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This paper addresses the determinants of metal recycling rates. The literature on recycling flows is scarce and does not directly address the issue of achieving a high recycling rate. In addition, extant literature has not quantified the recycling rate response to metal prices. Therefore, this paper explores factors that affect the recycling rate of different metals embodied in computers. We examine the effects of metal price, metal concentration in products, relative concentration ratio (i.e., primary vs. secondary supply), and embodied metal value on the recycling rate. Although the results reveal a significant effect of metal price on the recycling rate, the marginal response is low across different models (ordinary least squares, generalized linear model, fractional response model with endogenous regressor, and left-censored Tobit). This effect is not surprising and is in line with extant literature on recycling flows. Unfortunately, for most unrecycled metals, achieving a minimum embodied value is unlikely, as it would require a median price increase by one or two order of magnitude. In addition, it seems that the recycling rate is more elastic to other technical factors, such as the metal concentration in products or the relative concentration ratio. While the findings suggest important public policy implications, more data and interdisciplinary research are required to support these preliminary results.

Introduction

Numerous reports and studies indicate that the dynamics of metal consumption and overall natural resource consumption are unsustainable [START_REF] Ali | Mineral supply for sustainable development requires resource governance[END_REF]UNEP, 2019;2016). A source of concern is the ability of economic systems to discover, open, and operate new mines with sufficient speed to address the demand surge. Other analyses underscore the vulnerability of strategic sectors (e.g., digital, green energy, military) to the unavailability of specific key metals (Department of Energy, 2011;European Commission, 2010;[START_REF] Jrc | Critical Metals in Strategic Energy Technologies, Assessing Rare Metals as Supply-Chain Bottlenecks in Low-Carbon Energy Technologies[END_REF][START_REF] Blagoeva | Assessment of potential bottlenecks along the materials supply chain for the future deployment of low-carbon energy and transport technologies in the EU;Wind power, photovoltaic and electric vehicles technologies[END_REF]World Bank, 2017). Such concerns motivate the effort to delink primary resource consumption through greater material efficiency and recycling.

From an environmental perspective, solid, air, water, and soil pollutions generated by economic activities are all causes for concern. In this respect, global warming is a prominent issue (IPCC, 2014).

However, again, it seems that the waste and pollution problem is strongly linked to natural resource overconsumption [START_REF] Behrens | The material basis of the global economy. Worldwide patterns of natural resource extraction and their implication for sustainable resource use policies[END_REF][START_REF] Brooks | Mineral Resources, Economic Growth, and World Population[END_REF][START_REF] Schandl | Resource use and resource efficiency in the Asia-Pacific region[END_REF][START_REF] Smil | Making the Modern World: Materials and Dematerialization[END_REF]UNEP, 2013a). For example, [START_REF] Fizaine | Renewable electricity producing technologies and metal depletion: A sensitivity analysis using the EROI[END_REF] show that metal production absorbs 10% of primary energy production; on a much larger scale, [START_REF] Smil | Making the Modern World: Materials and Dematerialization[END_REF] demonstrates that the production of metals, plastics, construction materials, paper, and fertilizers need 20% of the total energy supply.

Naturally, this energy consumption translates into greenhouse gas emissions. A recent UNEP (2019) report argues that global material extraction and processing are responsible for 50% of global greenhouse gas emissions. Solid waste also creates significant environmental and health issues (UNEP, 2013b). Again, the flow of global solid waste (2.01 Gt in 20161 ) is increasing; at best, it is landfilled, or worse, it is dispersed throughout the environment. In this context, the "seventh continent" of plastic in the Pacific Ocean is an astonishing illustration of the significant challenge resulting from poor management of the increasing flow of solid wastes [START_REF] Lebreton | Evidence that the Great Pacific Garbage Patch is rapidly accumulating plastic[END_REF]. Moreover, even the flow of solid wastes from sectors often viewed as dematerialized, such as the digital sector, poses major challenges. Indeed, the waste from electric and electronic equipment is also increasing (44.7 Mt in 2016) and is generating important health and environmental issues for countries in which metal wastes leak [START_REF] Baldé | The Global E-waste Monitor -2017[END_REF][START_REF] Cui | Chapter 20 -Electronic Waste[END_REF].

Given these concerns, recycling and a circular economy are now understood to be promising tools for reducing both primary resource needs on the one hand and waste on the other hand. Increasing the recycling rate involves several co-benefits [START_REF] Blomberg | Factor demand flexibility in the primary aluminium industry: Evidence from stagnating and expanding regions[END_REF][START_REF] Hagelüken | Recycling of (critical) metals[END_REF]UNEP, 2013a):

 Decreasing the environmental impact associated with waste (air, water, and soil pollutant emissions),  Saving landfill space,  Substituting the more important energy and environmental costs of primary production (greenhouse gases, water consumption, floor space consumption),  Improving resources conservation,  Increasing the geopolitical independence of raw-material-producing countries,  Creating local alternative substitutes for imported raw materials that may finance armed conflicts,  Reducing the potential disequilibrium between demand and supply through supply diversification,  Creating jobs and local infrastructures linked to the activity, and  Partially decoupling metals subject to byproduction due to an increase of secondary supplies.

Moreover, in contrast with reduction and reuse activities, recycling activities are more closely aligned with the business of traditional throughput economies, sharing economies of scale and cost minimization through international trade specialization [START_REF] Ghisellini | A review on circular economy: the expected transition to a balanced interplay of environmental and economic systems[END_REF][START_REF] Stahel | Policy for material efficiency-sustainable taxation as a departure from the throwaway society[END_REF]. Unfortunately, despite these important advantages, recycling activities and, in particular, metal recycling suffer from a lack of knowledge on several topics. First, despite the voluntary goals of international organizations and national governments, metal recycling rates are low and are expected to remain stable in the coming decades [START_REF] Ali | Mineral supply for sustainable development requires resource governance[END_REF]UNEP, 2013a). To improve, it is necessary to identify the most effective triggers of high recycling rates and avoid potentially useless and expensive public policies. More precisely, with end-of-life recycling rates below 1%, many minor metals do not profit from the opportunities provided by recycling (UNEP, 2011) while several more recent works show that several metals can reach higher levels of recycling rate when analyzed over smaller geographic areas [START_REF] Blengini | Recovery of critical and other raw materials from mining waste and landfills: State of play on existing practices (No. EUR 29744 EN)[END_REF]. However, the consumption of minor metals has increased substantially given their importance in electric and electronic equipment. Indeed, the information and communication technologies (ICT) sector has experienced significant growth, suggesting many issues associated with resource and energy conservation. For example, a French report from the Shift Project (2018) indicates that total energy consumption for digital technologies is growing at 9% per year. Although the share of the digital sector in the global final energy consumption was low at the beginning of the decade (1.9% in 2013), this share has been substantially increase since then (2.7% in 2017). While many sectors improve their energy efficiency through the decrease of their energy intensity (ratio of energy consumption of the sector on the added value of the sector), the energy intensity of digital sector is increasing. Indeed, compared with the energy intensity of other sectors (-1.8% per year), the energy intensity of the digital sector has risen at 4% per year. This previous work also underscores that 45% of this energy is devoted to the production of electric and electronic equipment using a variety of energy-intensive metals. In addition, if several metals found in waste electric and electronic equipment (WEEE) are well recycled, this hierarchy does not account for the environmental cost of metals (external costs). Therefore, we find some paradoxes in recycling, such that major metals are more often recycled than minor metals, though the unitary environmental costs of the former are well below that of the latter [START_REF] Nuss | Life Cycle Assessment of Metals: A Scientific Synthesis[END_REF]. For example, in considering different well-known environmental indicators such as global warming potential (kg CO2 eq./kg), terrestrial acidification, and freshwater eutrophication, we observe that the unitary environmental impact of metals such as iron, aluminum, and copper is one, two, and three orders of magnitude lower than those of germanium, gallium, and tantalum (minor metals). Therefore, it is important to understand how recycling activities work for these metals and the best way to achieve high recycling rate targets.

Second, metal recycling is far behind other recycling programs. Metal recycling and other major material recycling differ in major ways. Unlike other materials such as paper, paperboard, or plastic, pure metal allows theoretically infinite recycling opportunities2 (UNEP, 2013a). In addition, waste containing metals is less homogeneous than paper and plastic waste. The number of elements, the high variety of quality, and the concentration of metals in products involve challenges that are absent from other major recycled wastes. Consequently, WEEE recycling facilities are different from, for example, paper recycling facilities. More precisely, metal recycling requires high capital investments and sophisticated technologies for separating most of the specialty/rare/precious/base metals. For example, $1 billion has been invested in the Umicore WEEE recycling and refining plant operating in Belgium [START_REF] Hagelüken | Recycling of gold from electronics: Cost-effective use through 'Design for Recycling[END_REF]. This plant extracts 30 tons of gold, 37 tons of platinum group metals, 1000 tons of silver, and 68,500 tons of other metals per year from wastes. That makes it equivalent to the third largest gold mine in the world. For comparison, a standard paper recycling facility requires a base investment of $30-$50 million. This is why some scholars advocate embracing the issue of metal recycling separately from other materials [START_REF] Andersson | Differentiation of determinants of low-cost and high-cost recycling[END_REF][START_REF] Lakhan | Exploring the relationship between municipal promotion and education investments and recycling rate performance in Ontario,Canada[END_REF][START_REF] Hagelüken | Recycling of (critical) metals[END_REF].

Third, previous literature has focused on the household and municipal collection steps but has not deeply analyzed the industrial recycling step. To be more precise, a quick overview of the literature on recycling shows three main streams: (1) studies that examine household and municipal wastes, (2) studies that model the economics of a specific resource industry, and (3) studies that analyze the technical characteristics of wastes.

To begin with, many studies have analyzed the different factors affecting municipal waste recycling rates [START_REF] Berglund | An Econometric Analysis of Global Waste Paper Recovery and Utilization[END_REF][START_REF] Dijkgraaf | An EU Recycling Target: What Does the Dutch Evidence Tell Us?[END_REF][START_REF] Sterner | HouseholdWaste Management in a Swedish Municipality: Determinants of Waste Disposal, Recycling and Composting[END_REF]Yang and Innes, 2007). A complete survey of these studies is beyond the scope of this paper. Although this literature includes the overview of the impact of many factors (e.g., income, education, age, household size, population density, pay-as-you-throw pricing system), many gaps must be filled. For example, these studies do not quantify the effect of raw material prices on recycling rates. Moreover, most of these studies do not desegregate the different flows of raw materials. This could be problematic because the recovery and recycling rate can differ greatly across different raw materials [START_REF] Andersson | Differentiation of determinants of low-cost and high-cost recycling[END_REF][START_REF] Lakhan | Exploring the relationship between municipal promotion and education investments and recycling rate performance in Ontario,Canada[END_REF]. In addition, metals hold very specific characteristics and thus must be examined separately [START_REF] Hagelüken | Recycling of (critical) metals[END_REF]. Other studies have embraced the economics of recycling rates in a more conventional way. This stream of research explicitly models the supply and demand of secondary metal flows [START_REF] Blomberg | The economics of secondary aluminium supply: An econometric analysis based on European data[END_REF][START_REF] Edwards | The effect of prices on the recycling of waste materials[END_REF]. In contrast with the first type of literature, metal prices are taken into account. The studies typically reach the same conclusions: secondary recycled flows are price inelastic [START_REF] Edgren | An econometric analysis of paper and wastepaper markets[END_REF][START_REF] Edwards | The effect of prices on the recycling of waste materials[END_REF]. Though scarce, the estimates do not really change across metals; for example, price elasticity varies for aluminum within a range of 0.18 to 0.32 [START_REF] Blomberg | Short-run demand and supply elasticities in the west European market for secondary aluminium[END_REF]Blomberg andSöderholm, 2009, 2011;[START_REF] Carlsen | Aluminium recycling coefficients[END_REF]Slade, 1980a), while similar estimates for copper range from 0.1 to 0.29 [START_REF] Fisher | An econometric model of the world copper industry[END_REF][START_REF] Fu | Econometric modeling of recycled copper supply[END_REF][START_REF] Gomez | Copper recycling and scrap availability[END_REF]Slade, 1980aSlade, , 1980b) ) . The outcomes highlighted in these studies are notable, but they cannot be directly applied to recycling rate. In addition, they only document the price impact for copper and aluminum, two metals that are currently well recycled. No conclusion can be established for minor metals, which nevertheless inundate WEEE. Last, other scholars, primarily engineers and geologists, have shown that the dilution of metal in products could affect the incentive to recycle products [START_REF] Johnson | Dining at the Periodic Table: Metals Concentrations as They Relate to Recycling[END_REF][START_REF] Rombach | Limits of metal recycling, in: Sustainable Metals Management: Securing Our Future -Steps Towards a Closed Loop Economy[END_REF][START_REF] Vidal | Mineral Resources and Energy: Future Stakes in Energy Transition[END_REF][START_REF] Vidal | Global Trends in Metal Consumption and Supply: The Raw Material-Energy Nexus[END_REF]. Unfortunately, these studies do not explicitly integrate the effects of metal prices and generally adopt a descriptive approach (e.g., scatter graph, no modeling).

Fourth, understanding how the policies intended to fight global warming interact with recycling and circular economic policies is important. To date, most studies have analyzed these issues separately; however, there is (at least theoretically) the possibility of complementary or substitute effects between them (crowding out).

In short, it is necessary to investigate the topic of metal recycling rates and the stakes associated with the global understanding of metal recycling rates in WEEE facilities. This paper explains the main determinants of metal recycling rates. Is the price (through taxes) a promising tool for achieving a higher recycling rate target? Are there other determinants of the metal recycling rate? Do the policies intended to fight climate change promote recycling by taxing CO2?

We show that the effect of metal price on the recycling rate is rather weak. Conversely, the recycling rate seems more elastic to other variables such as the metal concentration in products, embodied metal value, and relative concentration ratio. Given the findings of this study, the internalization of greenhouse gas costs would not lead to a significant increase in the metal recycling rate. Therefore, we stress that no overlap is apparent between climate policies and recycling polices. This paper also reveals that material/technical design policies can be promising and that focusing on economical tools (e.g., taxes) can be disappointing, as Söderholm (2011) also suggests. Finally, we highlight the potential tradeoff between a high material efficiency target and a high recycling rate target (for metals).

Overall, this paper offers a fourfold contribution to the existing literature. First, we assess the economic incentives (price) relative to raw material recycling rates (on the industrial side), as well as the impact of metal concentration. Thus far, the literature has not quantified the effects of these variables. Second, we examine the question of "fringe materials" through the example of minor metals. Third, to the best of our knowledge, this study is the first to explore the determinants of recycling rates from a materials perspective (elements in cross-section) and to focus on the industrial step (i.e., recycling efficiency rate) rather than a monograph or household panel rate studies. Fourth, we build a bridge between economic and technical approaches by using economic and technical determinants of the recycling rate (first use and estimation of relative concentration ratio and embodied metal value). Surprisingly, most of the prospective studies presented previously do not model (or even include) the impact of metal recycling. Some of the articles deliberately ignore the issue (e.g., [START_REF] Moss | The potential risks from metals bottlenecks to the deployment of Strategic Energy Technologies[END_REF][START_REF] Northey | Modelling future copper ore grade decline based on a detailed assessment of copper resources and mining[END_REF]World Bank, 2017), while others introduce an exogenous and arbitrary recycling rate [START_REF] Blagoeva | Assessment of potential bottlenecks along the materials supply chain for the future deployment of low-carbon energy and transport technologies in the EU;Wind power, photovoltaic and electric vehicles technologies[END_REF][START_REF] Sprecher | How "black swan" disruptions impact minor metals[END_REF][START_REF] Ali | Mineral supply for sustainable development requires resource governance[END_REF][START_REF] Vidal | Mineral Resources and Energy: Future Stakes in Energy Transition[END_REF]. Therefore, the results from this study can also help scholars design future studies related to metal availability.

To answer the issues raised in the introduction, we proceed as follows: the next section ("Methodology and data") presents the data and different models used in this paper. The third section ("Results") provides different estimates of the models. The fourth section ("Discussion") introduces robustness and sensitivity analyses. This section also includes a discussion of potential caveats of this study. The final section considers public policy recommendations and future research.

Methodology and data

About the recycling rate

According to the UNEP (2011) report, there are at least four different recycling rates: end-of-life recycling rate, old scrap collection rate, recycling efficiency rate, and recycling content rate. The endof-life recycling rate describes the share of recycled metal quantities in the total end-of-life waste flow of the metal. The old scrap collection rate describes the share of collected metal waste quantities on the end-of-life waste flow of the metal. The recycling efficiency rate is computed as the share of the recycled metal quantities in the collected metal waste flow. Lastly, the recycling content rate is the share of recycled metal quantities in the total metal consumption (which adds recycled and primary metal quantities). We are also aware of other types of recycling rates, such as the utilization rate and the recovery rate, in the economic literature (see Berglund and Soderholm, 2003). Although useful for analyzing some issues, such as international waste trade, these recycling rates are neither available for fringe elements nor easily computable at the global scale.

Here, we use the recycling efficiency rate and designate it with the general term "recycling rate." The recycling efficiency rate is computed as the ratio of recycled metal to the collected metal. Therefore, this measure focuses on the industrial recycling step rather waste collection at the household level (old scrap collection rate). The multiplication of the old scrap collection rate by the recycling efficiency rate provides the end-of-life recycling rate.

Data

The data used in this study come from several sources. The recycling rate of different metals found in computers and the average metal concentrations in computers (% of total weight) come from a UNEP report (UNEP, 2013). The price of metals ($/kg) comes from United States Geological Survey (USGS).

Average mining concentration and crustal grade (%) are derived from three primary sources [START_REF] Craig | Resources of the Earth[END_REF][START_REF] Fizaine | Renewable electricity producing technologies and metal depletion: A sensitivity analysis using the EROI[END_REF][START_REF] Valero | Exergetic evaluation of Natural Mineral Capital (2). Application of the methodology to current world reserves[END_REF], while the unitary energy consumption of metals (GJ/t) comes from [START_REF] Nuss | Life Cycle Assessment of Metals: A Scientific Synthesis[END_REF]. Table 1 provides the main descriptive statistics.

Moreover, based on data from UNEP (2013a), Figure 1 shows that the value of metals embodied in printed wired boards of computers per kg of waste is mainly derived from the value of gold ($0.64), copper ($0.52), aluminum ($0.32), tin ($0.21), nickel, lead and silver ($0.1-$0.2), and beryllium, palladium, and zinc ($0.05-$0.07) rather than other metals (<$0.01). Data collected from different studies (see [START_REF] Bizzo | Characterization of Printed Circuit Boards for Metal and Energy Recovery after Milling and Mechanical Separation[END_REF][START_REF] Işıldar | Electronic waste as a secondary source of critical metals: Management and recovery technologies[END_REF][START_REF] Fizaine | Renewable electricity producing technologies and metal depletion: A sensitivity analysis using the EROI[END_REF] show that the dilution of different elements in computer is highly variable and not always more important than primary mine dilution (Figure 2). This observation is particularly true for minor metals and runs counter to the idea of urban mine.

Specification

In line with other studies [START_REF] Johnson | Dining at the Periodic Table: Metals Concentrations as They Relate to Recycling[END_REF][START_REF] Vidal | Mineral Resources and Energy: Future Stakes in Energy Transition[END_REF], we explore the impact of different determinants of the metal recycling rate in computers. In a first model, we assume that the recycling rate of metal i depends on different factors: the price of metal (thereafter price), the concentration of metal in computers (concentration p), and the ratio between metal concentration in computers and metal concentration in deposits (hereinafter, relative concentration ratio, or RCR) which also need the concentration of metal in deposits (concentration m):

𝑅𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑖 = 𝑐 + 𝛽 1 𝑝𝑟𝑖𝑐𝑒 𝑖 + 𝛽 2 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝 𝑖 + 𝛽 3 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝 𝑖 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚 𝑖 + 𝜀 𝑖 .
(1)

Metal price increases the revenue of recyclers, concentration p decreases the cost of recycling, and RCR account for the effect of competition between primary mining and secondary supply (recycling). In a second model, we substitute the RCR variable with a dummy variable (called threshold) indicating whether the average metal concentration is higher in products than in primary metal deposits:

𝑅𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑖 = 𝑐 + 𝛽 1 𝑝𝑟𝑖𝑐𝑒 𝑖 + 𝛽 2 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝 𝑖 + 𝛽 3 𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 𝑖 + 𝜀 𝑖 , (2) 
where threshold takes the value of 1 if the element concentration of products is higher than the element mining concentration and 0 otherwise. Last, we simply check the impact of price and logarithm of RCR (called lnRCR):

𝑅𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑖 = 𝑐 + 𝛽 1 𝑝𝑟𝑖𝑐𝑒 𝑖 + 𝛽 2 ln ( 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝 𝑖 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚 𝑖 ) + 𝜀 𝑖 .

(3)

Moreover, we check the possibility of the recycling rate being affected by the metal value included in the computer rather than the metal price itself. This variable, Value, is computed as

𝐸𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝑀𝑒𝑡𝑎𝑙 𝑣𝑎𝑙𝑢𝑒 ($) = 𝑃𝑟𝑖𝑐𝑒 × 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛𝑝 × 𝑇𝑜𝑡𝑎𝑙 𝑊𝑒𝑖𝑔ℎ𝑡 (4) 
Then, we estimate the following effect of the embodied value on the recycling rate:

𝑅𝑒𝑐𝑦𝑐𝑙𝑖𝑛𝑔 𝑟𝑎𝑡𝑒 𝑖 = 𝑐 + 𝛽 1 𝐸𝑚𝑏𝑜𝑑𝑖𝑒𝑑 𝑉𝑎𝑙𝑢𝑒 𝑖 + 𝛽 2 ln ( 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑝 𝑖 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑚 𝑖 ) + 𝜀 𝑖 .

(5)

Models and issues with estimations

To assess the potential impact of each determinant, we provide a series of graphical (scatterplots) and non-conditional tests of means for the different variables. We sort the sample by increasing the value for each variable (4 variables) and separate the sample into two parts. We then perform a t-test of equality of means (average recycling rate in each subsample). We also represent the average recycling rate for each subsample when the total sample is sorted by increasing the value and separating it into three parts (terciles).

Next, we use econometric methods. More especially, before providing the estimate of equations ( 1)-( 5), we need to address some typical econometric issues raised by our data.

Small sample size. We have limited data, and the sample is small (observations = 30). Small sample sizes can be problematic because they generate low statistical power and inflated effect sizes. Although we are aware of these issues, there is no easy way to deal with the small sample size. Moreover, the lack of studies on this topic is likely due to the lack of data. Nonetheless, inflated effect size is not problematic here because our data show the reverse (i.e., we do not show a more important effect of some variables on recycling rate). In addition, the discussion and originality of our paper is not based on the absence of a detected effect of the variable that could be due to low statistical power. To avoid the loss of degrees of freedom, we introduce a low number of independent variables (a maximum of three variables).

Heteroskedasticity. Heteroskedasticity could be problematic because of its effect on statistical inference.

We check this issue with the White test. If the test rejects the assumption that the variance of residuals is homoskedastic, we estimate heteroskedasticity-consistent standard errors (White/Hubbert covariance).

Collinearity. Collinearity can inflate standard errors and lead to non-significant results. Again, we report the variance inflation factor (VIF) and delete variables with a VIF higher than 10. This does not happen in our model estimations (the VIF statistics are always less than 2).

Nonlinearity. The use of ordinary least square (OLS) on fractional dependent variables is highly debated.

The use of this kind of model on this form of data can lead to the ignorance of nonlinear effects or the generation of impossible outcomes (a negative percentage or higher than 100%). Here, we report OLS results for illustration and estimate a generalized linear model (GLM). GLMs avoid the generation of impossible outcomes and are recommended for modeling proportions [START_REF] Baum | Modeling proportions[END_REF][START_REF] Papke | Econometric methods for fractional response variables with an application to 401(k) plan participation rates[END_REF]. More specifically, we use the binomial family with a logit link:

y * = ln ( y 1 -y ) = Xβ + 𝜀. (6) 
We also use a robust variance estimator in the GLM, as various scholars have recommended [START_REF] Baum | Modeling proportions[END_REF][START_REF] Papke | Econometric methods for fractional response variables with an application to 401(k) plan participation rates[END_REF]Wooldridge, 2011). The use of a probit link does not lead to different results, though the prediction power is less important (see Appendix 1.2).

Endogeneity. We could suspect endogeneity between prices and the metal recycling rate. Therefore, we employ the fractional response model with endogenous regressor (FRMER), which uses a similar framework to the GLM but allows for the treatment of endogenous variables (Wooldridge, 2011).

Following [START_REF] Jordan | What can earth abundance really tell us about material prices and availability? Combining physical and economic perspectives[END_REF], we take the primary unit energy consumption for each metal (GJ/t) and the average grade of metal in the crustal crust as an instrument for price. The primary metal unit energy consumption and the crustal grade of the metal are fixed by physical laws and do not depend on economic parameters, so we cannot suspect them to be endogenous to the recycling rate or price. We have also replicated the process with the average grade in crustal crust and the metal price 5 years before the cross-sectional estimation period as alternative instruments for metal price. The results are similar and appear in Appendix 1.2 (see FRMER 1.1 and 1.2). For illustration purposes only, we report standard post-estimations from traditional two-stage endogenous regression for price in natural logarithm and price in level (see Appendix 1, Instrumental variables). The R-square of the first stage is high (0.92 and 0.98), with an important F-statistic (120 and 789), thus avoiding issues associated with weak instruments. In addition, the Sargan-Basmann tests cannot reject that our instruments are uncorrelated with the error term (p-value associated with Sargan: 0.74/0.28; p-value associated with Basmann: 0.76/0.32), and the Anderson Lagrange-multiplier statistic test rejects the assumption that our model is underidentified., The results associated with the FRMER framework appear in the "Results" section.

Results

Relationship between variables and recycling rate

The different scatterplots in Figure 3 show that all variables are positively correlated with the recycling rate. However, the relationship between the price of metals and the recycling rate is weak, as indicated by the scatterplot and the test of equality of means (Table 2). Conversely, the correlation of the recycling rate with other variables seems more explicit. Figure 4 also supports this first statement.

Tables 3,4, and 5 provide estimates of specifications ( 1)-( 5) with OLS, GLM, and FRMER models.

Most of the time, all the variables are significant at 5% and sometimes at 1% of risk. The signs of the different variable coefficients are identical across the models and are in line with theoretical expectations. In this way, the price is positively correlated with the recycling rate. The higher the metal concentration in the product, the lower is the cost of metal recovery, so the recycling rate is higher. The effect of supply competition is also perceptible through the results. Indeed, the effect of RCR, threshold, and logarithm of RCR are all positive. In this regard, the more important the metal production concentration relative to the metal mining concentration, the more the recycling rate of the metal will be important. This means that the presence of high-concentration (low-cost) mining alternatives disfavors the recycling of metal from low-grade metal products. The effect of embodied value is also observable with a significant coefficient of 0.02. This means that an increase of $1 of the metal value embodied in a computer is correlated with an increase of two percentage points in the recycling rate.

In addition, as expected, the OLS models generate impossible forecasts. The OLS methods also provide significant estimates of the intercept. The interpretation of these results is problematic because it allows a positive (non-zero) recycling rate with a zero level for price/concentration and RCR variables. This is why it is necessary to use GLM and FRMER models.

All variables are also significant in the GLM and FRMER models. The different coefficients associated with the variables cannot be directly compared with OLS estimations because of the nonlinear transformation. The predictions provided by these models are more adequate. The models reproduce nearly 47% to 70% of the observed variance. The instrumentation of price with unit energy consumption and average crustal grade (but also the price five years before) does not greatly change the results, though the Wald test of exogeneity rejects the assumption that there is no endogeneity for a 5% risk threshold.

Marginal effects

To make an appropriate interpretation of variable coefficients in the different models, we compute the average marginal effects on recycling rate for the different variables (see Figure 5 and Table 6). Four novel statements can be made about these computations. First, the average marginal effect of metal price, while significant, is low. A metal price increase of $1,000 per kg leads to an average increase of 1.94 percentage points in the recycling rate. Second, increasing the metal concentration in products greatly enhances the recycling rate. An addition of one percentage point of metal concentration is correlated with a rise in the metal recycling rate of 2.52 percentage points. Third, increasing the RCR by one corresponds to an increase in the recycling rate of 6 percentage points. Fourth, metals that have a concentration in products that is higher than their mining concentration also have a higher recycling rate of approximately 31 percentage points. The effect of the embodied value is significant and close to 0.02, indicating that $1 of metal value corresponds to an increase in the recycling rate of 2 percentage points. However, the average marginal effect is no longer significant when using GLM models.

Conversely, the same specification with the embodied value in logarithm form reaches opposite conclusions for significance. In any event, at best, the value indicates that a one-unit increase3 of the metal value logarithm is correlated with a rise of 3 percentage points in the recycling rate.

Predictions

In Figure 6, we report the predicted and actual recycling rate for specification (1-5) with GLM model.

The GLM and FRMER models perform better than the OLS models. The OLS forecast is more erratic and has a higher dispersion than the forecast of the GLM and FRMER models. Nonetheless, despite a good overall forecast, all specification fail to correctly predict the recycling rate of different metals such as lead (overestimation) and cobalt (underestimation). This could be due to other variables not being taken into account in our different specifications, such as the effect of Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) regulations, which are difficult to model.

Discussion

In this discussion, we conduct different robustness and sensitivity analyses associated with the outcomes presented in the "Results" section. We also discuss the impact of the different statements described in the "Results" section for public polices and future studies.

Does metal price really matter? A robustness analysis

The results obtained in this study are important because the effect of metal price on the metal recycling rate appears to be very low 4 . These results are in line with the low price elasticity of metal recycling flows found in the economics literature (see the "Introduction"). Thus, our results are not specific to the metal recycling efficiency rate. Moreover, another qualitative study related to the recycling of printed wire board in electronics and end of life vehicles reaches the same conclusion about the likelihood of increasing recycling rate for minor metals [START_REF] Andersson | Challenges of recycling multiple scarce metals: The case of Swedish ELV and WEEE recycling[END_REF]. This observation is confirmed here by the revenues generated by different minor metals in comparison to precious and base metals (see figure 7). The median revenue generated for unrecycled metals is $0.0004 per kg of wastes while this statics reaches $0.12 per kg of wastes for recycled metals (a 300-fold increase). We understand that equalizing revenues generated by precious/base metals with minor metals would require unexpected price increases (or alternatively a very high concentration of minor metals). We must remember that the recycler's objective is to cover the cost of co-recycling. This cost is estimated at $1.35/kg of electronic cards in China according to the study by Zeng et al. (2018) and is indicated by the black line on the figure 7.

Another question is whether this effect comes from our choice to introduce metal price in level rather than in logarithm. This choice does not affect the low level of the marginal effect of metal price (see the alternative robustness analysis presented in Table 7). For example, the highest estimate found in the robustness analysis is 7.9 percentage points of recycling rate per unit of price logarithm (1.2). Recall that at the average observation of the sample ($28/kg5 ), an increase of one unit of logarithm represents nearly $50/kg, which is approximately equivalent to tripling the price. Although these large and temporary price variations can occur naturally, it is unlikely that governments can reach this target with the tax lever. In addition, the price effect is not different when considered alone (1.4).

We also conducted a sensitivity analysis (see Appendix 2, Sensitivity analysis). We deleted one metal each time and repeated the estimation of the OLS and GLM models for specification (1), which integrates all the variables. The conclusion for the price effect does not change and is still significant.

Nonetheless, we observe that gold and palladium influence the price effect (in level), though the variable remains significant. We find a similar sensitivity for iron with the concentration p variable and for copper, selenium, and lead with the RCR variable.

Last, we perform different robustness analyses using a left-censured Tobit model because several metals, while available from printed wire board, are not recycled in our sample (see Appendix 3). The marginal effects for price remain significant, low, and close to the range of other estimates (1.4-3.5 × 10 -5 ).

Conversely, the marginal effect of other variables increases.

Internalization of externalities in metal prices

As described previously, the response of the recycling rate to price seems to be very low. In such conditions, the question is whether the internalization of externalities in metal price might lead to a higher metal recycling rate.

At $100 per ton of CO2 equivalent, metal price increase remains highly moderate for most of the metals.

Except for aluminum (a 35% price increase) and steel (+100%), the impact is low for other base metals: copper (+3.68%), nickel (+3.10%), and zinc (+13.78%). Precious and minor metals show similar results: gold (+3.13%), silver (3.05%), palladium (1.99%), and indium (+2.5%). Therefore, given the low elasticity of metal price to carbon tax and a low elasticity of recycling rate to metal price, increasing metal price due to the internalization of externalities will not help achieve a higher recycling rate target.

Greenhouse gas emissions are not the only externalities associated with primary metal production (e.g., environmental burden of waste disposal). Moreover, we do not discuss here the usefulness of public policies of internalizing the cost of greenhouse gas emissions; we simply show that there is no overlap between climate public policies and resource conservation policy.

Modification of metal concentration in products (eco-conception)

Increasing metal concentration in products could be more promising as a public policy than using the price channel. This option has already been advocated by the developers of eco-conception [START_REF] Braungart | Cradle to cradle: Créer et recycler à l'infini[END_REF]. Making metals more easily recoverable in products by increasing their concentration could reduce the cost of recycling and thus promote it. Increasing metal concentrations in products could also foster a higher recycling rate through the channel of competition between primary and secondary production. If urban mining (recycling) is less costly than primary mining, activities will gradually switch to the former.

Unfortunately, by aiming for cost reduction, component miniaturization and nanotechnologies are preventing this effect. Indeed, there is a paradox inherent to the 3R strategy (reduce, reuse, and recycle);

different public goals seem in some way incompatible. Indeed, if the term "reduce" refers to material efficiency policies that lead to the development of thinner, more complex, and lighter products and components, this may in turn mean a downward concentration of valued metals. This paradox might lead the first principle (reduce) to compromise the third (recycle). For example, according to [START_REF] Adie | Examining the evolution of metals utilized in printed circuit boards[END_REF] and [START_REF] Cui | Chapter 20 -Electronic Waste[END_REF], technical progress and cost optimization have led to a downward trend of precious metal content in electronic products, though that is not systematic for all metals.

Another phenomenon is the substitution of pure metal with a lower quantity of metal mixture. This can only lead to downward incentives to extract and recycle metals due to less valuable metal content and to increasing technical difficulties to recovery each element.

Metal depletion and decreasing deposit concentrations

An increasing number of studies show that average metal grade deposits are continuously decreasing.

This can be observed at different scales (deposits, country, global) and in different metals [START_REF] Crowson | Some observations on copper yields and ore grades[END_REF][START_REF] Mudd | The environmental sustainability of mining in Australia: key mega-trends and looming constraints[END_REF][START_REF] Schodde | The key drivers behind resource growth: an analysis of the copper industry over the last 100 years[END_REF]. While this phenomenon leads to increasing energy [START_REF] Fizaine | Renewable electricity producing technologies and metal depletion: A sensitivity analysis using the EROI[END_REF], water, and acid input consumption [START_REF] Mudd | The environmental sustainability of mining in Australia: key mega-trends and looming constraints[END_REF][START_REF] Mudd | Sustainability of Uranium Mining and Milling: Toward Quantifying Resources and Eco-Efficiency[END_REF], it might also make recycling more viable and profitable (an increase of RCR). However, this can only happen if

(1) metal grade deposits continue to decline, (2) metal concentration in products increase or remain stable, and (3) the effect of technical progress cost reduction is not greater in the mining sector than in the recycling sector. Regarding the overall view, according to Tilton this last assumption did not happen in the "benevolent past" [START_REF] Tilton | On Borrowed Time? Assessing the Threat of Mineral Depletion[END_REF] and that the increase of recycling due to mineral depletion is not likely to occur in the midterm [START_REF] Tilton | The future of recycling[END_REF]. This optimistic forecast about future primary metal depletion is not shared by other scholars [START_REF] Kerr | The Coming Copper Peak[END_REF][START_REF] Northey | Modelling future copper ore grade decline based on a detailed assessment of copper resources and mining[END_REF][START_REF] Ali | Mineral supply for sustainable development requires resource governance[END_REF], but this debate is beyond the scope of this paper.

What is lacking? Improving knowledge about price effects on recycling rate

Our models are not perfect and need to be improved in several ways. First, given the lack of data and, more generally, information, we use cross-sectional data. This implies that we do not capture the dynamics of the recycling rate. Although the dynamics of the recycling rate for many metals are flat, the use of panel data may greatly change the results. Second, the economics of the recycling rate involve many complexities not captured in our model. For example, the presence of organic components, the number of product parts and elements [START_REF] Dahmus | What Gets Recycled: An Information Theory Based Model for Product Recycling[END_REF][START_REF] Greenfield | The omnivorous diet of modern technology[END_REF][START_REF] Gutowski | The energy required to produce materials: constraints on energy-intensity improvements, parameters of demand[END_REF], the dispersion between average metal concentrations, the interaction effect with the concentration of other metals (co-product recycling), metal price volatility, and the diversity of products could all greatly modify the profitability of recycling. Unfortunately, these variables are rarely quantified and even less rarely linked to recycling rate. Therefore, improving knowledge about recycling is equivalent to raising the question about the availability of comprehensive and interdisciplinary data associated with recycling.

Conclusion

In this paper, we explore different factors related to the recycling rate of metals in computers. We can explain the recycling rate of metals by their price, their concentration in the product, and the relative metal concentration between products and primary deposits. The marginal response of the recycling rate to price seems to be low, regardless of the specification and the model used. At best, tripling price corresponds to an increase of +7.9 point of percentage of recycling rate. This finding is in line with the sparse literature on metal recycling flow. The observation of revenues generated by unrecycled metals does not modify this assertion (the median required price must increase by one or two order of magnitude in order to provide the equivalent of precious/base metal revenues). Other technical factors (relative to metal concentration) could have a deeper impact on the recycling rate, though their modifications with public policies could be challenging. More precisely, an addition of one percentage point of metal concentration is correlated with a rise in the metal recycling rate of 2.52 percentage points. In addition, metals that have a concentration in products that is higher than their mining concentration also have a 
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  Marginal effects of price on metal recycling rate according to different modelizations. Note: Average marginal effect across models: 0.0000203, standard errors indicate a 5% threshold risk.Figure6Predictions of recycling rate according to different specifications.

	OLS/GLM -Recycling 0.00006 rate (%)	OLS(4)	OLS(5)	GLM(4)	GLM(5)
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Table 5

 5 Main results associated with specification 5 including embodied metal value.

	1	0.000023	3.0890218	0.00021853	6.34251718
	2	0.000023	3.04609264	0.00021487	6.21682606
	3	0.000024	3.52111105	0.00021546	5.8043915
	4	0.000023	3.04591681	0.00021483	6.21410215
	5	0.000023	3.04602982	0.00021482	6.21418988
	6	0.000023	3.0550414	0.00021786	6.39327767
	7	0.000023	3.04625958	0.00021493	6.22009535
	8	0.000023	3.04603778	0.00021482	6.21537523
	9	0.000023	3.04597305	0.00021484	6.21483168
	10	0.000024	3.53530878	0.00023777	7.31427405
	11	0.000022	3.15633569	0.00022099	6.29704914
	12	0.000023	3.21022126	0.00022401	6.34335629
	13	0.000023	3.06039178	0.00021996	6.51612613
	14	0.000023	3.05918761	0.00021855	6.3690771
	15	0.000023	3.05744953	0.00021861	6.43846659
	16	0.000023	3.0685561	0.00022365	6.74313576
	17	0.000023	3.24319429	0.00022278	6.12414062
	18	0.000023	3.04604784	0.00021483	6.21460277
	19	0.000023	3.04648488	0.00021497	6.22409096
	20	0.000024	3.37505485	0.00023158	6.65118172
	21	0.000023	3.04691991	0.00021514	6.23276923
	22	0.000040	2.41094253	0.00023749	7.12129741
	23	0.000019	2.41244395	0.0001527	4.34677267
	24	0.000023	3.12381735	0.0002133	6.35020543

This figure, which comes from the World Bank, and could grow by 70% by

See : https://www.worldbank.org/en/topic/urbandevelopment/brief/solid-waste-management.

This does not mean that it is possible to operate at 100% recycling rate efficiency but rather that metal quality does not diminish when recycled.

This represents an average increase of each embodied metal value of $3.92 for the sample (Mean = 2.22, Median = 0.17).

Here, our paper does not estimate a recycling rate price elasticity but rather a cross price elasticity recycling rate because the variable price denote the primary (mining) metal price. Indeed, due to the absence of recycling most of minor metals do not have secondary metal price thus preventing the use of secondary (recycled) metal price. However as many studies have shown that primary and secondary metal prices are cointegrated and evolve in the same way over the long term, we think that it would not alter our conclusions.

Here, we compute the exponential of the mean of price in logarithm. This mean differs from the average price (see the descriptive statistics).

Reading: the size of bubbles rise proportionally with the embodied value of the element in the computer (see iso-value curves at the right).