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Abstract  9 

This paper discusses the economic rationale of recycling in the case of exhaustible raw materials 10 

and assesses how a circular economy perspective can improve sustainable use of critical ones. 11 

We use the case study of yttrium, a Rare Earth Element (REE) belonging to the EU list of critical 12 

raw materials, given its widespread use in the electronics industry and the geopolitical 13 

concentration of its supply. Even if recycling REEs from waste electric and electronic equipment 14 

is a valid alternative to extraction from mines, as proposed by the Circular Economy paradigm, 15 

less than 1% of REEs used today are recycled. Additionally, studies on economic benefits of 16 

recovery REEs are very limited. In this paper, we present the business case of an Italian 17 

recycling company “Relight Ltd” and its project “HydroWEEE” to recover REEs such as 18 

yttrium, from spent lamps. We computed that it is economically profitable to recycle yttrium if 19 

its market price is above €14/kg. Therefore, in 2012 and 2013 recycling was profitable thanks to 20 

the high price of yttrium while during 2014-2016 recycling was not convenient. In these cases, 21 

policymakers are responsible to incentivize recovery and recycling solutions with appropriated 22 

policies. 23 

 24 

Keywords: Rare Earth Element, Circular Economy, Critical Raw Material, Yttrium, recycling, 25 

Waste Electrical and Electronic Equipment 26 

 27 

1. Introduction  28 

 29 

Rare earth elements (REEs) in the last decade turned from a modest group of raw materials to 30 

critical commodities due to their growing demand and to their small and opaque market (Bakaros 31 

et al., 2016).  32 

Their exploitation and the investment in rare earth industry have increased with the world 33 

economy recovering from Financial Crisis and the boom of rare earth market (Chen, 2011). 34 

 35 
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When we address resource exploitation, it is essential to recall the best-known model on natural 36 

resource exploitation of the neo-classic school developed by Hotelling in 1931. Hotelling’s rule 37 

postulates that for every exhaustible resource it is possible to identify an "optimal path of 38 

exhaustion". From the 1970s academic economists started tackling the Hotelling analytical 39 

framework and Natural Resource economics began to gain importance as a research field with 40 

Hotelling’s rule at the heart of it (Gaudet G., 2007). In a more sophisticated version of 41 

Hotelling’s rule, in 1998 Hartwick and Olewiler predicted a new rule which foresees a price 42 

dynamic that has four distinct phases. 43 

One crucial question regarding resource exploitation is whether there is any real evidence that 44 

the world is going towards a possible depletion of raw materials or at least some of them.  45 

An unequivocal answer to this question is very difficult to find on the global scale. 46 

The question of resource depletion in these terms is misplaced. No metal will ever be exhausted, 47 

for the simple reason that nothing is created in nature and nothing is destroyed. Taking 48 

advantage of the natural availability of minerals means in a certain sense transferring them from 49 

the mines located underground to other mines, including the finished products that use them.   50 

According to Bradshaw and Hamacher (2012), there is no geochemical scarcity but scarcity due 51 

to “geopolitical” origins. A similar view is shared by Charalampides and colleagues (2016) who 52 

report that REEs are defined as critical based on 1) their importance to a specific application 53 

such as renewable energy, 2) lack of substitutes, 3) monopoly in their supply.   54 

The diffusion of the ideas of the circular economy has greatly insisted on this point, arguing that 55 

in the first decade of the 21st century the prices of raw materials, after a century of stagnation, 56 

had experienced a sharp surge (Webster, 2015). 57 

The concept and development model of CE received growing attention over the last decade. 58 

There are at least 114 definitions of CE (Kirchherr et al., 2017) but the fundamental idea is to 59 

substitute the dominant economic development model called "take, made and dispose of" with 60 

the adoption of a “closing-the-loop” production pattern (Ghisellini et al., 2016; Geissdoerfer et 61 

al., 2017). 62 

According to Binnemans and colleagues (2013), there are three approaches to tackling the REEs 63 

supply challenge: substitute critical raw earths with less critical elements, invest in sustainable 64 

primary mining (seeking for new exploitable rare-earth deposits and reopening old mines) and 65 

invest in urban mining. 66 

In fact, the supply risk of REEs has triggered the development of an innovative recycling system 67 

(Binnemans et al., 2015). Nevertheless, so far only less than 1% of REEs used today are recycled 68 

(Jowitt et al., 2018).  69 



3 

 

As suggested by Ghisellini and colleagues (2016) in their interesting and in-depth literature 70 

review on CE, research on CE implementation has so far been mainly rooted in the analysis of 71 

benefits in terms of physical rather monetary flows whereas the benefits from material recycling 72 

could be environmentally or economically too expensive to provide a net benefit. 73 

On one hand, the benefits of recycling metals from secondary resources compared to the 74 

extraction of virgin ores are known: reduced environmental impact and improved energy-75 

efficiency (Reck and Graedel, 2012). On the other hand, one open question is whether recycling 76 

metals provides benefits in economic terms compared to the extraction of virgin metals.  77 

The discriminating variables become the cost of separation at source plus the recycling cost: if 78 

these costs are lower than the choke price (the lowest price at which the quantity demanded of a 79 

good is equal to zero), the recycling mine can be economically exploited.  80 

In this research, we aim at partially closing the gap in the literature by providing a case study of 81 

CE implementation in economic terms. More precisely, we study the business case of Relight 82 

Ltd and its project “HydroWEEE” to recover yttrium from spent lamps. We build on the work of 83 

Innocenzi et al. (2016a), which refers to the economic aspects of the HydroWEEE plan, with the 84 

aim to evaluate in more general terms which conditions make it economically convenient to 85 

recycle yttrium (instead of disposing it) in a circular economy perspective. In other words, given 86 

the case study conditions defined in the next section, we estimate the limit price which makes 87 

profitable the exploitation of the “recycling mine” compared to the exploitation of the virgin raw 88 

material. 89 

 90 

 91 

2. Material and Methods 92 

 93 

3.1 Case study presentation 94 

 95 

Relight Ltd was established in 1999 from a project on the collection and recycling of 96 

fluorescent lamps in cooperation with Philips. The Italian national law (Decree 185/2007) 97 

defines five groupings of WEEE (waste electric and electronic equipment) depending on their 98 

typology: R1 – fridges, refrigerators, and air conditioners; R2 – “big white” washing machines, 99 

dishwashing machines, ovens etc.; R3 – TV and monitors, R4 small WEEE and R5 - lamps. In 100 

2016, Relight was authorized to manage 40 thousand tons of WEEE (CEN, 2016). R1 group 101 

accounts for 84 tons and it is collected, stored and shipped to other recyclers. R2 and R4 groups 102 

are also partially treated by Relight (R2 account for 139 tons, R4 for 1,869 tons). R3 is selected, 103 

dismantled and the cathodic tube is properly treated by a cooperative (total of 15,739 tons). The 104 



4 

 

core business of Relight is the treatment of WEEE belonging to R3 which makes up for the 80% 105 

of the input waste as well as the treatment of fluorescent lamps (R5) with 4% of the input of 106 

waste (824 tons/year). Relight is involved in several research projects. In this paper, we present 107 

the HydroWEEE project which was financed by the European Seventh Framework Program in 108 

two phases. The extraction of REEs from WEEE mechanical, pyrometallurgical and 109 

hydrometallurgical processes are used to recover metals from WEEE, but they are not yet 110 

effectively targeted for REEs (Marra et al., 2018). In collaboration with recycling companies and 111 

research institutions, Relight has designed a plant to extract rare earth oxide (REOs) from 112 

fluorescent powder in lamps and cathodic tubes through the development of innovative hydro-113 

metallurgical processes. In the first phase during years 2009-2012, the pilot plant “HydroWEEE” 114 

was performed with an investment of 1,1 million Euros. In the second phase during years 2012-115 

2016 “HydroWEEE Demo project” was implemented as the up-scaling of the HydroWEEE 116 

technology in an industrial environment including a demonstration plant. The plant can recover 117 

rare earths from different electronic wastes (batteries, LCD screens, and circuit boards) but it is 118 

most suited for the recovery of yttrium and europium, and other rare elements from fluorescent 119 

powders resulting from exhausted lamps and cathode ray tube recovery. The total investment is 120 

worth 3,76 million Euros. The project was extended up to the beginning of 2017.  121 

  122 

3.2 Yttrium: a critical raw material in the international market 123 

  124 

Yttrium belongs to the rare-earth elements (REEs) more precisely to the heavy rare-earth 125 

element group. REEs are the 15 lanthanide elements plus scandium (Sc) and yttrium (Y) as 126 

defined by the International Union of Applied and Pure Chemistry (IUPAC) (Jowitt et al., 2018). 127 

They play a critical role in many sophisticated technologies in the automotive, renewable and 128 

defence sectors contributing to increasing efficiencies and performance of products. For 129 

example, yttrium is broadly used in fluorescent lamps, CRT television, plasma display panels, 130 

energy efficient lighting (such as LEDs), phosphor powders for low-energy lighting, optical 131 

glasses and batteries, as well as high-tech applications such as laser, superconductors, nuclear 132 

reactors and electronic components for missile defence systems (De Michelis et al., 2011; 133 

Innocenzi et al., 2014; Seo and Morimoto, 2015, Song et al., 2017). Additionally, almost every 134 

vehicle on road contains Y to improve the fuel efficiency of the engine while other important 135 

uses are in microwave communication devise and laser crystals (Hurst, 2010). In 2008 the 136 

European Commission (EC) launched the “Raw Material Initiative” in order to secure a supply 137 

of raw materials critical for their economic importance and supply risk. Among others, rare earth 138 

elements have the highest supply risk and medium economic importance as reported in Figure 1.  139 
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 140 

Critical raw materials 141 

 142 

 143 

Figure 1. Source: EC, 2014 144 

 145 

 146 

The experts selected 14 critical elements in 2011. Such a list was reviewed in 2014 and in 2017 147 

(EU, 2017) to include 27 critical raw materials (CRMs). Most of them can be found in, and 148 

recovered from WEEE; for example, yttrium can be found in fluorescent lamps. Global reserves 149 

are estimated to be 130 million metric tons on a rare-earth oxide (REO) basis (Van Gosen et al., 150 

2017). In economic terms, the annual consumption of REOs is limited to around 150,000 tons 151 

and it accounts for $9 billion, but REOs are critical inputs to other products worth $7 trillion, in a 152 

global economy worth $75 trillion (Ganguli and Cook., 2018).     153 

Worldwide, China is the main driver in the rare earths market and it became the world’s leading 154 

producer and exporter of REEs in 2000 (Marcheri, 2015). The United States was self-sufficient 155 

and the main exporter of REEs prior to about 1990 (when Mountain Pass – California mine was 156 

operating) while they are nearly completely dependent from Chinese REEs imports since 1999-157 

2000 (Haxel G.B. et al, 2002, Marcheri, 2005). Nowadays China holds a monopoly as more than 158 

90% of mining and refinement is done in that country (Bradshaw and Hamacher, 2012; Seo and 159 

Morimoto, 2015). According to the European Commission (2017), China covered on average 160 

95% of the global production of rare earths in 2010-2014. Specifically, in the case of yttrium, 161 

99% of global production comes from this country (Seo and Morimoto, 2015).  Therefore, the 162 
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prices increased dramatically in 2011 following the decision of China at the end of 2010 to cut 163 

export quotas by almost 70%. The price of some of the rare metals increased as much as 850% 164 

(Marcheri, 2015). This trigged international concerns on the supply risks and it led to the 165 

labelling as “critical” or “strategic” (McLellan, 2014). The World Trade Organisation ruled 166 

against Chinese export quotas and China removed the quotas in January 2015. In May of the 167 

same year, China eliminated the export tariffs which were as high as 25% on many of the REEs 168 

(Marcheri, 2015). This caused another fall in the prices of rare earth metals.  As reported in 169 

Figure 2, the price of yttrium oxide was quite stable from 1994 to 2009 with the exception of the 170 

year 2000 when the Chinese government took measures to restrict REEs mining and reduce their 171 

export provoking a decrease in the supply and an increase in their price (Charalampides et al., 172 

2015). In 2010 its minimum and maximum value almost coincided while in 2011 it reached the 173 

peak values (165 and 185 US $/kg). It then decreased and became more stable from 2016 on 174 

with a quotation of 4 US $/kg (U.S. Geological Survey, Mineral Commodity Summaries, annual 175 

reports 1994-2018). The market price of yttrium (as any other mineral) reflects the extraction 176 

costs from ores but ultimately the market price is determined by the balance between supply and 177 

demand (Henckens et al 2016). 178 

 179 

 180 

 181 

 182 

Figure 2: Yttrium oxide value in US $ per kilogram (minimum 99.9% purity) 183 

Source: U.S. Department of Interior and U.S. Geological Survey, 1994-2018 184 

 185 

The 2010-11 international crisis boosted the exploration projects of REE deposits. For 186 

example, in 2013 a large deposit of deep-sea mud containing rare-elements (including yttrium) 187 
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was discovered in the western North Pacific Ocean in Japan. As reported in the research 188 

published in “Nature”, such resource has a great potential of exploitation due to its enormous 189 

resource amount and the effectiveness of the mineral processing thereof (Takaya et al., 2018). 190 

Such study estimates the amount of yttrium available in the restricted reach area to account for 191 

62 years of annual global demand and up to 780 years in the entire research area.  According to 192 

Bakaros and colleagues (2016), even if more than 400 potential projects were discovered, so far 193 

non-Chinese rare earth producers have managed to enter the market. The exploration boom 194 

disclosed the abundance of REE resources, but the fundamental question is whether they can be 195 

exploited at a reasonable price (McLellan, 2014; Bakaros et al., 2016).  One solution to break the 196 

Chinese monopoly is to exploit urban mining and the recycling of WEEE (Binnemans et al., 197 

2013, ERECON, 2014). From a literature review conducted by Innocenzi (2018b), there are 198 

several researches on spent fluorescent lamps treatment because they contain high concentration 199 

of valuable REEs (such as Y) that makes recycling economically convenient. The most used 200 

processes are pyrometallurgical and hydrometallurgical ones (Innocenzi et al., 2017b). 201 

Our research focuses on the case study of the HydroWEEE project assessing the 202 

economic conditions needed to make convenient recycling yttrium from spent lamps. 203 

 204 

 205 

 206 

4 Results and discussion 207 

 208 

4.1 Physical flow:  Hydrometallurgical process 209 

 210 

Relight and its partners developed a process to extract rare earth from fluorescent powders, 211 

lamps and cathodic ray tube screens (CRTs). The process consists of different steps which are 212 

reported in Figure 3. According to the technical study of the process (see De Michelis et al., 213 

2011; Innocenzi et al., 2013a, 2013b, 2017b), phosphors were leached with sulfuric acid, 214 

followed by the solvent extraction, precipitation and filtration to recover rare earths oxalate 215 

(mainly yttrium oxalate). In the process, the waste solution could be disposed of or reused. Rare 216 

earths oxalates are then calcinated to recover rare earths oxides (REOs).  217 

 218 

 219 

 220 

 221 
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 222 

Figure 3. The process developed in the HydroWEEE project 223 

Source: Innocenzi et al., 2017b 224 

 225 

The plant operated on two batches per day with a capacity of 184.8 tons/year of fluorescent 226 

powders from spent lamps. The annual mass balance of the hydro-metallurgical process 227 

(precipitation of REEs) is 59.7 tons/year, recovering mainly yttrium oxide (91.3%), Europium 228 

oxide (4.07%) and Gadolinium oxide (1.08%).  229 

The annual mass balance is reported in Figure 4. 230 

 231 

 232 
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Figure 4: Total annual mass balance for the hydrometallurgical process (Innocenzi et al., 2016a) 233 

 234 

(… explain the process HERE) 235 

 236 

 237 

The project of recovering valuable metals from spent fluorescent lamps it has been financed by 238 

the European Union with the FP7 Work Program and includes several partners which provided 239 

their specific knowledge. The project has been broadly studied in Innocenzi et al., 2016a, 2016b, 240 

2017a, 2017b, 2018a, 2018b and Ippolito et al., 2017. The relevance of the issue of extraction of 241 

REEs such as yttrium from spent lamps and from cathode-ray tube is proved by the quantity of 242 

researches conducted so far. For example, Hu and colleagues (2017) provide a study on the 243 

available REE recycling methods which are: physicochemical method, acid extraction method, 244 

alkali fusion method, solvent extraction method and hybrid method. According to Wu et al. 245 

(2014), acid leaching and solvent extraction are promising hydrometallurgy processes to extract 246 

rare earth elements. One of the last researches on recovery rare earth from waste fluorescent 247 

lamps, studied the solvent extraction (Pavón et al., 2018). For other studies refer to Hu et al. 248 

(2017), Ippolito et al. (2017), He et al. (2018), Jowitt et al. (2018), Lin et al. (2018). 249 

 250 

4.2 Financial flow 251 

 252 

The main question is: “under which conditions it is economically convenient to recycle 253 

yttrium from WEEE?". In other words, the answer must lie in our investigation of when recovery 254 

of materials from WEEE is convenient in comparison to alternative solutions such as disposal. In 255 

general terms, recovery is economically the best option if the following equation is true: 256 

 257 

PR-(SC+TR)>(UC+TD)  Equation 1 258 

 259 

 260 

(Ref: Massarutto, 2009) 261 

  262 

In other words, recovery and disposal are equal, in economic terms, when PR is: 263 

 264 

PR=(SC+TR) + (UC+TD) Equation 2 265 

 266 
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Where PR is the price of the recovered material, SC (separate collection) (is the cost of 267 

the separated waste collection, TR (treatment and recovery) is the cost of treatment and recovery 268 

of separate waste,  UC (unsorted collection) is the cost of collection and transport of unsorted 269 

waste, and TD (treatment and disposal) is the cost of treatment and disposal of unsorted waste. 270 

We refer to the annual report on MSW (Municipal Solid Waste) issued by the National Institute 271 

for Environment Protection ISPRA (2012-2016) to define the costs of collection and transport of 272 

unsorted MSW (UC), the cost of treatment and disposal of unsorted waste (TD), and the costs of 273 

separated waste collection (SC). Note that the SC costs reported by ISPRA, are specific costs for 274 

fluorescent lamps (classified with EWC code 200121*, grouping R5 of WEEE). The SC cost 275 

related to the year 2016 is not available, it being computed as the average costs of the previous 276 

years.  The treatment and recovery (TR) costs of yttrium from spent lamps is computed based on 277 

Relight’s case study and they are reported in Figure 4.  278 

 279 

 280 

 281 

Figure 4: treatment recovery costs of yttrium 2016 282 

Source: Our elaboration from Innocenzi et al., 2016a 283 

 284 

The average fixed costs are computed considering that the process produces on average 285 

54.5 tons of yttrium oxide per year, the HydrowWEEE plant cost 550,000 Euros with a 286 

depreciation time of 6 years, insurance costs estimated at 2% of equipment costs, other costs 287 

such benefits (25% of labour costs), and installation costs (5% of equipment costs). Variable 288 

costs include: re-agents, waste, direct labour and utilities (such as electricity). Full details of 289 

costs are available in the analysis of Innocenzi and colleagues (2016a). Fixed costs account for 290 

36.4% while variable costs for 63.6%. 291 
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 292 

As reported in equation 2, given the above conditions, the recovery is economical the 293 

best option during 2012-2016 if the price of yttrium oxide is above 14 €/kg as specified in Table 294 

1. 295 

 296 

Table 1: Economic evaluation of recovery Y from fluorescent lamps 297 

year 2012 2013 2014 2015 2016 

UC €/kg* € 0.0976 € 0.0993 € 0.1015 € 0.1010 € 0.1050 

TD €/kg* € 0.1053 € 0.1107 € 0.1169 € 0.1191 € 0.1244 

SC for R5 €/kg* € 1.3519 € 1.3540 € 1.9870 € 1.3930 € 1.5215 

TR for Y  €/kg** € 12.4477 € 12.4477 € 12.4477 € 12.4477 € 12.4477 

PR Y  €/kg € 14.0025 € 14.0117 € 14.6531 € 14.0608 € 14.1986 

 298 

Source: * ISPRA annual reports (2012-2016), ** Innocenzi et al., 2016a., our 299 

computation 300 

 301 

Moreover, according to this main equation, three hypotheses may occur.  302 

Hypothesis 1: PR < SC + TR, but PR> TR - TD. Producers are responsible for reaching 303 

collection targets on WEEE such as lamps and flat screen. Once the waste has been collected 304 

(and it is an obligation to collect it), then it is more convenient to recover WEEE rather than 305 

dispose of it. In such a situation, it is enough for the State to oblige producers to collect; then, 306 

once collected, producers (through recyclers) will certainly be able to recover it.  307 

Hypothesis 2. TR>TD Producers are responsible for achieving collection goals on WEEE such 308 

as lamps and flat screen. The recovery costs of WEEE is higher than disposal costs (such as 309 

burning with energy recovery or landfilling) and the price does not cover the recovery costs: PR 310 

< TR. If this were the case, the State should design the EPR (Extended Producer Responsibility) 311 

system by introducing not only collection targets but also specific recovery targets for the 312 

materials. Alternatively, the State could offer a subsidy, e.g. buying the recovered material at a 313 

guaranteed price. However, this is a risky mechanism because if the State pays a higher price 314 

than the market, traders could buy yttrium abroad for a low price and sell it to the State at the 315 

higher guaranteed price.   316 

Hypothesis 3. PR> SC + TR. The market price is so high that recovery is certainly worth it even 317 

without EPR. In this case, the task of the State is to monitor the market and make sure that, after 318 

the yttrium recovery, the rest of the waste is also managed correctly or possibly recovered.   319 

 320 
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In Table 2 we test the three hypotheses presented before and the main equation 2 where 321 

PR is the average value for the quotation of yttrium in Euro/ton, SC+TR are the costs of 322 

collection and recovery of yttrium from WEEE, and UC+TD are the alternative costs of 323 

collection and disposal of unsorted MSW. 324 

The results are displayed in Table 2. We presume that the cost of treatment and recovery 325 

(TR) in the “HydroWEEE Demo” is constant during years 2012-2016.  326 

 327 

Table 2: Hypotheses during years 2012-2016 328 

year 2012 2013 2014 2015 2016 

PR Y €/kg (average value) * € 68.9327 € 18.8300 € 12.0624 € 6.7643 € 3.6156 

H1 PR-TR+TD>0 € 56.5902 € 6.4930       

H2 PR-TR<0     -€ 0.3853 -€ 5.6835 -€ 8.8321 

H3 PR -(SC+TR)>0 € 55.1330 € 5.0283       

 329 

Sources: *U.S. Department of Interior and U.S. Geological Survey; our computation. 330 

 331 

The price of yttrium oxide value published by in the Geological Survey (see Figure 2), 332 

has been converted into Euro using the Euro reference exchange rate by the European Central 333 

Bank..  334 

 335 

 336 

 Therefore, recovery is economically the best option in 2012 and 2013 when the price of 337 

yttrium was on average 68.93 and 18.83 €/Kg. The market price is so high that Hypotheses 1 and 338 

3 are achieved in these first two years, meaning that recovery is certainly worth it, even if the 339 

State did not impose expended producer responsibility (EPR) on producers. In the following 340 

years, the quotation of yttrium is so low that it does not cover the recovery costs. In these cases, 341 

yttrium is recovered only if it is required by the State which should impose collection as well as 342 

material recycling goals.  343 

 344 

 345 

3. Conclusions  346 

 347 

Rare-earth elements REEs gained international attention in 2011 when their prices boosted after 348 

Chinese quota restriction on export. A potential option of extraction of REEs from mines is their 349 

recovery them from waste.  Moreover, “turning waste into a resource is essential to increase 350 

resource efficiency and closing the loop in a circular economy” (EC, 2015). Nevertheless, not 351 
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many studies assess the economic conditions which make recovery of raw material convenient. 352 

Relight Ltd is a leading Italian company which recycles WEEE in general and it has developed a 353 

project called HydroWEEE to recover yttrium (one of REEs) from spent lamps. Its HydroWEEE 354 

project annually treats 184.8 tons of fluorescent powders, coming from spent lamps recovering 355 

around 54.5 tons of yttrium oxide. In this case study, we investigated the Relight case of 356 

recycling yttrium from spent lamps, by which it is demonstrated that recycling is a valid option 357 

in economic terms if the market price is above 14 €/kg. Therefore, in 2012 and 2013 it was 358 

convenient to recover yttrium because its price was higher than the costs of separated waste 359 

collection (SC) plus the cost of treatment and recovery (TR). However, during the following 360 

years (2014-2016) the price of yttrium did not cover such costs thus making its treatment and 361 

recovery less convenient than its disposal. Another main question arises: is yttrium really rare? 362 

When China had blocked the export of yttrium, the price was boosted (in the short term). This is 363 

a normal reaction to the inelastic demand arising from the fact that, in the short term, there were 364 

no alternatives. However, this does not predict the price of yttrium in the medium-long term, as it 365 

might be replaced with other metals, or other primary or secondary mines may be exploited, or 366 

other products might substitute those containing yttrium. Therefore, as suggested by other 367 

studies (McLellan et al., 2014; Charalampides et al., 2016) yttrium and REEs are better defined 368 

“critical” or “strategic” in economic terms due to: 1) their fundamental role in some specific 369 

equipment and application, such as renewable energy, medical equipment, defense equipment; 2) 370 

they do not have substitution in the short term; 3) the supply source is at the moment a 371 

monopoly.  This economical assessment performed in our case study, even if it is limited to the 372 

specific conditions presented, helps understanding not only the economic rationale behind rare 373 

earth recovery in the case-study analyzed, but it also provides an interesting benchmark to 374 

analyze the commercial potential of similar processes (ERECON, 2014). Besides, policymakers 375 

could incentivize the recovery solutions when market conditions are not convenient with the 376 

following actions: make compulsory the quantity of waste recycled; make compulsory the 377 

quantity of material recovered; incentive the market of second raw materials with fiscal levers or 378 

by imposing a minimum quantity of secondary raw materials incorporated in new products. In 379 

the case of yttrium, European produces are fully dependent on China and the main risk is the 380 

unavailability of materials (Chapman et al., 2013). Therefore, it is crucial to sustain the European 381 

rare-earth recycling industry as well as maintain skills and knowledge along the entire REE 382 

value chain to support the long-term supply security (ECON, 2014, Massarutto, 2014). For 383 

example, the Italian recycling industry builds on a long-lasting tradition and its existence and 384 

vitality are valid deterrents to the powerful Chinese REEs industry.  At the European level, the 385 

amendments to the waste framework directive can be an important step towards the reduction of 386 
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the EU’s dependence on the import of raw materials and the facilitating of the transition to more 387 

sustainable material management and a Circular Economy model (EC, 2015).    388 

 389 

 390 

 391 

 392 

 393 

 394 

Acknowledgements 395 

We are thankful to the company Sagis Ltd, Bangkok, Thailand http://www.sagisepr.com 396 

(Raphael Veit)  for co-sponsoring the post-doc fellowship and to Relight Ltd, Rho, Italy  397 

https://www.relightitalia.it/en/  (Bibiana Ferrari and Serena Sgarioto) for providing precious 398 

information on their case study. 399 

 400 

 401 

 402 

 403 

 404 

 405 

References  406 

 407 

 408 

Bakaros, G., Gutzmer, J., Mischo, H., 2016. Strategic evaluations and mining process 409 

optimization towards a strong global REE supply chain.  Journal of sustainable mining 15: pages 410 

26-35. http://dx.doi.org/10.1016/j.jsm.2016.05.002  411 

 412 

Bradshaw, A.M., Hamacher, T., 2012. Nonregenerative Natural Resources in a Sustainable 413 

System of Energy Supply. Chem Sus Chem. 5 (3): 550-562. DOI: 10.1002/c ssc.201100563 414 

 415 

 416 

Binnemans, K., Jones, P.T., Blanpain, B., Van Gerven, T., Yang, Y., Walton, A., Buchert, M. 417 

2013. Recycling of rare earths: a critical review. J. Clean. Prod. 51, 1-22. 418 

http://dx.doi.org/10.1016/j.jclepro.2012.12.037 419 

 420 

Binnemans K., Jones, P.T., Blanpain, B., Van Gerven, T., Pontikes, Y. 2015. Towards zero-421 

waste valorisation of rare-earth-containing industrial process residues: a critical review. J. Clean. 422 

Prod. 99, 17-38. http://dx.doi.org/10.1016/j.jclepro.2015.02.089 423 

 424 

CEN Circular Economy Network, 2016. Eight good Italian practices in Circular Economy. 425 

 426 

Chapman, A, Arendorf, J., Castella, T., Thompson, P., Willis, P., 2013. Study on Critical Raw 427 

Materials at EU Level Final Report. A report for DG Enterprise and Industry. 428 

 429 

Charalampides, G., Vatalis, K.I., Apostoplos, B., Ploutarch-Nikolas, B., 2015. Rare Earth 430 



15 

 

Elements: Industrial Applications and Economic Dependency of Europe. Procedia Economics 431 

and Finance 24: 126 – 135. doi: 10.1016/S2212-5671(15)00630-9  432 

Charalampides, G., Vatalis, K.I., Karayannis, V., Apostoplos, B., 2016. Environmental defects 433 

and economic impact on global market of rare earth metals. IOP Conf. Ser.: Mater. Sci. Eng. 161 434 

012069. doi:10.1088/1757-899X/161/1/012069 435 

 436 

Chen Z., 2011. Global rare earth resources and scenarios of future rare earth industry. Journal of 437 

Rare Earths. Vol. 29, No. 1,  p. 1 . DOI: 10.1016/S1002-0721(10)60401-2 438 

 439 

Decree 185/2007 Decree of 25 September no. 185 on the national register of producers, 440 

coordination centre and WEEE management policy committee. 441 

http://www.infoleges.it/service1/scheda.aspx?service=1&id=150489  442 

 443 

De Michelis, I., Ferella, F., Fioravante, Varelli, E., Veglió, F., 2011. Treatment of exhaust 444 

fluorescent lamps to recover yttrium: Experimental and process analyses. Waste Management 445 

31, 2559–2568. doi:10.1016/j.wasman.2011.07.004. 446 

 447 

 448 

EC, 2017. "Communication from the commission to the European Parliament, the council, the 449 

European economic and social committee and the committee of the regions on the 2017 list of 450 

Critical Raw Materials for the EU"  451 

 452 

EC, 2015. European Commission, A proposal for a Directive of the European Parliament and of 453 

the Council amending Directive 2008/98/EC on waste, Brussels.  454 

 455 

EC, 2015. Closing the Loop – An EU Action Plan for the Circular Economy, COM. 614 final. 456 

European Commission (EC), Brussels, Belgium (2015) 457 

 458 

EC, 2014. Report on Critical Raw Materials for the EU, Report of the Ad-hoc Working Group on 459 

Defining Critical Raw Materials. European Commission (EC), Brussels, Belgium. 460 

 461 

EC, 2012. Making Raw Materials Available for Europe's Future Wellbeing: Proposal for a 462 

European Innovation Partnership on Raw Materials 463 

European Commission (EC), Brussels, Belgium  464 

 465 

EC, 2011. Tackling the Challenges in Commodity Markets and on Raw Materials, COM (2011) 466 

25 final European Commission, Brussels, Belgium (2011) 467 

 468 

EC, 2010. Critical Raw Materials for the EU, Report of the Ad-hoc Working Group on Defining 469 

Critical Raw Materials European Commission (EC), Brussels, Belgium (2010) 470 

 471 

EC, 2008. The Raw Materials Initiative—Meeting our Critical Needs for Growth and Jobs in 472 

Europe, COM (2008)699 final European Commission (EC), Brussels, Belgium (2008) 473 

 474 

 475 

ERECON, 2014. Strengthening the European rare earths supply-chain. Challenges and policy 476 

options, Kooroshy, J., Tiess, G., Tukker, A. Walton, A. (eds.). A report by the European Rare 477 

Earths Competence Network. Accessed via: http://prometia.eu/wp-478 

content/uploads/2014/06/ERECON-report_web.pdf 479 

 480 

 481 

EP, 2018. European Parliament. Proposal for a directive of the European Parliament and of the 482 

http://www.sciencedirect.com/science/article/pii/S0301420717300223#bbib17
http://www.sciencedirect.com/science/article/pii/S0301420717300223#bbib17
http://www.sciencedirect.com/science/article/pii/S0301420717300223#bbib19
http://www.sciencedirect.com/science/article/pii/S0301420717300223#bbib20
http://www.sciencedirect.com/science/article/pii/S0301420717300223#bbib21
http://www.sciencedirect.com/science/article/pii/S0301420717300223#bbib22
http://prometia.eu/wp-content/uploads/2014/06/ERECON-report_web.pdf
http://prometia.eu/wp-content/uploads/2014/06/ERECON-report_web.pdf


16 

 

Council amending Directive 2008/98/EC on waste (COM(2015)0595 – C8 0382-2015 – 483 

2015/0275(COD)) 484 

 485 

Franklin-Johnson, E., Figge, F., Canning, L., 2016. Resource duration as a managerial indicator 486 

for Circular Economy performance. Journal of Cleaner Production. 133, 589-598. 487 

http://dx.doi.org/10.1016/j.jclepro.2016.05.023  488 

 489 

Haxel, G.B., Hedrick, J.B., Orris, G.J., Stauffer, P.H., Hendley, J.W, 2002. Rare earth elements: 490 

critical resources for high technology. USGS Fact Sheet 087-02 2002 DOI: 10.3133/fs08702 491 

 492 

Henckens et al 2016. Mineral resources: Geological scarcity, market price trends, and future 493 

generations. Resources Policy 49 (2016) 102-111. 494 

http://dx.doi.org/10.1016/j.resourpol.2016.04.012 495 

 496 

Ganguli, R., Cook, D.R., 2018.  Rare earths: A review of the landscape. Industry Research MRS 497 

Energy & Sustainability: A Review Journal. 1-16. doi:10.1557/mre.2018.7 498 

 499 

Gaudet, G., 2007. Natural resource economics under the rule of Hotelling. Canadian Journal of 500 

Economics. Vol 40, n. 4:1033-1059. 0008-4085 / 07 / 1033–1059 / C _ Canadian Economics 501 

Association 502 

 503 

Geissdoerfer, M., Savaget, P., Bocken, N. M.P., Hultink, E. J., 2017. The Circular Economy. A 504 

new sustainability paradigm? Journal of Cleaner Production. 143, 757-768. 505 

http://dx.doi.org/10.1016/j.jclepro.2016.12.048 506 

 507 

 508 

Ghisellini, P., Cialani, C., Ulgiati S. 2016. A review on circular economy: The expected 509 

transition to a balanced interplay of environmental and economic systems. Journal of Cleaner 510 

Production. 114, 11–32. http://dx.doi.org/10.1016/j.jclepro.2015.09.007 511 

 512 

Hartwick, J.M., Olewiler, N.D., 1998. Economics of Natural Resource Use, The, 2nd Edition. 513 

Reading, Mass. : Addison-Wesley. ISBN-13: 978-0060426958 514 
 515 
He, L., Ji, W., Yin, Y., Sun, W., 2018. Study on alkali mechanical activation for recovering rare 516 

earth from waste fluorescent lamps. Journal of Rare Earths. Volume 36, Issue 1, Pages 108-112. 517 

https://doi.org/10.1016/j.jre.2017.05.016 518 

 519 

 520 

Hotelling, H., 1931. The Economics of Exhaustible Resources. Journal of Political Economy. 521 

39(2), 137-175. 522 

 523 

Hu, A.H., Kuo, C-H., Huang L.H., Su C-C., 2017. Carbon footprint assessment of recycling 524 

technologies for rare earth elements: A case study of recycling yttrium and europium from 525 

phosphor. Waste Management 60 (2017) 765–774. ttps://doi.org/10.1016/j.wasman.2016.10.032 526 

 527 

Hurst, C., 2010. China's Rare Earth Elements Industry: What Can the West Learn? Institute for 528 

the Analysis of Global Security (IAGS), Washington DC, March. From 529 

http://www.iags.org/rareearth0310hurst.pdf. 530 

 531 

Innocenzi, V., De Michelis, I., Ferella, F., Beolchini, F., Kopacek, B., Vegliò, F., 2013a. 532 

Recovery of yttrium from fluorescent powder of cathode ray tube, CRT: Zn removal by sulphide 533 

http://dx.doi.org/10.1016/j.jclepro.2016.05.023
https://www.sciencedirect.com/science/journal/10020721
https://www.sciencedirect.com/science/journal/10020721/36/1
https://doi.org/10.1016/j.jre.2017.05.016


17 

 

precipitation. Waste Manag. 33, 2364–2371. https://doi.org/10.1016/j.wasman.2013.07.006 534 

 535 

Innocenzi, V., De Michelis, I., Ferella, F., Vegliò, F., 2013b. Recovery of yttrium from cathode 536 

https://doi.org/10.1016/j.wasman.2013.07.006


18 

 

ray tubes and lamps' fluorescent powders: experimental results and economic simulation. Waste 537 

Manag. 33, 2390–2396. 538 

Innocenzi, V., De Michelis, I., Kopacek, B., Vegliò, F., 2014. Yttrium recovery from primary 539 

and secondary sources: A review of main hydrometallurgical processes. Waste Management. 34, 540 

1237-1250. http://dx.doi.org/10.1016/j.wasman.2014.02.010. 541 

 542 

Innocenzi, V., De Michielis, I., Ferella, F, Vegliò, F., 2016a. Rare earths from secondary 543 

sources: profitability study. Advances in Environmental Research. 5 (2), 125-140. 544 

DOI: http://dx.doi.org/10.12989/aer.2016.5.2.125. 545 

 546 

Innocenzi, V., Ippolito, N., De Michielis, I., Medici, F., Vegliò, F., 2016b. A hydrometallurgical 547 

process for the recovery of terbium from fluorescent lamps: Experimental design, optimization 548 

of acid leaching process and process analysis. Journal of Environmental Management. 184, 552-549 

559. http://dx.doi.org/10.1016/j.jenvman.2016.10.026. 550 

 551 

Innocenzi, V., De Michielis, I., Vegliò, F., 2017a. Design and construction of an industrial 552 

mobile plant for WEEE treatment: Investigation on the treatment of fluorescent powders and 553 

economic evaluation compared to other e-waste. Journal of the Taiwan Institute of Chemical 554 

Engineers. 80, 769– 778. https://doi.org/10.1016/j.jtice.2017.09.019. 555 

 556 

Innocenzi, V., De Michelis, I., Ferella, F., Vegliò, F., 2017b. Secondary yttrium from spent 557 

fluorescent lamps: Recovery by leaching and solvent extraction. International Journal of Mineral 558 

Processing. Volume 168, pages 87-94. https://doi.org/10.1016/j.minpro.2017.09.017 559 

 560 

 561 

Innocenzi, V., Ippolito, N., Pietrelli, L., Centofanti M., Piga L., Vegliò F., 2018a. Application of 562 

solvent extraction operation to recover rare earths from fluorescent lamps. Journal of Cleaner 563 

Production. 172, 2840-2852. 564 

 565 

Innocenzi, V., 2018b. Treatment of spent fluorescent lamps, cathode-ray tubes, and spent 566 

catalysts by hydrometallurgical procedures. Waste Electrical and Electronic Equipment 567 

Recycling Aqueous Recovery Methods Woodhead Publishing Series in Electronic and Optical 568 

Materials, Pages 139-160. https://doi.org/10.1016/B978-0-08-102057-9.00006-8 569 

 570 

Ippolito, N.M., Innocenzi, V., De Michelis, I., Medici, F., Vegliò, F., 2017. Rare earth elements 571 

recovery from fluorescent lamps: A new thermal pretreatment to improve the efficiency of the 572 

hydrometallurgical process. Journal of Cleaner Production. 153, 287-298. 573 

 574 

Jowitt, S.M., Werner, T.T., Weng, Z., Mudd, G.M., 2018. Recycling of the rare earth elements. 575 

Current Opinion in Green and Sustainable Chemistry. 13, 1–7. 576 

https://doi.org/10.1016/j.cogsc.2018.02.008 577 

 578 

Kirchherr, J., Reike, D., Hekkert, M., 2017. Conceptualizing the circular economy: An analysis 579 

of 114 definitions. Resources, Conservation & Recycling. 127, 221–232. 580 

http://dx.doi.org/10.1016/j.resconrec.2017.09.005 581 

 582 

Lacy, P., Rutqvist J., 2015. Waste to Wealth: The Circular Economy Advantage. Published by 583 

Palgrave MacMillan. ISBN 978-1-137-53068-4 584 

 585 

 586 

Lin, E.Y., Rahmawati, A., Ko, J-H., Liu, J-C., 2018. Extraction of yttrium and europium from 587 

https://doi.org/10.1016/j.minpro.2017.09.017
https://www.sciencedirect.com/science/book/9780081020579
https://www.sciencedirect.com/science/book/9780081020579
https://doi.org/10.1016/B978-0-08-102057-9.00006-8
https://www.sciencedirect.com/science/journal/09596526/153/supp/C
https://www.sciencedirect.com/science/article/pii/S1383586617331623#!


19 

 

waste cathode-ray tube (CRT) phosphor by subcritical water.  Separation and Purification 588 

Technology. Volume 192, pages: 166-175. https://doi.org/10.1016/j.seppur.2017.10.004 589 

 590 

Marra, A., Cesaro, A., Rene, E.R., Belgiorno, V., Lens, P. N.L., 2018. Bioleaching of metals 591 

from WEEE shredding dust. Journal of Environmental Management. 210, 180-190. 592 

https://doi.org/10.1016/j.jenvman.2017.12.066. 593 

 594 

Massarutto, A., 2009. I rifiuti. Collana “Farsi un’idea”. Edizioni Il Mulino 595 

 596 

Massarutto, A., 2014.  The long and winding road to resource efficiency – An interdisciplinary 597 

perspective on extended producer responsibility. Resources, Conservation and Recycling 85 598 

pages 11–21. http://dx.doi.org/10.1016/j.resconrec.2013.11.005 599 

 600 

MacArthur E. Foundation, 2015. Taking the Circularity to the Next Level A Special Issue on the 601 

Circular Economy. 602 

 603 

Marcheri, N., 2015. World trade in rare earths, Chinese export restrictions, and implications. 604 

Resources Policy Volume 46, Part 2, December 2015, Pages  262–271. 605 

http://dx.doi.org/10.1016/j.resourpol.2015.10.009 606 

 607 

McLellan, B.C., Corder, G.D., Golev, A., Ali, S.H., 2014. Sustainability of the Rare Earths 608 

Industry. Procedia Environmental Sciences. 20, 280 – 287. Doi: 10.1016/j.proenv.2014.03.035 609 

 610 

Pavón, S., Fortuny, A., Coll, M.T., Sastre, A.M., 2018. Rare earths separation from fluorescent 611 

lamp wastes using ionic liquids as extractant agents. Waste Management 82:  241–248. 612 

Rauch, J., 2009. Global mapping of Al, Cu, Fe, and Zn in-use stocks and in-ground resources. 613 

Proceedings of the National Academy of Sciences. 106 (45), 18920-18925. 614 

www.pnas.org_cgi_doi_10.1073_pnas.0900658106, 615 

 616 

Reck, K.B., Graedel, T.E., 2012. Challenges in Metal Recycling. Science, vol 337, issue 6095 pp 617 

690-695. DOI: 10.1126/science.1217501. 618 

 619 

Seo, Y., Morimoto, S., 2015. Domestic Yttrium Consumption Trends in Japan. Journal of 620 

Industrial Ecology. 20, 5. DOI: 10.1111/jiec.12345. 621 

 622 

Song, G., Yuan, W., Zhu, X., Wang, X., Zhang, C., Li, J., Bai, J., Wang, J., 2017. Improvement 623 

in rare earth element recovery from waste trichromatic phosphors by mechanical activation. 624 

Journal of Cleaner Production. 151, 361-370.  http://dx.doi.org/10.1016/j.jclepro.2017.03.086, 625 

 626 

Takaya, Y., Yasukawa, K., Kawasaki, T., Fujinaga, K., Ohta, J., Usui, Y., Nakamura, K., 627 

Kimura, J-I., Chang, Q., Hamada, M., Dodbiba, G., Nozaki, T., Iijima, K., Morisawa, T., 628 

Kuwahara, T., Ishida, Y., Ichimura, T., Kitazume, M., Fujita, T., Kato, Y., 2018.The tremendous 629 

potential of deep-sea mud as a source of rare-earth elements. Nature. 8, 5763. 630 

DOI:10.1038/s41598-018-23948-5, 631 

 632 

 633 

U.S. Geological Survey. Mineral Commodity Summaries 2001. Reston, VA: U.S. Geological 634 

Survey; 2001.  635 

 636 

 637 

Van Gosen, B.S., Verplanck, P.L., Seal II R.R., Long K.R. Gambogi J., 2017. Rare-Earth 638 

Elements. U.S. Geological Survey. Professional Paper 1802–O 639 

https://doi.org/10.1016/j.seppur.2017.10.004
https://www.sciencedirect.com/science/journal/03014207/46/part/P2


20 

 

 640 

Webster, K., 2015. The Circular Economy: A wealth of flows. Isle of Wight: Ellen MacArthur 641 

Foundation 642 
 643 

 644 

Wu, Y, Yin, X., Zhang, Q., Wang,W.,  Mu, X., 2014. The recycling of rare earths from waste 645 

tricolor phosphors in fluorescent lamps: A review of processes and technologies,  646 

 647 

 648 

 649 
 650 

Web References 651 

 652 

http://www.isprambiente.gov.it/en ISPRA National Institute for Environment Protection 653 

(ISPRA) (Last accessed 14.09.2018). 654 
 655 

https://minerals.usgs.gov/minerals/pubs/mcs/2017/mcs2017.pdf U.S. Geological Survey, Mineral 656 

Commodity Summaries, 2017. (Last accessed 14.09.2018). 657 

 658 

https://minerals.usgs.gov/minerals/pubs/mcs/2018/mcs2018.pdf U.S. Geological Survey, Mineral 659 

Commodity Summaries, 2018. (Last accessed 14.09.2018). 660 
 661 

https://ec.europa.eu/growth/sectors/raw-materials/specific-interest/erecon_en ERECON, 2014. 662 

European Rare Earths Competency Network. (Last accessed 14.09.2018). 663 
 664 

    665 
 666 

http://www.sciencedirect.com/science/article/pii/S0301420717300223#bbib24

