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ABSTRACT  

Rare earth element (REE) recycling remains low at 1%, despite significant uncertainties related 

to future supply and demand and EU 2020 energy efficiency objectives. We use a global 

production network framework of REE flows from mine to REE phosphors in energy-efficient 

lamps to illustrate the potential of closed-loop recycling for secondary supply under different 

scenarios of primary supply and forecasted demand for LEDs, CFLs and LFLs. We find that 

different End-of-Life Recycling Rate scenarios for REE secondary supply range between 

meeting forecasted REE demand and filling primary supply gaps, and competing with primary 

supply. Our argument centres on diversifying REE sourcing with recycling and the choice 

between primary and secondary supply. We stress that secondary REE phosphor supply requires 

further policy to support lamp collection and a discussion of the value of REE phosphor 

recycling underlying its economic feasibility. 

 

GRAPHICAL ABSTRACT 

 

KEYWORDS  

Rare earth elements, Energy-efficient lamps, Global Production Network, Recycling, Resource 

Conservation, Circular Economy 
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1 Introduction 

With an increase in energy efficiency of 20% to be achieved by 2020 within the European 

Union (EU), lighting presents a core area of interest. Replacement of inefficient bulbs by 2020 is 

expected to enable energy savings to power 11 million households a year. In 2009, regulations 

pursuant to the EU Eco-design Directive introduced stricter energy efficiency requirements for 

lighting products, which induced a phase-out of incandescent lamps (EU Commission, 2009, 

2014a). By 2016 it is expected that a majority of these lamps will be phased out, with similar 

legislations implemented in other nations including Australia, BRIC countries, Japan, South 

Africa, and the United States (UNEP, 2014). 

The lifetime of incandescent lamps is about four times shorter and their efficiency significantly 

less than compact fluorescent lamps (CFLs), with 15 lumens of visible light per watt of 

electricity consumed (lm/W) versus 63 lm/W (Wilburn, 2012). A linear rather than bulb shape 

characterizes linear fluorescent lamps (LFLs). Fluorescent lamps emit light when voltage is 

applied to the mercury gas within the glass body, which produces UV light that is transformed to 

white light by the phosphor powder coating of the lamp (Lim et al., 2013). Light emitting diodes 

(LEDs) have a lifetime approximately three to six times that of CFLs (Wilburn, 2012). LEDs 

emit light when electric current passes through a semiconductor chip and they are distinct to 

fluorescent lights in that they contain minor proportions of phosphor powder and no mercury.  

While the market share of LEDs is projected to accelerate, the transition from fluorescent 

lights will take time partly due to the upfront costs of LEDs in comparison to CFLs and LFLs. 

McKinsey & Company (2012) expect CFLs and LFLs to remain with a share in the lighting 

technology distribution until 2020, yet their significance is anticipated to decrease faster jointly 

with market demand for REE in fluorescent lamps, as envisioned by Solvay and General Electric 
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and illustrated in Figure 2 (Cohen, 2014). Of central concern to the lighting industry are 

phosphor powders in these lamps, which contain rare earth elements (REE) used for their 

luminescent properties and key to producing white light (Binnemans et al., 2013a).  

Since the early 1990s, China has gradually emerged as the largest consumer and producer of 

REE. The country hosts the majority of global mining and processing of these elements and has 

enacted numerous policies including quotas for mining and export (latter replaced by export 

licences in January 2015, see Bloomberg News, 2015) and a two-tier pricing system, under 

which REE cost less in China than in the rest of the world (ROW), introduced by export duties 

and trading rights, which significantly increases the price of exported REE products (WTO, 

2014). Concerns about decreases in REE availability outside China intensified with the price 

increase of export-destined REE products by up to +600% in 2011 (Massari & Ruberti, 2013). 

Lawsuits against the REE export policies by China were filed at the WTO (2012) by the EU, 

Japan and the U.S. and in response to the WTO (2015) Dispute Settlement Body, China removed 

the application of export duties and export quotas to REEs, and the restriction on trading rights 

of enterprises exporting REEs. It remains uncertain how subsequent new Chinese industrial 

policy measures, including new export licences and the ad-valorem tax, will affect the market 

over the long-term. Strategies to target these concerns address the diversification of REE supply 

outside China, including re-opening old mines or establishing new mines, and include 

discussions about whether government intervention would be justified in recognizing the need 

for integrated value chains (Machacek & Fold, 2014; Tukker, 2014; Zachmann, 2010). 

Simultaneously, efforts in design to reduce and substitute REE in product components and 

recycling have surged, aiming to prevent future supply risks.  
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This study contributes to the discourse on REE recycling with a value analysis of recycled 

heavy REE europium (Eu), terbium (Tb) and yttrium (Y) from phosphor powders of fluorescent 

lamps as source of supply at times of EU and U.S. REE criticality classification (EU 

Commission, 2014b; U.S. DoE, 2011). Today, at most 1% of all REE used in different 

applications are recycled (Binnemans, 2014; Binnemans & Jones, 2014). The role of REE 

recycling has been explored and critically reviewed in general (Guyonnet et al., 2015; Moss et 

al., 2013; Schüler, et al., 2011; U.S. DoE, 2011) and from the viewpoint of specific REE, 

laboratory experimentation  and product groups (Bandara, et al., 2014; Binnemans et al., 2013a; 

Dupont & Binnemans, 2015; Eduafo, Strauss & Mishra, 2015; Habib et al., 2014; Kim et al., 

2015; Rademaker, Kleijn & Yang, 2013; Sprecher, Kleijn & Kramer, 2014; Tunsu et al., 2015). 

While several studies have concluded that recycling of REEs is worthwhile and requires a 

broader strategy to enable REE processing capacities, including tracing the REE from mine to 

end of life (EoL) waste (Rademaker, Kleijn & Yang, 2013; Sprecher, Kleijn & Kramer, 2014), 

none have provided an in-depth analysis of commercial scale recycling and what is needed to 

upscale recycling. To this end, this study provides an empirical analysis, using a case study of 

REE phosphor recycling on a commercial scale and an ex-ante analysis of the market from 2015-

2020 to assess and discuss the potential for recycling of REE from energy-efficient lamp 

phosphors. We discuss what factors, including regulatory instruments and rethinking value 

propositions, are necessary to realize such potential.  

2 Methodology 

Our conceptual approach involves a qualitatively informed global production network 

framework to depict value adding, or processing steps from REE-containing ore to REE content 

in phosphor powders as used in energy-efficient lamps. This is the framework from which we 
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then research the potential for secondary supply and closing the loop for REE in lamp phosphors 

through a mixed methods approach involving both a case study and modelling. Our case study 

provides an ex-post analysis of the experience of commercial REE recycling of REE phosphor 

containing lamps. This and our forecasts of supply and demand of Y, Eu and Tb then underpin 

the ex-ante analysis of the potential for development of secondary supply of REE phosphors 

from 2015-2020. 

Global production network of rare earths and phosphors. Five steps, depicted in figure 1, 

precede the production of REE phosphors. Investor interest in favourable returns on investment 

finances prospecting and exploration of REE which enables data collection for sequential 

reporting required for the decision on the granting of an exploitation licence. Mined REE-

containing ore is beneficiated by crushing and grinding, mineral separation, adjusted to the REE-

mineral type, REE-grade and the mineral assemblage.  

 

Figure 1. Global production network of REE phosphor-based, energy-efficient lamps. 
Source: adapted from Erecon (2014) and Simoni (2013) with % indication of REE phosphor 
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share of total REE market (derived from Castilloux, 2014a) subdivided into estimated 90% of 
phosphors used in energy-efficient lamps, and 10% for TVs and screens (Balachandran, 2014). 

Next a cracking process leaches the REE from the REE-minerals resulting in a concentrate of 

mixed REE solution. A chemical separation into individual REE follows. Most recent estimates 

partially produced from primary data suggest that REE use in phosphors accounted for 11% of 

total REE market demand in 2013 and for 19% of REE market demand value in the same year 

(derived from Castilloux, 2014a). Usually, phosphor manufacturers buy a concentrated REE 

product (oxides or compounds, see Lynas Corporation, 2014) for direct use in producing various 

patented phosphor powder compositions (Wilburn, 2012).  The 11% phosphors are then used by 

various phosphor using applications (Castilloux, 2014a), with an estimated 90% for phosphors in 

energy-efficient lamps, and 10% for TVs and screens (Balachandran, 2014).  

REE-based phosphor powders use varying amounts of REE, resulting in a wide variety of 

powder compositions (Ronda, Jüstel & Nikol, 1998), but primarily phosphor powders contain 

some proportion of Y, Eu and Tb to generate red, green and blue phosphors (Balachandran, 

2014). Almost all global supply of Eu, about 85% of Tb and close to 77% of Y are used for 

phosphors (Moss et al., 2013; Tan, Li, & Zeng, 2014). The high purchase cost of phosphors can 

be attributed to the high (99.999%) purity requirements (Binnemans et al., 2013a) on the REE 

used and the lower abundance of these heavy REE, relative to lighter REE, in REE-bearing 

minerals as explained by the Oddo-Harkins rule (Chakhmouradian & Wall, 2012). 

The balancing problem (Binnemans et al., 2013b; Falconnet, 1985) adds to this the challenge 

of selling all REE mined (if stockpiling is disregarded), as demand does not match the natural 

distributional occurrence of REE. At the time of writing, supply of light REE (e.g. lanthanum 

and cerium) is not met by equally high demand while some heavier REE (e.g. dysprosium and 





 9 

multiplied with the averaged total REO (g) as per lamp type in Table 1 to estimate the final 

demand of Y2O3, Eu2O3 and Tb4O7 for these three energy-efficient lamp types.  

Figure 2. Forecasted development of the total global lighting market and lamp type shares 

 

Source: Adapted from McKinsey & Company (2012). 

Secondary supply forecast. To enhance our understanding of the future demand of phosphors 

for lighting purposes and the potential role of secondary supply originating from recycling these 

waste lighting applications, we model demand for Y, Eu and Tb in energy-efficient lamps from 

2015 until 2020. The McKinsey & Company (2012) data estimates a range of lifetimes for the 

different lamp technologies and we use this combined with U.S. DoE (2012) data to estimate the 

lifetime of the different lamp technologies in whole years to anticipate availability of lamp waste 

in the model. We use a lifetime of three years for CFLs and LFLs and of eleven years for LEDs, 

yet noting that lifetimes are highly sensitive to how the lamps are used (i.e. switch cycles, length 

of use per day, and other factors). We also conducted a sensitivity analysis for lifetimes as part of 

the later discussion, provided in Table B.4. 

Secondary supply of phosphor from lamps is then estimated with end-of-life recycling rates 

(EoL-RR), also known as recovery rates (Graedel et al., 2011) which consider a collection rate 

for lamps as well as an estimate of total recycling of the REE from waste lamps. In the model we 
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process of La, Ce, Eu, Tb, and Y (Osram and Philips also ran pilot scale recycling projects) 

(Binnemans et al., 2013a; Moss et al., 2013; Otto & Wojtalewicz-Kasprzak, 2012).  

Our case study relies on both literature review and semi-structured interviews with key actors. 

To enhance reliability of our empirical data, we interviewed representatives of firms involved at 

different stages of the recycling network, specifically collectors, recyclers and the REE chemical 

separator and refiner, Solvay, in line with methods as proposed by Kvale & Brinkmann (2009). 

Our data collection followed an iterative process. Phases of empirical data collection followed 

desk research for cross-checking available public data and to triangulate industry data with data 

from regulatory institutions, including from the European Commission and academic recycling 

experts. The empirical data served for identifying factors key to recycling REE, such as related 

to logistics and material components which add to the economic feasibility of REE phosphor 

recycling. This data also supported our ex-ante modelling. 

3 Results  

Closing-the-loop with REE phosphor recycling: the case of Solvay. EU funding through 

LIFE+ of 50% of the project (equivalent to about EUR 1.1 million for 24 months from June 

2012) (EU Commission, 2011) supported Solvay to commercially recycle waste lamp phosphors 

following four years of prior research and development and industrialization (Solvay, 2014). As 

Figure 3 shows, Solvay receives phosphor powder from recyclers and first removes the mercury, 

glass and other components to physically liberate the rare earth concentrate, which is then sent to 

the chemical separation plant. There, the halophosphates are removed and the REE phosphors 

are cracked resulting in a REE concentrate that can be fed, as in a primary process, into a solvent 

extraction process for the individual REE chemical separation. High-tech knowledge of technical 

staff and internally developed, sophisticated software is applied to manage this solvent extraction 
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process (Leveque, 2014). The REEs are then reformulated into new phosphor precursors for new 

energy-efficient lamps (Solvay, 2014). 

Solvay has developed a flow sheet for the recovery of REEs from a mixture of halophosphate 

and REE phosphors. According to the patent for the process, the final yield of REE is at about 

80% (Braconnier, & Rollat, 2010). The objective has been to demonstrate the industrial 

processing of 3,000 tonnes of lamp waste/year, which corresponds to the forecasted 

European waste production for 2020 (Golev et al., 2014; Solvay, 2014) and results in 90% waste 

stream valorisation corresponding to 10-20% of REO (rare earth oxides), glass (by-product) and 

phosphate (by-product) at Solvay (2014). The REEs lanthanum, cerium, europium and 

gadolinium, terbium, and yttrium are being recovered (Rollat, 2012). Technical complexities of 

the recycling process can be better understood in context: Lamp phosphor powder mixtures are 

the essence of the light characteristics of a fluorescent lamp and different mixtures are used in the 

powder manufacture (Koninklijke Philips Electronics N.V., 2011) which form the competitive 

base of lamp manufacturers and they are protected by patents (Li, 2012). Currently Solvay 

recycles several hundred tonnes of rare earth phosphors each year, primarily from Europe.  
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processing from that point onwards. Both researchers and practitioners argue that without 

legislation, collection and thus recycling of energy-efficient lamps are unlikely to take place 

(Huisman et al., 2008; Interviewee D, 2014; Richter & Koppejan, 2015). The role of legislation 

and market drivers for secondary supply are further discussed later, and we contextualize future 

recycling scenarios within a future market context in our model. 

Future potential for closing loops: our model. Our EoL-RR scenarios illustrate how closing-

-the-loop at different REE phosphor powder recovery ratios can contribute to secondary supply 

of Y, Eu and Tb for new phosphor production to be used in lamps, TVs or screens. We 

contextualize these EoL-RR scenarios in a comparison with forecasted demand, as per our 

modelled scenario that stipulates the uptake of different lighting technologies until 2020, and 

with primary supply as per our supply forecast model. 

Our results demonstrate that a global EoL-RR of 53% as per our best case REE phosphor 

powder recycling ratio modelled in line with to-date Swedish and Taiwanese lamp collection and 

REE phosphor recycling efficiency could provide secondary supply of Y, Eu and Tb equivalent 

to our modelled demand forecast of these three REE for LFLs, and an increasing share of CFL 

demand for Y, Eu and Tb until 2020.  

Our EoL-RR of 19% is based on a tripling of REE phosphor recycling capacity for major 

markets of China and North America in line with our European Solvay case. Such an EoL-RR 

rate could contribute with secondary supply of Y, Eu and Tb of close to 50% of demand for these 

REE to be used in phosphors in CFLs.  

The 7% EoL-RR corresponds to the estimated current global secondary supply of Y, Eu and 

Tb. In this scenario, secondary supply of Y, Eu and Tb contributes less than a third of 2020 

demand of Y, Eu and Tb and hardly contributes to the demand by the CFL or LFL.  
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Accessibility of adequate quantities of REE phosphor waste lamps, marketability of the recycled 

REE phosphors, as well as ability to derive adequate value (the right price at the right time) for 

these products have been argued as key bottlenecks to realize closed loop systems (Guide Jr & 

Van Wassenhove, 2009). In this section we first discuss these bottlenecks in the context of 

market mechanisms and uncertainties inherent in forecasting the future of the REE market. We 

discuss the factors that enabled REE phosphor recycling so far and what drivers are necessary for 

REE phosphor recycling to play a substantial role in meeting future REE phosphor supply. 

Uncertainties of demand. REE use in phosphors is dependent on technological and socio-

economic developments which impact the market uptake of lighting technologies. The minor 

REE content in LEDs is noteworthy for demand projections as is the potential redundancy of Tb 

in a market dominated by LEDs (U.S. Department of Energy, 2011; Wilburn, 2012). While the 

development of LED technology has progressed faster than anticipated (Danish Energy Agency, 

Energy Piano & CLASP European Programme, 2015), there are still concerns about the 

technology being ready to replace all lighting applications (and this was the reason underpinning 

the recent delay of Stage 6 EcoDesign requirements for lamps in the EU, see Ala-Kurikka, 

(2015). Also, phosphor powder substitutes might be found which would strongly influence the 

price customers are willing to pay for products and alternative ROW supplies of REE 

(Zachmann, 2010). Such a scenario would affect the attractiveness of developing the secondary 

supply in absence of other drivers.  

Recycling can contribute to remedying the balancing problem, described earlier, which affects 

both primary supply and demand, as argued by other scholars (Binnemans et al., 2013b; 

Falconnet, 1985). In our supply and demand forecasts we have only considered the phosphors 

used for lighting and the technological development within this field of application. Yet other 
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Demand for recycled phosphors depends on price, which involves the cost of recycling lamps 

(which can be relatively high compared to the price of the product) (Philips Lighting, 2012). Key 

factors include efficient design of the scheme, but also transport distances and end use for the 

recycled glass, the main fraction by weight of the recycling process (Interviewee D, 2014; 

WEEE Forum, 2010). Notably, depending on the country, costs for recycling and collection of 

lamps in Europe can be the responsibility of producers and are not necessarily borne by lamp 

phosphor recyclers, e.g. Solvay, which only pays the recycler for the separated waste phosphor 

powder (Interviewee D, 2014). Currently, several externalities are not part of the price of both 

primary and secondary phosphors. These are discussed later in relation to value. 

Uncertainties of primary supply. The primary supply of REE is uncertain with China 

possibly further consolidating the industry and using integrated production steps subsidized by 

the two-tier pricing mechanism for import substitution, expected to be upheld under the licensing 

regime. Further, alternative ROW supply might need to meet growing Chinese REE demand. 

High-tech skill requirements at each of the processing steps are obstacles for alternative suppliers 

and add to alternative REE supply risk (Hatch, 2011). Project feasibility, which is evaluated from 

the reconnaissance exploration to the mine development stage, is tied to several factors as put 

forward by Klossek & van den Boogaart (forthcoming): land title and location of the deposit; 

experience of regulatory authorities with the deposit type and commodity; REE grade and REE 

distribution representing estimated values from geological studies; potential for significant 

volume production (tonnes); presence of radioactive elements combined with environmental 

legislation; REE mineralogy; opportunities for project financing; business relationships with 

separation facilities; availability of expertise, technology, and equipment; strategic alliances and 
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off-take agreements with end-users; cost competitiveness; obtaining mining permits and social 

licences to mine; as well as estimated values of REE and market conditions.  

REE deposits are characterized by the different mineralogy of various REE-containing ores, 

which may require new, tailor-made processing routes to be developed (Jordens, Cheng & 

Waters, 2013), as well as additional financial and human resources, and time in testing their 

feasibility which could result in significant project delays, which is why we model with a one, 

three and five year delay. Our modelled three year base scenario is shown in Figure 4, produced 

from data presented in Table A.3. A project start delay by one year modelled on the export quota 

and illegal supply approach, affects primary supply insofar as that primary supply of Eu first 

meets and exceeds demand by 20 t in 2019 while  in a five year delay Eu demand would first be 

met and exceeded by 50 t in 2020. The one year delay resembles the results of a three year delay 

regarding Eu primary supply. In none of the delay scenarios, Tb primary supply meets demand 

and in all delay scenarios, Y primary supply first meets and exceeds demand in 2020. 

Regulations regarding radioactivity for certain deposits, limited access to ROW chemical 

separation know-how and the capital and operational cost requirements to establish a new 

separation facility, also represent major bottlenecks for alternative value chains of junior REE 

exploration projects in the ROW (Golev et al., 2014). As some projects could become infeasible, 

future primary REE supply could be lower or postponed while the commercialization of new 

physical and chemical separation technologies might increase supply.  

Uncertainties of secondary supply. Our model demonstrates the potential of increased REE 

powder recycling for REE phosphor powder demand of CFLs/LFLs over the time period in 

which the general lighting market shifts towards LEDs (and beyond). Even in 2020, the 

CFL/LFL technologies are expected to account for between 26% (McKinsey, 2012) and a third 
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of the lighting market (Hykawy, 2014). Anticipations on the pace of LED uptake differ: For 

instance, General Electric anticipates that LEDs will reach a 70% market share in 2020 (see 

Cohen, 2014; Hykawy, 2014), while Wilburn (2012) emphasizes the role of fluorescent lighting 

for general lighting in the short to medium term. In our model we tried to find a balance, in line 

with McKinsey which anticipates a LED technology market share of 62% in 2020. While LEDs 

require significantly less REE and a different individual REE mix, such as reduced or no Tb, this 

lamp technology continues to require small quantities of Y and Eu. Continued heavy REE 

demand by phosphors used in general lighting (CFL, LFL, LED) and for background lighting 

(TVs-plasma, LCD, and X-ray intensifying screens) is anticipated (Balachandran, 2014).  

Secondary supply is affected by the availability of waste lamps. We have mentioned the 

uncertainty about actual lifetimes of energy-efficient lamps because this is a function of actual 

use. If the lamp lifetimes are longer than our modelled assumptions, our sensitivity analysis 

showed that this would slightly increase the amount of waste lamps available until 2020 (and 

most likely beyond).  

Promoting secondary supply. As mentioned, our low ambition scenario for recycling is an 

estimate of the status quo. Achieving higher recycling rates depends on a number of factors, 

beginning with collection. The case study demonstrated the large role of legislation in making 

the opportunity for further recovery of REE viable through mandatory collection of lamps (in 

absence of economic drivers for collection). Our model illustrates that similar timely legislative 

measures targeting fluorescent lamp collection, could impact end-of-life recycling rates (EoL-

RR). The second scenario illustrates a case with more stringent EPR legislation. 

The case of Solvay illustrates that such legislation can make REE recycling viable, but it is 

important to consider the other factors that incentivized Solvay to invest in commercial 
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recycling: First and foremost, the availability of a separation unit at Solvay was a main driver for 

the decision towards REE recycling. In addition to an available supply of waste lamps, high REE 

prices and significant supply risk at the time as well as significant EU interest resulted in 

financial support. The decision to invest was also part of a business strategy that considered the 

value of the secondary supply differently (this perception of value is discussed in the subsequent 

section). In absence of price, supply risk, or other value drivers then there may be a need for 

further legislation to drive not only the collection of waste lamps, but also the further recycling 

of REE. Such legislation, like a business strategy, can be driven by a different perspective of 

value and alignment with the goals of a circular economy agenda. Ideally, combining either 

economic or legislative drivers to promote both collection and recycling of REE would further 

advance the potential contribution of the secondary supply closer to the case we already observe 

in Sweden, with a high level of lamp collection coupled with subsequent recycling of REE 

through Solvay in France. 

Timing is significant in the elaboration and implementation of legislative measures that require 

REE recycling from fluorescent lamp phosphors. At the time of writing, the majority of EoL 

REE phosphor powder, even from collected EoL CFL/LFL lamps, is still landfilled. While there 

is evidence of socio-economic value of REE recycling that could already drive recyclers to 

further process REE, see Balcan (2015) and Ondrey (2014), some recyclers continue to see the 

small amount of powder as a barrier to act and prefer the small cost of landfilling over a possible 

change in their operations required to send the powder for further recycling (Interviewee C, 

2015). This is problematic and unfortunate from a resource conservation perspective, as the 

REEs contained in these EoL phosphor powders (Wu et al., 2014) are already enriched, and since 
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with a 98-99% recovery for REE, it has been indicated that REEs could be extracted for as low 

as USD 6 per kg of mercury phosphor dust (Cardarelli, 2014 in Chemical Engineering, 2014). 

This cost stands in contrast to the basket value of REE contained, which, averaged on the 

projects we identified for this study, would amount to about USD 28 per kg (see Table C.1).  

With this in mind the focus in assessing the feasibility of phosphor recycling from waste lamps 

may need to turn to additional, different value dimensions, beyond the conventional exchange 

value of the phosphor powder (from both the primary and secondary processing routes) to 

include for instance resilience as a factor in business sustainability. Such value propositions 

could drive business opportunities for closed-loop recycling. 

The Solvay business case of closing-the-loop with REE recycling, illustrated how the core 

competence of the firm is reiterated in a strategy that addresses two objectives: augmenting 

resilience against supply criticality and further increasing competitiveness. This case has been 

enabled by EU legislation that has attached societal value to recycling by means of committing 

producers to collect and recycle waste products, limiting the landfilling of hazardous waste, and 

promoting closed loop opportunities. The direct value potential of recycling Eu, Tb and Y used 

in phosphors of fluorescent lamps is manifested in the addition of a new material stream through 

phosphor recycling that makes use of existing production capital in a situation of concern and 

uncertainty over material access and potential scarcity in REE supply. As Guyonnet et al. (2015) 

argue, complementarity between the primary and secondary sources to meet supply requirements 

is of particular importance in the case of REE for which requirements are increasing. The firm 

opens up opportunities for value creation as operating its chemical separation plant might 

facilitate product and process improvements. Use of secondary supply for phosphors is also 

attractive for its domestic or regional availability as opposed to a dependence on a few key 
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players, primarily China, and the uncertain development of new REE deposits. Secondary supply 

can augment certainty about short and medium term supply.  

Developing the domestic secondary supply of REE can have wider societal benefits while 

supporting regional and national goals towards more circular economies. The collection and 

recycling of lamps has a high societal value in the avoided mercury contamination, which is 

difficult to quantify in economic terms (though some studies, for example, Hylander & Goodsite 

(2006) have tried and estimated a cost of USD 2,500 to 1.1 million per kg Hg isolated from the 

biosphere depending on local factors quantity, nature of pollution, media, geography, technology 

used etc.) At the same time, collection and recycling of energy-efficient lamps represents a cost 

in terms of overall material recycling (for example, costs for collection and recycling systems of 

lamp waste in EU have varied between EUR 0.15 per kg and EUR 2 per kg according to the 

WEEE Forum (2010)). Reconciling different costs and benefits of avoided pollution by 

collection and recycling is why legislation is often needed to drive this part of the process (Li et 

al., 2015).  

Recycling of  phosphors as indicated above, has societal value in the form of forgone costs of 

protecting human and environmental health and safety as primary REE processing involves the 

handling of radioactive elements that have been related to higher health risks, for example to 

cancer (Lim et al., 2013; Weng, Jowitt, Mudd & Haque, 2013). It should be noted that the 

exposure to radioactive material is also dependent on the geology of the mined deposit as well as 

the method of mining utilised (Ali, 2014). 

Closing the loop further saves environmental costs associated with the generation and 

treatment of 63,000 m3 waste gas, 200 m3 acidic water and 1.4 tonnes of radioactive waste (all 

per tonne of REO) (Navarro & Zhao, 2014; Weng et al., 2013). Processes such as in-situ 
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primary supply, of which one of the most notable is that it bypasses the extraction phase and 

many of the environmental impacts and costs involved in this stage. Secondary supply can 

constitute a source of supply of REE independent of Chinese quotas or licences and as such 

contribute to supply security of REE phosphors, at least in the short term. Lastly, establishing 

secondary supplies for recycling is in line with many policy goals in countries that advance 

closing material loops of critical materials for a circular economy. 

We have also demonstrated that establishing and encouraging secondary supply requires 

driving factors. We have pointed to the role of legislation in establishing the collection systems 

for energy-efficient lamps in Europe and enabling commercial recycling. Our model indicates 

the rationale for such legislative measures in other regions to increase global recycling rates. 

Also within Europe energy-efficient lamp collection and recovery of REE from lamp phosphor 

powders can be improved. The latter step is currently not required by legislation. In absence of 

legislative drivers, we have discussed the need for rethinking the value in recycling phosphors. 

Lastly, our article demonstrates that time is of the essence for putting drivers in place and the 

sooner implemented, the greater the potential for REE recovery and closing loops of critical 

materials for a circular economy.  
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Prices 
(USD/kg) La2O3 CeO2 Pr6O11 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Tb4O7 Dy2O3 Y2O3 
Base case (3 yr delay of production start) for  
Export quota & illegal  

 
            

2015 9.000 4.200 108.000 63.000 5.000 600.000 49.000 815.000 390.000 12.500 
2016 9.000 4.200 108.000 63.000 5.000 600.000 49.000 815.000 390.000 12.500 
2017 8.199 3.726 95.937 55.533 4.256 473.153 44.532 756.914 374.416 12.268 
2018 7.304 3.225 83.154 47.744 3.533 366.507 39.567 689.296 354.896 11.962 
2019 7.304 3.225 83.154 47.744 3.533 366.507 39.567 689.296 354.896 11.962 
2020 7.304 3.225 83.154 47.744 3.533 366.507 39.567 689.296 354.896 11.962 

 12 

Prices 
(USD/kg) La2O3 CeO2 Pr6O11 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Tb4O7 Dy2O3 Y2O3 
Base case (3 yr delay of production start) for  
Mining quota 

 
            

2015 9.000 4.200 108.000 63.000 5.000 600.000 49.000 815.000 390.000 12.500 
2016 9.000 4.200 108.000 63.000 5.000 600.000 49.000 815.000 390.000 12.500 
2017 8.568 3.941 101.415 58.909 4.586 527.030 46.586 783.930 381.793 12.379 
2018 7.177 3.210 83.090 47.828 3.510 349.917 37.925 635.969 319.959 10.816 
2019 7.177 3.210 83.090 47.828 3.510 349.917 37.925 635.969 319.959 10.816 
2020 7.177 3.210 83.090 47.828 3.510 349.917 37.925 635.969 319.959 10.816 
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Table A.2 Input data for the primary supply analysis (2/2) 13 

Market volumes La2O3 CeO2 Pr6O11 Nd2O3 Sm2O3 Eu2O3 Gd2O3 Tb4O7 Dy2O3 Y2O3 Total 
% in mining quota 2014 27.9% 42.7% 4.7% 15.4% 1.6% 0.2% 1.2% 0.1% 0.7% 4.6% 

 Volumes, t1 29,179 44,602 4,899 16,096 1,667 236 1,297 140 717 4,798 104,545 
Mining quota 2014, t 104,545                     
Mining quota 2015 (expected2), t 116,550                     
Volumes China 2015 (86%), t3 32,530 49,724 5,462 17,944 1,858 263 1,446 156 799 5,349 116,550 
Volumes ROW (14%), t3 5,296 8,095 889 2,921 303 43 235 25 130 871 18,973 
Total current market volumes 1, t4 37,825 57,818 6,351 20,865 2,161 306 1,681 181 929 6,220 135,523 

Approx. volumes export official, t (assumingly 60%) 8,544 13,060 1,434 4,713 488 69 380 41 210 1,405 30,611 
Smuggling rate (40%), t5 5,696 8,706 956 3,142 325 46 253 27 140 937 20,407 
Total export volumes (100% equiv. to 86% of world mkt)6 14,239 21,766 2,391 7,855 814 115 633 68 350 2,341 51,018 
Volumes ROW (14%), t 5,296 8,095 889 2,921 303 43 235 25 130 871 18,973 
Total current market volumes 2, t7 19,535 29,860 3,280 10,776 1,116 158 868 94 480 3,212 69,992 

            1Chen (2014)  
2Assuming an increase of 11% similar to the increase in 1st 

batch production quota from 2014 to 2015 (Argus Media). 
           3Assuming similar distribution of REO as in the mining quota (see line 3). 

4To be used in price model (available from Klossek) as current market volumes in the total Chinese REE mining quota approach. 
 540% of Chinese REEs being sold are illegally sourced (Argusmedia, 2015). 
 6Assumed current market volumes for the price model - assuming that overall exported volumes stay the same (as per TMR estimate), a part of illegal REO will be  

   sold via official channels. 
           

     7To be used in price model (available from Klossek) as current market volumes in the export quota and illegal supply approach. 
 14 
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Figure A.1 Base case, total Chinese REE mining quota approach, 3 year delay scenario. 33 

 34 

The figure compares secondary supply to demand and primary supply. Potential secondary supply distribution for Y2O3, Eu2O3 and Tb4O7 based 35 

on our three EoL-RR as compared to demand (bars) and 3 year delay base case primary supply forecast (grey shading) from 2015 to 2020. This 36 

figure is based on approach 1 of the primary supply forecast which uses the total REE mining quota in China. Please note different y-axis scales. 37 

Source: authors. 38 
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Table B.2 Demand input data (2/2) - Y2O3, Eu2O3 and Tb4O7 demand per LFL, CFL and LED 49 

       Y2O3 (tonnes)   
      

   
  2015 2016 2017 2018 2019 2020    
LFL 2,546.90 2,458.52 2,342.60 2,189.95 2,008.60 1,830.69    
CFL 2,078.49 1,980.64 1,808.47 1,624.54 1,471.50 1,293.45    
LED 9.44 11.96 14.20 16.46 18.61 20.62    
Total (rounded) 4,635 4,451 4,165 3,831 3,499 3,145    

       
   

Eu2O3 (tonnes) 
      

   
  2015 2016 2017 2018 2019 2020    
LFL 215.49 208.01 198.20 185.29 169.94 154.89    
CFL 175.86 167.58 153.01 137.45 124.5 109.44    
LED 0.79 1.01 1.20 1.39 1.57 1.74    
Total (rounded) 392 377 352 324 296 266    

       
   

Tb4O7 (tonnes) 
      

   
  2015 2016 2017 2018 2019 2020    
LFL 124.62 120.29 114.62 107.15 98.28 89.58    
CFL 101.7 96.91 88.49 79.49 72 63.29    
LED 0 0 0 0 0 0    
Total (rounded) 226 217 203 187 170 153    

       
   

Total demand (tonnes)  
      

   

  2015 2016 2017 2018 2019 2020    
LFL 2,887.01 2,786.83 2,655.42 2,482.38 2,276.82 2,075.16    
CFL 2,356.05 2,245.13 2,049.97 1,841.47 1,668.00 1,466.17    
LED 10.24 12.97 15.41 17.85 20.19 22.36    
Total (rounded) 5,253 5,045 4,721 4,342 3,965 3,564    

  50 
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Table B.4 Sensitivity analysis (SA) for lifetimes of lamps 53 

 Lifetime 
original (yrs) 

 
SA (yrs) 

    

CFL 3 5     
LFL 3 5     
LED 11 15     

       
Y2O3 (tonnes)       

 2015 2016 2017 2018 2019 2020 
LFL-EoL 2,673.16 2,697.26 2,688.08 2,667.42 2,616.92 2,546.90 
CFL-EoL 1,815.83 1,953.42 2,086.59 2,166.05 2,161.63 2,078.49 
LED-EoL - - - - - - 
EoL-RR 7% 296.27 306.94 315.13 319.01 315.38 305.28 
EoL-RR 19% 861.89 892.93 916.74 928.03 917.48 888.08 
EoL-RR 53% 2,388.14 2,474.16 2,540.12 2,571.40 2,542.19 2,460.71 

       
Eu2O3 (tonnes)       

 2015 2016 2017 2018 2019 2020 
LFL-EoL 226.17 228.21 227.43 225.68 221.41 215.49 
CFL-EoL 153.63 165.27 176.54 183.26 182.89 175.86 
LED-EoL - - - - - - 
EoL-RR 7% 25.07 25.97 26.66 26.99 26.68 25.83 
EoL-RR 19% 72.92 75.55 77.56 78.52 77.63 75.14 
EoL-RR 53% 202.05 209.33 214.91 217.56 215.09 208.19 
       
Tb4O7 (tonnes)       

 2015 2016 2017 2018 2019 2020 
LFL-EoL 130.80 131.98 131.53 130.52 128.04 124.62 
CFL-EoL 88.85 95.58 102.10 105.98 105.77 101.7 
LED-EoL - - - - - - 
EoL-RR 7% 14.50 15.02 15.42 15.61 15.43 14.94 
EoL-RR 19% 42.17 43.69 44.86 45.41 44.89 43.45 
EoL-RR 53% 116.85 121.06 124.29 125.82 124.39 120.40 

 54 

55 
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Table B.5 Put on market, collection, and recycling of fluorescent lamps in selected EU countries 56 

 Put on Market 
(tonnes)  

avg 2007-2009  

Waste collected 
(tonnes) 2010  

% of put on 
market collected 

2010 

% of put on 
market recycled 

2010 

Belgium 3,100 1,247 40.2% 37.5% 

Denmark 1,606 694 43.2% 41.1% 

France 13,070 3,839 29.4% 27% 

Germany 28,204 11,092 39.3% 34.4% 

Greece 1,757 124 7.1% 6.6% 

Sweden 3,141 1,973 62.8% 62.3% 

Source: Eurostat (2014). 57 

EU member states show some of the highest rates in the world along with other countries with compulsory 58 
collection legislation like Taiwan, which collects and recycles over 75% of lamps (EPA Taiwan, 2014), however Table 59 
B.1 demonstrates further potential for improvement in collection rates. Outside the EU there is less available data, 60 
but it is estimated that 95% of fluorescent lamps in Australia are landfilled (FluoroCycle, 2014), while Canada, 61 
Japan, Mexico, and South Africa all recycle less than 10% (EU Commission, 2014) The United States has some, 62 
mainly state level, laws for management of waste lamps, requiring recycling by business users; however, 63 
enforcement is low and the recycling rate in these states is estimated around 23% (Silveira and Chang, 2011).  64 






