the test results indicate limited material degradation 

during both the product lifetime and the recycling 

process. Therefore, re-applying a mix of different 

blends of PC-ABS with PFR in similar applications 

seems technically feasible. However, the reapplication 

of the recycled plastics in visible components is hin-

dered by aesthetic defects, such as silver lines and pol-

luted spots present in the remoulded back covers, as 

shown in Figure 4. The silver lines are probably 

caused by insufficient drying of the plastics prior to 

remoulding and the polluted spots by the presence of 

impurities in the recovered back covers. 

3.2 Recycling different brands of FTVs 

Within the second series of experiments the goal was 

to demonstrate the feasibility of up scaling a recycling 

process for PC-ABS with PFR plastics in an industrial 

setting to gain economies of scale. In this experiment 

this was done by separating back covers from different 

brands of FTVs based on plastic analysis. In addition, 

within this experiment it was attempted to further im-

prove the properties of recycled PC-ABS by removing 

impurities, such as tapes or stickers, by means of a fil-

tering process prior to regranulating, and to decrease 

the moisture in the PC-ABS with a drying process.  

For separating the FR plastics in this second experi-

ment the so-called sliding-spark spectroscopy and the 

Fourier Transform Infrared analysis (FTIR) were se-

lected. These identification methods are used, since 

preliminary tests indicated that these are the most 

promising techniques for analyzing black FR plastics. 

The sliding-spark spectroscopy is an analysis method 

which thermally vaporizes a small amount of the plas-

tic surface by using high-voltage sparks, which also 

activate the different elements present in the plastic to 

emit a specific and measurable radiation. On the other 

hand, FTIR is an analysis method which can identify 

chemical bonds in a molecule by producing an infra-

red absorption spectrum.  For both methods all dust or 

coatings should be removed from the sample surface, 

for example by scratching with a knife. 

In the conducted experiment 111 plastic back covers 

of different brands of EoL LCD FTVs from the Bel-

gian collection system wee first analyzed with the two 

methods. A combination of both identification meth-

ods was required, since the sliding-spark spectroscopy 

only has a high reliability for separating plastics based 

on FRs. Hence, the FTIR analysis is required to sepa-

rate the PC-ABS from the HIPS-PPO/E, which are the 

two types most commonly used FR plastics, as illus-

trated in Figure 2.  

Within this second series of experiments, from the 

analyzed plastic back covers of different brands, 30 

were identified as PFR PC-ABS back covers, having a 

total weight of about 50 kg. From these back covers 

all screws and attached components, except the prod-

uct labels, were removed. Thereafter, three small 

batches of plastics were filtrated with either a filter of 

0,5 mm, 0,25 mm or 0,16mm. Of all three batches, as 

well as from the non filtered plastics, test bars were 

injection moulded, which were analysed in a tensile 

and a Charpy’ impact test.  

As shown in Table 1, the plastics filtered with a 0,25 

and a 0,16 mm filter give the best results for the ten-

sile and impact tests. However, the shorter strain at 

break for the batch filtered with 0,16 mm indicates a 

possible degradation of the plastic. In addition, during 

processing the strands of the 0,16 mm filter broke 

several times, which will lead to problems in an indus-

trial setting. Therefore, the 0,25 mm sieve is preferred 

from a technical perspective. Since no back covers 

were produced from the recycled plastics, the aesthet-

ic improvements could not be evaluated within this 

experiment. However, aesthetic improvements are ex-

pected due to the removal of impurities in the filtra-

tion process and a more homogeneous distribution of 

the remaining impurities, which will have a maximum 

size of 0.25 mm after the filtration process. 



4 Economic feasibility of closed 
loop PC-ABS PFR recycling 

For the economic analysis reported in this paper only 

the additional processes to a conventional shredding 

based scenario are considered, as shown in Figure 5. 

Accordingly, the process costs required for separating 

and recycling PC-ABS PFR are taken into account 

and only allocated to this fraction. Nevertheless, by 

manually disassembling the back cover, access is fa-

cilitated to other components, such as PCBs, which 

can be recycled with higher efficiencies after manual 

disassembly [15]. However, to evaluate the economic 

feasibility of disassembling internal components, the 

optimal depth of disassembly should be determined. 

In this analysis, abstraction is made from such an op-

timized scenario and a direct cost-benefit analysis lim-

ited to closed loop recycling of PC-ABS PFR back 

covers is presented.  

Figure 5 Proposed additional processes to a shred-

der based treatment for PC-ABS PFR recycling 

In Table 2 the cost per tonne of recycled PC-ABS PFR 

from LCD FTVs of an average waste stream is calcu-

lated. Both the presented disassembly and identifica-

tion times are based on time and motion studies. For 

the identification costs a total time of 1min with a 

positive identification rate of 33% is used, taking into 

account that 67% of the back covers are non-PC-ABS 

PFR. For the cost of manual disassembly a labour cost 

of 25 €/hour, a productivity of 80 % and a disassem-

bly time of 2 min to remove the back cover and the 

heron attached components is used. The other costs of 

cleaning, regranulating, ROHS compliance testing and 

the possible additional transporting costs are estimated 

based on discussion with different industrial partners. 

The calculations indicate that closed loop recycling is 

economically feasible, since the virgin price of PC-

ABS varies between 2930 and 3010 euro/tonne [16] 

and those of recycled PC-ABS between 2230 and 

2325 euro/tonne [10]. These plastic prices can to 

some extent depend on the sold volume and the re-

quired additives, such as FR. In addition, the cost of 

160 €/tonne for incinerating plastics with energy re-

covery can be avoided by recycling the PC-ABS PFR 

[5]. Also, the initial removal of the back covers facili-

tates the further recycling process and decreases the 

volume to be treated. 

Furthermore, the cost-benefit analysis indicates that 

mainly material identification and manual disassembly 

contribute to the cost of the recycled plastics. How-

ever, also other commonly used housing plastics, such 

as HIPS-PPO/E PFR, HIPS or ABS, can be recycled 

in a closed loop [6]. Thus, if these plastics are recy-

cled as well, the identification cost could also be allo-

cated to these plastics. Moreover, the performed ex-

periments indicate, in line with prior research, that the 

use of plastic and FR type is strongly FTV producer 

dependent [11]. For example, TP Vision only applies 

ABS-PC PFR or HIPS-PPO/E PFR for Philips FTV 

housings. Accordingly, a sorting step based on FTV 

brand prior to the plastic identification is expected to 

increase the efficiency of identification. 

To determine the rate of return on investment in re-

quired plastic analysis equipment and disassembly sta-

tions, data about the volume of arising EoL FTVs is 

lacking. Furthermore, producers and recyclers face a 

“chicken and egg” dilemma, since producers will not 

use recycled materials when they are uncertain about a 

steady supply of high quality plastics. On the other 

hand, recyclers will not invest in recycling processes 

for FR plastics unless they are certain they will have a 

market for them. To overcome this dilemma and to 

lower the initial risk of investment for recyclers, col-

laboration between producer and recycler is required, 

as is created within the PRIME project [8]. Such col-

laboration also generates opportunities for improving 

the product design in order to facilitate product identi-

fication and disassembly, thus enabling to drastically 

lower the main costs of plastic recycling. For example, 

Plastic identification 60 s / 2,18 kg back cover * 33% PC-ABS * 25 €/h
 

579 € / tonne 35,7% 

Manual disassembly 120 s / 2,18 kg back cover * 80% efficiency * 25 €/h
 

478 € / tonne 29,5% 

Regranulating 350 € / tonne 350 € / tonne 21.6% 

Plastic cleaning 150 € / tonne 150 € / tonne 9.3% 

ROHS testing 500 € / 10 tonne 50 € / tonne 3.1% 

Transport to moulder 350 € / 25 tonne   (if additional transport is required)
 

14 € / tonne 0.9% 

Total operating cost for recycling PC-ABS PFR 1621 € / tonne 100% 

Table 2 Cost break down for recycled PC-ABS with PFR 

Loading of recycling line

FTIR and Sliding-Spark analysis

Manual disassembly

Shredder based treatment

73% Other back covers 27% PC-ABS PFR

Back covers
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the application of identification techniques, such as 

RFID, QR or bar-codes, can facilitate product sorting 

and disassembly embedded design and active disas-

sembly can significantly reduce the required disas-

sembly time, as proposed in prior research [9, 12, 17]. 

5 Conclusions 

The reported research results demonstrate that closed 

loop recycling of PC-ABS PFR back covers from 

LCD FTVs is technically feasible and that by micro 

filtrating the plastics at 0.25mm prior to the regrinding 

process the physical properties significantly improve. 

Furthermore, the performed cost-benefit analysis 

demonstrates that recycling PC-ABS PFR is economi-

cally feasible, since the total recycling operation cost 

per tonne is approximately 1621 euro and the virgin 

price of PC-ABS is about 3000 euro/tonne. The main 

costs in the proposed recycling process are the identi-

fication and disassembly costs. However, the identifi-

cation of plastics can be facilitated by presorting 

FTVs based on product brand, since the use of plastic 

and FR type is strongly FTV producer dependent. Al-

so, the disassembly costs can be allocated differently, 

since removing the back cover increases the economic 

feasibility of manually disassembling PCBs. Accord-

ingly, future work will focus on determining the opti-

mal depth of disassembly considering product charac-

teristics. 
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