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In this study we assess whether availability of silver could constrain a large-scale deployment of solar photovoltaics (PV). While silver-paste use in photovoltaics cell metallization is becoming more efficient, solar photovoltaics power capacity installation is growing at an exponential pace. Along photovoltaics, silver is also employed in an array of industrial and non-industrial applications. The trends of these uses are examined up to the year 2050. The technical coefficients for the expansion in photovoltaics power capacity and contraction in silver paste use have been assessed through an expert-consultation process. The trend of use in the non-PV sectors has been estimated through an ARIMA (auto-regressive integrated moving average) model. The yearly and cumulative silver demand are evaluated against the technological potential for increasing silver mining and the estimates of its global natural availability, respectively. The model implemented is tested with a quasi-random Monte Carlo variance-based global sensitivity analysis. The result of our inquiry is that silver may not represent a constraint for a very-large-scale deployment of photovoltaics (up to tens TW in installed power capacity) provided the present decreasing trend in the use of silver paste in the photovoltaics sector continues at an adequate pace. Silver use in non-photovoltaic sectors plays also a tangible influence on potential constraints. In terms of natural constraints, most of the uncertainty is dependent on the actual estimates of silver natural budget.
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INTRODUCTION

Large-scale development of renewable energy is a conditio sine qua non for an energy transition away from fossil-fuel-based power sources. Plenty of efforts are being devoted to foster a rapid growth of low-carbon technologies with appreciable results in terms of renewable-energy power-capacity installed for electricity production.

In this contribution we aim to shed light on silver use for the front-contact metallization of crystalline-silicon-based photovoltaics (PV) cells. We analyse whether silver may represent a constraint for the large-scale deployment of photovoltaic power capacity up to the year 2050.

This potential criticality also applies to other renewable-energy-based technology that resort to scarce metals for the manufacturing of the energy-harvesting devices. This theme has recently attracted the attention of many scholars (Feltrin and Freundlich, 2008; Kleijn et al., 2011; Zuser and Rechberger, 2011; Elshkaki and Graedel, 2013, 2015; Grandell and Thorenz, 2014; Davidsson and Höök, 2016). A pioneering contribution on solar photovoltaics was published by (Feltrin and Freundlich, 2008), where the authors assessed several solar technologies. Commenting on crystalline-silicon-based technologies, the authors concluded that the installed power of solar panels could hardly overcome the Terawatt (TW) threshold under the silver paste use per unit of power at the time of the study. Kleijn et al. (2011) estimated the increase in the annual requirement of the mined commodity under a high PV penetration scheme for electricity generation. Elshkaki and Graedel (2013) have performed a similar accounting for all renewable energies. In their scenarios, the share of first-generation solar PV progressively decreases in favor of second generation, thin-film based. Zuser and Rechberger (2011) tackled the mineral resources availability for the equal deployment of four different types of PV technology. The scenario addressed in their contribution considered a production of 25% of the electricity coming from PV by 2040, amounting to 10,000 TWh per year (roughly half of the current global electricity consumption). The crucial assumption of these authors is that crystalline-silicon-based PV will be gradually substituted by three types of the second-generation PV technologies, i.e., (i) amorphous silicon in tandem configuration, (ii) cadmium telluride, and (iii) copper-indium-gallium diselenide PV. The result of Zuser and Rechberger (2011) investigation is that silver, tellurium and indium could be considered as critical materials, with tellurium and indium representing a more stringent constraint for the PV sector development. A moot point in this discussion is whether the second-generation PV systems can smoothly replace the currently dominant crystalline-silicon PV. In the literature it has been largely claimed that second-generation-PV technologies will increase their share to the detriment of first-generation PV (i.e., crystalline-silicon based). As of today, the PV market is still largely based on crystalline-silicon-wafer solar modules, with a share of more than 90%. This figure does not show any apparent sign of decline (International Energy Agency IEA, 2016) in spite of the proliferation of second- and third-generation solar photovoltaics technologies based on thin-film, organic/polymeric materials (Chen et al., 2012) and so forth. Therefore, the constraint imposed by silver natural budget could be the most severe in light of the current trends. Grandell and Thorenz (2014) focused their analysis exclusively on the several solar technologies requiring the use of silver and concluded that these could provide a significant fraction of future world electricity under the condition that the reduction in silver content in the cells proceeds at an adequate pace. However, their model rested on the assumption that the market share for this application would not have overcome the 5% threshold. This market-oriented assumption no longer holds as this figure was already exceeded in recent years (The Silver Institute, 2018). According to Jean et al. (2015) and García-olivares (2015), silver would not represent a criticality for a TW-scale deployment of photovoltaics even under the current typical silver-based contact paste consumption. According to these authors, the considerable progress made in replacing the use of the metal also for the front-contact metallization would allow to timely move away from silver use. In fact, available data show that the use of silver for the commercial solar panels amounted to 100 mg/cell as of 2017, with a constant declining trend over the previous years. Yet a slower pace has been recently documented (PV Technology Roadmap Forum, 2010; Fischer et al., 2011; International Technology Roadmap for Photovoltaics, 2012; GiorgoForstner et al., 2014; International Technology Roadmap for Photovoltaic, 2015) with a decrease of <10% on 2017 against 2015. According to the second ITRPV release (Fischer et al., 2011), silver was to totally be replaced by copper in 2015. However, this goal has been systematically moved forward in time and technological developments does not seem to promise a rapid and full silver replacement. While the reduction in silver use for the rear contact of the cells with partial substitution with aluminum is already standard practice in the industry, the same does hold for the frontal part yet. Several efforts have been made as to decrease the amount of silver used in the contact metallization, partially replacing it with copper or copper composites (Wood et al., 2015; Panek et al., 2016). A nickel barrier (Kraft et al., 2015) is typically coated onto the cell as to prevent the copper diffusion into the silicon mass, which would result in hampering the cell performance. While the research results in the use of copper-nickel alloys for the frontal contact metallization are promising, the experts from the field agree that the total substitution of silver is still an unresolved matter for the forthcoming years (Schubert et al., 2013).

Silver uses also include traditional non-industrial applications such as jewelery, coins, medals, ingots and general silverware. Other industrial applications are in the fields of electrical and electronics equipment, brazing alloys and solders, and as catalyst in the ethylene-oxide synthesis. The use of silver for photography has seen a constant and drastic decrease due to the marginalization of developing films. Other minor, but still consistent, applications reside in water purification, food hygiene, medical and textiles due to the biocide action of the metal. Finally, the metal is also used in radio frequency identification tags as well as wood preservatives (Grandell and Thorenz, 2014). A large deployment of solar photovoltaics could conflict with all these other uses and potentially create a competition in the metal's demand. Silver recycling from photovoltaics modules will represent in the future a potential significant source in the light of the current increasing exponential trend of PV deployment. In the literature, the actual percentage of metal recoverable from PV modules has been amply debated, with the most recent estimates (Paiano, 2015) amounting to 30–50% of the total metal. Yet lacking a standard procedure, several chemical and thermal methods have been proposed. A recovery of 94% of the material has been claimed (Dias et al., 2016) via nitric acid leaching and final precipitation.

In terms of natural availability, the crustal abundance of silver amounts to 0.1 g t−1, placing it as the 65th most abundant metal. Yet metal accessibility and extractability is hardly influenced by its crustal abundance: It is the presence of a sufficient number of sites with an adequately high concentration that plays a prominent role in metal mining. For instance, the yearly amount of silver mined overcome that of indium by two order of magnitudes despite their similar crustal abundance. This is due to the number of deposits with a profitable concentration of ore for silver, which are far less for indium (Vesborg and Jaramillo, 2012). Silver concentration can be as high as 400 g t−1 in some combined zinc-lead-silver ores, or even 2,000 g t−1 in pure silver ores (Vesborg and Jaramillo, 2012). In addition, the recoverability of a metal is also determined by the ease of separation from companion metals. Silver is mostly mined as by-product in lead, zinc, copper or gold deposits (Nassar et al., 2015). In these mines the more abundant host metal is recovered first, and the by-product (companion metal) can be either recovered or simply discarded. When silver's concentration is adequately high, the metal can be mined alone, although these favorable circumstances are less frequent. This contributes to some inelasticity in the price of silver as its extraction tends to follow the demand curve of the host metal(s).

As regards silver natural abundance, its figures vary depending upon whether reserves or resources are being considered. According to United States Geological Survey (2012), resources estimates include the total amount of a certain metal, excluding any evaluation of its recoverability. That is to say, identified and undiscovered metal resources are equally included. Undiscovered resources account for the amounts likely present but not yet characterized. Conversely, reserves represent the identified mineral resources minable under the present economic and technological conditions. The definition has an implicit dynamic character due to the numerous influencing factors, such as the price of the commodity as well as interlinked technological factors. These aspects affect deposits profitability and the efforts allocated toward overcoming potential natural and economic barriers. However, one should bear in mind the reserve/resource distinction is also variable from country to country due to the different national codes adopted in the official statistical accountings (Mudd et al., 2017). Gordon et al. (2006) estimates the amount of silver resources up to 4,000 Gg (i.e., 4,000,000 metric tons-4,000 ktons), although the authors do not provide any insight on its actual recoverability. The estimation is simply derived by triangulating the crustal abundance of Zn and Cu with the Ag concentration in these mining sites from which silver may be recovered as companion metal. According to Sverdrup et al. (2014) the ultimate recoverable reserves amount to 2,500 ktons. Other studies produced different estimates, which depend on the mining project censuses and estimates (Mudd et al., 2017; Mudd and Jowitt, 2018). For instance, Mudd places the global availability of silver from Pb-Zn deposits alone at more than 800 ktons, on the basis on a global census of several mining countries. Yet the author admits that this estimate is not entirely exhaustive. In comparison, the estimates of the USGS survey appear quite conservative (530 ktons) (National Minerals Information Center, 2018), a fortiori because it includes the estimation from all the typologies of mines from which silver is typically extracted (Pb-Zn, Cu, Au and Ag). Globally, the overall quantity of metal annually mined amounts to around 30 ktons (National Minerals Information Center, 2018) with a generally increasing trend over the course of the Twentieth century (National Minerals Information Center, 2018).

Several ways to model trends in mineral production and demand have been proposed in the literature. In some studies, constraints were simply assessed by comparing the cumulative demand figures against the natural budget available (Feltrin and Freundlich, 2008; Kleijn et al., 2011; Zuser and Rechberger, 2011; Elshkaki and Graedel, 2013; Grandell and Thorenz, 2014; Davidsson and Höök, 2016). Other assessments include Hubbert curves, which are symmetric logistic distribution used in the approximation of the production rate of a resource over time (Heinberg, 2005, 2007, 2011; Ragnarsdottir et al., 2012; Sverdrup et al., 2013, 2014; Roper, 2016). While the models suggested and the underlying hypotheses are different, all these latter works place the peak production of silver between 2030 and 2040.

Recycling of old scrap should also be considered in addition to mining primary resources. According to the most up-to-date figures for the US (Butterman and Hilliard, 2005), most of the scrapped silver-based material comes—not surprisingly—from the photography sector. Lower quantities are obtained from catalysts recycling and finally electronics (Hilliard, 2000). The trend can be explained in light of the declining use of silver in photography with the growth of unused supplies. However, this trend is bound to change in the forthcoming years due to the depletion of unused supplies.

The following section describes the data sources and methods adopted in our approach to model the demand and the silver extraction up to the year 2050. The stakeholder engagement process for assessing the technical coefficients is also discussed, along with the global sensitivity analysis performed on the model. A discussion of the results is presented in section Results, followed by our main conclusions.

DATA AND METHODS

Theoretical Model

The amount of yearly silver demand has been assessed by considering four driving parameters, i.e.,

i) the amount of silver in the paste used for the contact metallization of crystalline-silicon-based first-generation solar cells

ii) the power capacity of first-generation crystalline-silicon-based solar modules

iii) the increase in efficiency of the crystalline-silicon-based first-generation solar cells

iv) the silver use in non-photovoltaic applications (other industrial and non-industrial)

Our equation for the yearly amount of silver used mAg as a function of time in the 2017–2050 range is:
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Where t is time relative to the base year (2017); mAg, PVis the amount of silver paste used per unit of photovoltaic cell (100 mg/cell) in the starting year (2017) (International Technology Roadmap for Photovoltaic, 2018); PVPCis the yearly amount of photovoltaic power capacity installed in 2017 (99 GW) (REN21, 2018); ηFGis the share of first-generation crystalline-silicon based solar modules (0.9); nPVAg represents the amount of silver demand for non-PV uses (The Silver Institute, 2018); PVefficiency represents the typical cell efficiency (4.27 W/cell) in the base year (International Technology Roadmap for Photovoltaic, 2018). The typical loss in efficiency from cells to modules has been considered insignificant for the purposes of the present model.

In Equation (1) the yearly variations have been modeled as exponential following the coefficients Rs. A decreasing trend has been assumed for the use of silver paste for the contact metallization, whereas a positive trend has been assumed for the increase in cells efficiency. A positive trend has also been taken for the PV yearly capacity installed. The trend of non-PV silver use has been modeled through an auto-regression moving average approach (Hyndman and Athanasopoulos, 2018). Several of the parameters have been randomized: rather than producing a single deterministic value, a range of possibilities has been evaluated. This has been performed in the interest to fully acknowledge the option space, rather than carrying out a merely deterministic scenario. To the best of our knowledge, it is the first time this type of approach is carried out in the assessment of the potentiality of silver constraint to a large scale solar photovoltaics development. Rcellefficiency has been kept fixed instead at 0.10 y−1, resulting in a final cell efficiency of 6.10 W/cell in the year 2050. The share of first-generation crystalline-silicon based power capacity deployed has been kept constant at 0.9.

Experts Engagement

Forty-nine experts have been contacted as to achieve a robust estimation for the various trends up to the year 2050, distributed as follows: thirty experts of PV contact-metallization, fifteen energy international agencies as well as four silver-market agencies/relevant statistical institutes. The contact-metallization experts are practitioners from the industry and research-and-development institutes or spin-offs, as well as academics from relevant applied faculties for solar photovoltaics. Conversely, the energy agencies are represented by well-known international agencies, such as the International Renewable Agency (IRENA), the International Energy Agency (IEA), as well as by experts from relevant working groups of the affiliated Photovoltaic Power System Programme (IEA-PVPS). Each category has been submitted a survey (enclosed in the Supporting Info) asking respectively for their personal estimation about:

i) silver-use in contact metallization;

ii) overall solar-photovoltaic power capacity deployment;

iii) other industrial (all the sectors with the exception of photovoltaics) and non-industrial silver use;

The survey consisted in two questions: (a) an estimation for the parameter in the year 2050; (b) the pace at which the development would have been progressing until 2050. The experts engaged were also asked whether they felt comfortable with a constant rate of change.

Fourteen answers have been received—ten from contact-metallization experts and four from energy agencies. The answers from the energy institutes were mostly brief and focused on providing a quantitative assessment of the future photovoltaics deployment. Conversely, the reflections from the contact-metallization experts were more elaborated. Unfortunately, no answers from statistical institute nor silver-market agencies on sectoral silver-allocation future trends have been received.

Analysis of the Reflections Presented by the Contact-Metallization Expert

An element present in the reactions of most of the engaged experts is the fact that 2050 is too far away in time to produce an accurate quantitative estimate. For two of the contacts engaged the amount of uncertainty is so high that an attempt of quantification would be almost meaningless. According to one of the experts, the fact that the more than half current solar photovoltaics components manufacturers are being produced in China—this figure rises up to 90% once the production taking place in Taiwan and Malaysia is included—makes the exercise of consulting with European sector experts inadequate.

Most of the experts feel rather confident in remarking that silver will not represent an issue in the long term, as in due time a technology will be available to emancipate from its use. One expert has remarked that new technologies have not yet been adopted due to the fact that silver paste is still the cheapest option for contact metallization of crystalline-silicon-based solar photovoltaic cells. Should there been a sudden rise in silver price, the industry could rapidly implement options to completely move away from silver use. However, the pending issue remains at what pace this could take place. One expert calls for a World Trade Organization intervention to ban silver-use in non-essential applications (included contact-metallization of crystalline solar cells) as to speed up the transition away from silver use. Only one expert believes silver may still represent a constraint for a large-scale deployment of solar photovoltaics. Finally, one of the engaged experts suggests that scenarios based on a large development of second-generation thin-film based photovoltaics examined in the literature are built on dubious narratives.

Many of the quantitative estimate of the experts converge toward the extrapolation of the current ITRPV figures to the year 2050 (International Technology Roadmap for Photovoltaic, 2018). A few experts propose slightly different quantitative figures, yet in line with these estimates. Finally, two respondents go as far as to predict that silver use would be virtually null in the year 2050.

To recapitulate, these are the quantitative estimates proposed:

- ITRPV trends extrapolated to 2050 (two experts) (International Technology Roadmap for Photovoltaic, 2016);

- No silver-paste use for contact metallization by 2050 (two experts);

- 10 mg/cell;

- 20 mg/cell;

- 5–7% yearly decrease;

- 4–6% yearly decrease.

Solar Photovoltaics Installed Capacity Expansion

Unfortunately, the data proposed by one of the experts had to be neglected due to the fact that it was limited to the year 2030 with no suggestion provided on how to extrapolate the figures provided to 2050. As regards the pool of assessments considered, the IEA Technology roadmap (International Energy Agency IEA, 2014) has been considered: the document foresees an increase in installed PV solar capacity up to 4,670 GW by the year 2050. Another report proposed a more generous estimate (Teske, 2015), presenting a deployed PV power capacity of 9,295 GW. The most optimistic estimate is the one produced by the Fraunhofer Institute (Henning and Palzer, 2015), according to which the deployed PV power capacity will amount to 30,700 GW by the year 2050. According to the study, a tremendously high share of electricity will be generated from PV in the decades to come as this technology is bound to become the cheapest on the market. Putting together these scenarios, photovoltaics is assumed to meet a global electricity production in the 10–75% range in the year 2050.

Parameters Distributions

A normal distribution truncated to zero for the rate of silver-use reduction has been generated on the basis of the estimates provided. The forecast of null silver use by the year 2050 have been translated as 1% of the base year for the purpose of setting the upper limit for the rate of reduction. The increased rate of solar power capacity installation has been also modeled with a truncated normal distribution. The maximum corresponds to the Fraunhofer Institute projection. Silver use in the non-PV sector has been modeled on the basis of the World Silver Survey trend from 2006 onwards through an ARIMA regression as detailed in section Theoretical model.

An uncertainty analysis has been performed along with a global sensitivity analysis. Sample sizes of 213 (8,192) quasi-random values from the low-discrepancy Sobol quasi-random distribution were selected (Bratley and Fox, 1988; Broda Ltd., 2017) and global sensitivity analysis has been run via Monte Carlo simulations. After taking a quasi-random sample within the assumed distribution, the estimators for the first-order and total variance-based sensitivity indices have been computed according to the procedure illustrated in Saltelli et al. (2010) (Table 2 therein). Global sensitivity analysis allows to efficiently explore the entire sampling space (Saltelli et al., 2004) by studying the effect of simultaneous variation of the input variables. This allows to capture high-order-multiple-parameter interactions, which are left unaddressed when changing only one variable at the time (OAT). Although the literature mostly reports OAT sensitivity analyses (Ferretti et al., 2016; Saltelli et al., 2019), these can explore only a tiny portion of the sampling space. This implies that the uncertainty of the model would be grossly underestimated (Saltelli and Annoni, 2010). As regards our case study, global sensitivity analysis can describe the effect which the interaction among the uncertain variables would produce on the output uncertainty. For a thorough description of global sensitivity analysis, see (Saltelli et al., 2008).

As regards silver annual production, it is assumed 80% of the demand can be met with extraction of new virgin resources, while the remainder 20% is provided through old-scrap recycling. These figures are in line with the most recent observations by the World Silver Survey Institute (The Silver Institute, 2018). The pace of silver extraction has been extrapolated with an ARIMA model on the basis of the trend observed by USGS in the years after World War II (National Minerals Information Center, 2018). Cumulative figures were compared against the estimated ultimate recovery figures for silver (Gordon et al., 2006; Sverdrup et al., 2014; National Minerals Information Center, 2018). These latter have been modeled as uniformly distributed in the range 530-4,000 kton, i.e., spanning the most conservative and the most optimistic estimates of silver natural availability.

The effect of silver price on silver demand and production is not taken into account. Market agents can effectively intervene by triggering further efforts in exploration and technological solutions in an under-supply regime characterized by higher prices. For instance, companies could be motivated to improve the recovery conditions as well as to explore fields previously considered non-economically viable (Mudd et al., 2017). Conversely, any excess in supply would drive the opposite mechanism by lowering the commodity price and with it the efforts toward the exploration of new areas. However, markets mechanisms are ineffective to perform any balancing function when the absolute physical limits are approaching. As the aim of this contribution is to account for the potential conditions under which the silver natural budget could be overshoot, the silver-price element would act as a mere oscillatory mechanism alongside the overall trajectory toward the limit. In summary, monetary economic effects are assumed to fall within the uncertainty range proposed for the parameters modeled.

The simulations were run on a Jupyter Notebook using a source code based on Python 3.5+. The script is available from the following repository: https://github.com/Confareneoclassico/SilverPaper. Sensitivity indices were bootstrapped (Archer et al., 1997; Puy et al. under consideration) 1,000 times as to produce robust estimates.

Samples from the parameters distributions were generated by the integral transformation of the Sobol low-discrepancy sequences through their inverse cumulative distribution functions. The ARIMA model was run on the observed trends of silver use in the non-photovoltaic sector and of extraction capacity. A noise factor (normally distributed with null mean and a standard deviation of 0.3) was also taken into account. Truncated normal distributions were finally generated on the basis of the ARIMA fitting output (mean and 95% confidence interval) for both the parameters. Finally, all the samples were fed into 8,192 Monte Carlo simulations for the uncertainty analysis. Sensitivity analysis was run on 1,000 boot-strap replicas (with repetition) of the simulation pool.

RESULTS

Uncertainty Analysis

The trends for the yearly silver demand are presented in Figure 1A: the factors driving an increase of silver use are in most of the cases dominating the contribution over the factors driving a decrease. In fact, the distribution mean increases from 34 (30–39 P2.5, P97.5) kton in the year 2018 to 41 (35–51 P2.5, P97.5) kton in the year 2050.


[image: image]

FIGURE 1. (A) Yearly trend of silver demand (kiloton per year) over 2018–2050 according to the Monte Carlo simulations run on 8,192 quasi-random samples. The means of the yearly distributions are shown in black. (B) The distribution of the simulations outcome for the year 2050 (yearly silver demand against relative frequency).



Note that the 8,192 points are not distributed uniformly. As regards the year 2050, a few points (about 3% of the simulations) are beyond the 50 kiloton threshold (Figure 1B).

Thus, the silver consumption trend toward 2050 could be stable or slightly increasing according to most of the simulations.

The distribution of silver demand from the photovoltaics sector shows a stable/slightly-decreasing trend (Figure 2A). In fact for about 75% of the simulations, the projected demand in the year 2050 is below 2018 (Figure 2B). Yet a very fat tail is present (Figure 2B) with about 3% of the simulations reporting a demand higher than 10 kton in 2050.
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FIGURE 2. (A) Yearly trend of silver demand for the photovoltaic sector (kiloton per year) over 2018–2050 according to the Monte Carlo simulations run on 8,192 quasi-random samples. The means of the yearly distributions are shown in black. (B) The distribution of the simulations outcome for the year 2050 (yearly silver PV demand against relative frequency).



Silver demand is estimated to be overall increasing on a year-on-year basis as the sign of the first derivative is positive (Figure 3) except for a very small fraction of simulations (<1%) for the years 2019–2020.
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FIGURE 3. Year-on-year variation of the silver demand (kiloton per year) over 2018–2050 according to the Monte Carlo simulations run on 8,192 quasi-random samples. The means of the yearly distributions are shown in red.



Feasibility and Viability Ranges

Based on (Giampietro et al., 2013; Saltelli and Giampietro, 2017), we suggest looking at the problem using the categories of feasibility and viability. Viability and feasibility allow to map potential metabolic pattern of societies by defining potential constraints these latter may come across. Constraints that may be of an endogenous nature (lack of socio-techno-economical production factors within society) or exogenous (due to factors outside of human control, such as natural resource availability). Precisely:

• By feasibility we intend here the natural constraint, i.e., whether the amount of silver naturally available would allow to sustain the projected consumption pattern.

• By viability we mean here the constraint posed by the techno-economic means available. Would these allow for an expansion of the extractive capacity of silver?

Feasibility imposes a more stringent constraint as it refers to a so-called planetary boundary, impossible to overcome. An unviable scenario points to a technical and societal constraint, hence it may still be feasible. However, the reverse does not hold—an unfeasible scenario is certainly not viable.

We have chosen this type of assessment over a peak-based narrative due to the high uncertainty in in the knowledge about the actual mineral natural budget available (Mudd et al., 2017).

Viability is evaluated as the difference of the yearly silver demand against a hypothetical trend of metal extraction.

Feasibility is evaluated as the difference of cumulative silver demand against the available natural budget for the metal. The natural budget of silver has been decremented along years by subtracting 80% of the cumulative demand up to a given year (it is assumed also in this assessment the remainder can be met by old-scrap recycling).

Results for viability are shown in Figure 4. Potential constraints may already emerge in the near future although only 9% of the simulations forecast a deficit in the year 2050. A large deficit of more than 10 kton in the year 2050 results only from a limited fraction (< 1%) of the simulations.
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FIGURE 4. (A) Yearly difference between the extrapolated extraction capacity and 80% of the projected yearly demands (20% has been assumed to be met by scrap recycling) over 2018–2050. Negative values correspond to a deficit (demand higher than extraction capacity). Monte Carlo analysis simulations run on 8,192 quasi-random samples. The means of the yearly distributions are shown in black. (B) The distribution of the simulation outcomes for the year 2050 (yearly silver difference against relative frequency).



However, these viability figures need to be corroborated against feasibility estimates. Were a natural budget constraint present, the projected scaling up of the mining capacity would be invalidated by the incurred physical limit. As per Figure 5, feasibility constraints may also appear. In fact, some scenarios point at possible overshoots of the natural budget already in early 2030s. 13% of the simulations point to a potential natural deficit for the year 2050.
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FIGURE 5. (A)Yearly difference between silver natural budget (kton) and 80% of the cumulative silver demand over 2018–2050; Negative values correspond to a deficit (demand overshooting the natural budget). Monte Carlo simulations run on 8,192 quasi-random samples. The means of the yearly distributions are shown in magenta. (B) The distribution of the simulation outcomes for the year 2050 (cumulative silver difference against relative frequency).



Sensitivity Analysis

Scatter Plots

Scatter plots may be used to graphically illustrate the sensitivity of the output uncertainty to the uncertainty in the input parameters described in Table 1. While silver use in non-PV sector is by far the most important parameter in the first year of the simulation (2018), its effect on the output uncertainty decreases over the course of the years. The PV-sector parameters show a specular trend. Furthermore, the increase in heteroscedasticity of their trends may point to higher-order interaction effects.


Table 1. Model's parameters sources, distributions and values.
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Variance-Based Sobol' Sensitivity Indices

Sobol' variance-based sensitivity indices are a robust method to evaluate the effects of the input parameters on the output uncertainty. These indices provide a crispy quantitative information about sensitivity: the indices are in the range 0, 1 and the higher the index the more important the parameter. The value of the first order sensitivity index tells—loosely speaking—which fraction of the output variance the factor is responsible for—for a more precise definition see (Saltelli et al., 2008). We also use in Figure 7 the second order sensitivity index, which informs about the fractions of the variance—again loosely speaking- due to the coupling (interaction) of two factors.

Note that for a model with three independent factors the indices of first and higher order would be related to one another via Equation (2)

[image: image]

i.e., with three main effects, three second order effects and one third order effect (Saltelli et al., 2008).

In the case described in the present work, the relation between PVPCRi and PVAgRd on one side, and nPVAg on the other side is additive. This implies no higher-order interactions across these two sets of terms. Therefore, four terms suffice to apportion the output variance on the inputs. Hence, equation 2 simplifies to the four terms below as SPVPCRi, nPVAg, SPVAgRd, nPVAgand SPVPCRi.PVAgRd, nPVAg are null:

[image: image]

The scatter plots shown in Figure 6 allow to visually appreciate how the effect of input parameters uncertainty on the output variance evolves across years. The same piece of information is conveyed by Figure 7 in the form of the aforementioned sensitivity indices: The decrease in importance of the use of silver in the non-PV sector over time is shown by the decreased sensitivity of variable nPVAg. The other variables AgPVRd and PVPCRi show an exactly specular trend. In the year 2050, only 31% of the output variance is explained by silver use in non-PV sectors. The remainder can be apportioned to AgPVRd (32%), PCPVRi (15%) and the interaction of these two parameters (22%).


[image: image]

FIGURE 6. (A) The scatter plots of the Monte Carlo simulations run on 8,192 quasi-random samples. From top-left corner, the yearly silver demand (kton) in the year 2018 is presented against: (i) the decreasing pace of silver use in contact metallization; (ii) the increasing pace of PV modules installation; (iii) the demand from non-PV applications (kton). The line represents the linear fitting of the overall trends. (B) The scatter plots of the 8,192 quasi-random Monte Carlo simulations of the yearly silver demand in the year 2050. The order is the same as per (A).
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FIGURE 7. Global sensitivity analysis of the Monte Carlo simulations over 2018–2050 run on 8,192 quasi-random samples. Data have been bootstrapped 1,000 times with replacement. The first-order sensitivity index for (i) silver use in contact metallization are shown (circle) along with (ii) the installed PV power capacity (triangle); (iii) the second-order interaction between these two terms (square) and (iv) silver use in the non-PV sector (plus sign).



Analysis of the Trends to 2050

The trend just discussed is confirmed by the tri-dimensional plot of the PV input parameters against the output yearly demand (Figure 8) and cumulative demand (Figure 9) in the year 2050. Exceptionally high values of silver deficit are obtained for the combination low PVAgRd and high PVPCRi.


[image: image]

FIGURE 8. Yearly silver demand (kton) in 2050 against decreasing pace in silver use for PV cell contact metallization and increasing pace of PV power capacity installed. Monte Carlo simulations run on 8,192 quasi-random samples.
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FIGURE 9. Cumulative silver demand (kton) in 2050 against decreasing pace in silver use for PV cell contact metallization and increasing pace of PV power capacity installed. Monte Carlo simulations run on 8,192 quasi-random samples.



Figures 10, 11 show the combination of parameters in the viable/non-viable and feasible/non-feasible range in the year 2050. In general, a low PVAgRd coupled to a high PVPCRi corresponds to ranges of non-viability, although the two areas partially overlap (Figure 10). This points to the fact the modeled pace of expansion of the mining sector plays also a role in determining this outcome. Feasibility ranges show a full overlap of the two ranges (Figure 11). This highlights the primary importance played by the actual natural budget of silver.
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FIGURE 10. Viable (green) and non-viable (red) scenarios in the year 2050. The coordinates of each points are the values of the parameters (PVPCRi, PVAgRd) used in a given simulation. Monte Carlo simulations run on 8,192 quasi-random samples.
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FIGURE 11. Feasible (green) and non-feasible (red) scenarios in the year 2050. The coordinates of each points are the values of the parameters (PVPCRi, PVAgRd) used in a given simulation. Monte Carlo simulations run on 8,192 quasi-random samples.



By analyzing the simulations that produce a feasible vs. a non-feasible outcome (not shown here), one can note that feasibility constraints will be practically certain to occur for a natural budget below 800 kton, likely between 800 and 1,100 kton (50% of the simulations), with no constraints beyond this threshold in any of the simulations.

CONCLUSIONS

In this contribution we have assessed whether silver would represent a constraint for a large-scale development of solar photovoltaics for electricity production. Global sensitivity analysis showed the importance of the parameters related to the photovoltaic sector (the rate of decrease in silver paste use in PV cells contact metallization PVAgRd and the rate of increase in first-generation PV installed capacity PVPCRi) grows over the course of the years: almost 70% of the variance of the yearly silver demand in the year 2050 is determined by these parameters and their combination. It is therefore of primary importance that the reduction in silver paste use for contact metallization proceeds at a meaningful pace, to ensure that photovoltaics deployment may continue at a sustained pace. Unless these conditions are fulfilled, technological viability constraints may be faced. In terms of natural constraints (feasibility), a primary role is played by the actual silver budget available for extraction. Within the investigated timeframe, values as low as 800 kton and likely up to 1,100 kton may correspond to situations of non-feasibility. This poses further pressure on the efforts to speed up efficiency gains in silver use in the photovoltaics sector as well as the need of more consistent recycling flows from old-scrap material.

The present work could be extended to investigate to a finer detail the quality of evidence the model is based on. This could be achieved if the pedigree of the data used in the present simulation could be established, e.g., with a dedicated workshop of experts. Pedigree based methodologies such as NUSAP (Funtowicz and Ravetz, 1990; van Der Sluijs et al., 2005) would help to capture the epistemic dimension of uncertainty. By coupling, for each uncertain input, the sensitivity measure and a pedigree, one would be able to identify those crucial parameters which have simultaneously a low pedigree (poor quality) and a high influence on the output (van Der Sluijs et al., 2005; Pye et al., 2018).
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