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Abstract

The energy transition success depends largely on the availability of critical minerals, and this may
produce a window of opportunity for producing countries. In this regard, this paper examines the
different avenues to maximizing value added from critical minerals production. In particular, we
assess whether the classic structural change recipe could be a good road map for countries rich in
critical minerals. For this purpose, we use copper and lithium as case-studies. For each mineral, we
discuss and assess the cost competitiveness and the potential benefits for countries to diversify
downward, including potential spillovers proxied by products’ complexity.

Our research shows that maximizing value-added in the long term is a tailored mineral-country-
specific challenge that can be pursued through three main channels: deepening, moving downward
and/or moving upward along the mining value chain. These depend on the comparative
advantages of the country and the particular features of the mineral market.

In the case of copper, deepening and moving upward seems to be preferable given the bounded
value-added of nearer downward chain stages, such as smelting and refining. However, under a
low-carbon paradigm, downward stages could become competitive. In the case of lithium, moving
downward appears a preferable strategy due to the significantly larger value-added and spillovers
derived from producing grade battery lithium (carbonate or hydroxide) rather than producing
lithium intermediate compound, such as sulfate or chloride, or lithium ore (spodumene).
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Key takeaways for policymakers

e Maximizing value added from mineral ores cannot be determined by decree. The decisions of
production are taken by independent profit-seeking firms. Therefore, they necessarily obey
the comparative advantages of each country’s extracting and processing stages, which in turn
depend on different factor endowments and capabilities and vary from mineral to mineral.
Therefore, the optimal strategy changes from country to country, and from mineral to mineral.

e Insome cases, such as copper, downstream manufacturing does not seem a preferable option
in economic terms, since metallurgic and refining stages are very competitive markets and
offer low value-added compared to the extraction stage. Instead, moving to upstream stages
is a better choice because countries can increase their market share by reducing costs through
optimization processes along the supply chain. However, this general rule may vary for
countries with a large market share of copper ore (such as for example Chile of Peru), where it
could be strategic to maintain a minimum installed capacity as an insurance device for periods
of low prices, and to avoid monopsonic scenarios.

e In other cases, such as lithium, moving to downstream stages is an attractive strategy due to
the high value-added of processing stages. However, the comparative advantages radically
change from extracting to processing lithium. Depending on the origin source of lithium,
processing stages are chemical and/or energy-intensive tasks that require advanced
technology.

e Comparative advantages are increasingly more affected by institutional and regulatory
dimensions. For example, lithium production from high-altitude brines in South America is
heavily constrained by environmental considerations, such as the hydrological balance of the
salt flats, the nearby aquifers, and biodiversity loss. Along the same line, worldwide policies on
CO2 emissions are expected to modify the current structure of comparative advantages, since
some leading countries (e.g. China), heavily base their competitiveness on high-carbon
emissions energy matrices.



l. Introduction

Maximizing the value added from the extraction of minerals is the overarching objective of
countries rich in critical minerals. However, the profit-seeking nature of firms does not always align
with this objective of countries rich in resources. This is because also the mining industry is
organized along global value chains (GVCs), where upstream and downstream processes can be
performed in different countries depending on relative competitiveness levels and ensuing firms’
decisions (Pietrobelli et al., 2018, 2024 and 2024a). Thus, the problem is that countries' value
added and mining firms’ profits do not necessarily move in the same direction. Indeed, the value
added produced by mining countries could increase at the expense of a reduction in firms’ profits,
which could be tolerable in the short run due to the large mining rents. For instance, a ban on ore
concentrates exports that forces firms to process the mineral domestically would increase the
value added generated in the country. But the mining firm's profits could be reduced if the
treatment costs (charges) of the smelter at home are higher than abroad. Therefore, the rise in
value added in the country would be possible due to a cross-subsidy from the mine to the smelter,
which may not be sustainable in the long-term.

Therefore, increasing the domestic value added from entering upstream or downstream segments
implies having or developing comparative advantages through the different stages of the mining
GVCs. Otherwise, the processes would be performed in other countries. However, developing
comparative advantages is not a simple task as it depends on many different factors, such as the
heterogeneous nature of minerals, the different production technologies employed, value chain
organization and governance, externalities they may generate, and so on.

In this paper we argue that maximizing value-added in the long term is a tailored mineral-country-
specific challenge that can be pursued through three main channels: deepening, moving downward
and/or moving upward along the mining value chain. Deepening means increasing the market
share in the mineral markets, by investing in exploration and project construction. Moving
downward refers to jumping into the next production stages, such as smelting, refining, and basic
metal goods production. Moving upward consists of specializing in the production stages before
the mineral ore production, for instance, mining services offering solutions to the mining industry
to enhance their processes. What option is better depends on the comparative advantages of the
country and the particular features of the mineral market. In this regard, we use copper and lithium
minerals as case studies.

The analysis is framed to answer the following question: Is it economically advisable to move
through the value chains of these minerals from extractive to processing industries? For this
purpose, we employ data from the industry, such as cash costs and cash operating margins, to
estimate comparative advantages and competitiveness in the extractive and in the processing
stages. In addition, we use international trade data to estimate and compare the economic
complexity of minerals versus intermediate metal products to proxy the spillovers that are likely to
emerge from the industrialization process, which are not considered in firm-level assessments.

Our analysis reveals that in the case of copper, under the current technological paradigm,
deepening and moving upward seems to be preferred strategies given the limitations to increase
value-added, due to the high competition prevailing in the near downward chain stages, such as
smelting and refining, where China enjoys huge advantages from scale economies, technology and
energy prices, if carbon is not accounted for, as is currently the case in global markets. However,
vertical integration through downward processing in countries with a large copper ore endowment
moving to low-carbon emission production could be a smart strategy under the energy transition



paradigm since it allows a horizontal product differentiation, which should increase the value-
added from copper production or, at least, foster the competitiveness relative to countries
producing under fossil fuel technologies. Furthermore, this reduces the risk of a Chinese
monopsony, and China’s power to set treatment and refining costs

Our analysis also suggests that for lithium, moving downward appears as a preferred strategy due
to the significantly higher value-added and likely spillovers derived from producing grade battery
lithium (carbonate or hydroxide) rather than producing lithium concentrate (spodumene, sulfate
or chloride). However, the optimal strategy is a function of the timing and type of deposit, since
revenues are very procyclical to the lithium price and the technology to produce lithium from
brines is completely different from the technology employed in the lithium pegmatite! operations.

Most importantly, the value-added maximizing strategy is not independent on the institutional
framework in which minerals are produced and traded. In this sense, international trade
regulations and agreements can act as industrial policy tools and modify the countries’
competitiveness in different stages of the value chain. For instance, if a carbon tax were applied
on minerals and metals, such as the Carbon Border Adjustment Mechanism of the European Union
(Bellora & Fontagné, 2023), Australian lithium concentrate would lose competitiveness vis a vis
Andean lithium since its production emits between 3 and 7 times more CO2 than the lithium
carbonate produced from brines (International Energy Agency, 2021); (Kelly, et al., 2021). Similarly,
Chilean refined copper cathodes would gain competitiveness vs. Chinese cathodes because of the
lower CO2 emissions in the production and transport stages (Valverde-Carbonell & Micco, 2024).

1. The Copper Case

In this section we address the economic convenience of moving from extractive stages? to
processing stages® in the copper value chain. Specifically, we analyze whether countries that export
copper concentrate could benefit from processing the mineral ores domestically. For this purpose,
we first conceptually analyze the copper value chain and discuss the pro and cons of smelting and
refining in-house. Then, we perform a quantitative analysis by comparing the operational costs of
the extractive and metallurgic processes, estimating the marginal value added of producing one
extra copper pound of concentrate vis a vis one extra pound of copper cathodes. To move beyond
the analysis of only the relative convenience at the firm-level, we introduce an analysis of the
potential spillovers from industrialization by looking at the differential in product complexity levels
of the copper concentrate versus intermediate copper manufactures.

2.1 Conceptual Analysis

The first important fact to consider when we write about copper production is the different nature
of the extractive and metallurgic copper industries, because productive factors, intermediate
goods, capabilities, and risks are completely different. Therefore, the nature and the sources of
competitive advantages of producing copper concentrate vs. copper cathodes or copper wires
widely differ.

1 Spodumene is extracted from Lithium pegmatite.
2 The terms extractive stages and copper concentrate industry are indistinctly used as synonymous in the paper.

3 The terms processing stages, metallurgic industry and smelting and refining industries are indistinctly used as
synonymous.



On the one hand, copper extraction competitiveness is mainly driven by the mineral ore
endowment and the countries’ institutional quality (Tilton, 1992); (Jara, 2017); (Castillo & Roa,
2021). On the other hand, smelting, refining and processing copper ores employ energy and labor
very intensively, and their costs determine competitiveness, together with the levels of technology
and operational efficiency (Lagos, et al., 2015). During the last decade, China has indeed moved
from comparative advantages based on its endowments to technological advantages (Coursol, et
al., 2015)

Although vertical integration may offer some advantages, mainly related to transport costs and
supply risks, the progressive reduction in the shipping fees and the availability of copper ores in
different regions of the world have minimized these advantages, and the domestic production
costs of processing the copper ore have dominated the market. This has become evident since
China’s newly acquired gains in smelting and refining capacity to the detriment of other countries,
like for example Chile, that presented a strong vertically integrated production until a few decades
ago. Although the concepts of near-shoring and friend-shoring have gained momentum in several
industries in recent years (Pietrobelli and Seri, 2023), this trend does not seem to prevail in the
copper metallurgic industry, since China continues increasing its installed smelting and refining
capacity.

We begin our analysis by asking what the best strategies are to maximize value added from the
copper oreinthe long-term. For this purpose, we need to test whether the classic structural change
recipe of moving from natural resources to industrial sectors is a recommended option or, instead,
whether deepening in extraction stages and moving upward along the value chain increasing
copper ores extraction efficiency would constitute a better alternative. In practice, this implies
moving one stage downward and transiting from copper concentrates to copper anodes and
cathodes. This is a traditional dilemma, that has been the object of hot debates in countries with
large copper and mineral endowments.

The decision faced by countries on whether to expand their smelting and refining capacity or rather
their mining capacity divides experts into two groups. On the one hand, one group argues that
downstream diversification has a huge opportunity cost since the value added of one dollar
invested in the mine produces considerably more value than one dollar invested in metallurgic
capacity. Moreover, the competitive advantage of countries with a large mineral endowment is in
the extraction stages rather than in the processing stages, since the latter is a function of the
technology level and energy and labor costs. Therefore, deepening and moving upward would be
the preferred options. On the other hand, a different group argues that mining and metallurgic
industries indeed belong to different sectors and, hence, investments do not necessarily compete
with each other - the firm that smelts and refines does not need to be the same that extracts
copper ores, although some large and State-owned Enterprises may do both. Thus, the relevant
variables for downstream diversification would be the metallurgic industry’s efficiency level of
copper smelting and refining in each country, and the ensuing internal rate of return (IRR) relative
to the rest of the world. Therefore, this latter group is not against downstream diversification.

These positions deserve some comments:

e |n practice, we still see vertical integration between extraction and processing stages, but
most of these operations were built decades ago before the new wave of globalization. For
instance, the newest smelter in Chile was built in 1992 (Altonorte).

e Although China is by far the most competitive country at processing copper, with dominating
shares of the world smelting and refining capacity, it is also the largest copper cathodes



importer. Its internal smelting and refining capacity is not enough to supply the domestic
market demand, thereby competing countries do not need to converge to China’s
competitiveness, they may be as competitive as the rest of the world excluding China.

e Geopolitics and market power are arguments used in emerging countries to foster processing
capacity, although some of them operate at low-efficiency levels. In the event China continues
to gain market shares at some point it could become a dangerous monopsony, that could
capture rents from the extraction stages. However, so far this phenomenon has not been
observed and the treatment and refining costs (TC/RC) have followed a downward trend.

e Although decisions are made by firms, their effects spread throughout the economy and,
hence, private effects do not always coincide with social effects. In our specific instance, a
corner solution (concentration in mining ore production) could be profitable in the short and
medium-term for firms, but it would hinder the useful knowledge spillovers at the country
level from minerals processing.

e The main risk of non-vertically integrated metallurgic projects is the steady and regular supply
of copper concentrate, required to operate at maximum capacity due to the very low profit
margins. If such risk were included in a proper project assessment, integrated metallurgic
projects would turn out to be more profitable. So far, firms have handled this risk by ensuring
feedstock through long-run contracts, but the new protectionism wave could change this in
the future.

e Data reveal that disintegrated smelter-refinery plants are more competitive than integrated
ones (Saravia, 2019), perhaps related to the advantage of dedicating 100% of the business to
metallurgic activities instead of integrated operations.

Something important to be considered is that the dilemma between concentrate and refined
copper production is very sensitive to the countries’ development state and their competitiveness
in the extractive and metallurgic industries. For instance, Chile is a middle-high income country
that tripled its GDP per capita between 1990 and 2010 and led the copper concentrate industry
during the last four decades. However, Chilean copper production has been stagnant at around 5.5
million metric tons since 2004, largely due to its mines’ maturity, decreasing copper ores and
diminishing scale returns. Yet, Chile is still the country with the largest copper reserves in the world
(US Geological Service, 2024), and its smelting and refining capacity reached its peak in the first
half of the 2000s, declining thereafter due to its high energy and labor costs, and technological lag.
This is a dilemma that a middle-income country faces, struggling between the exploitation of its
resources and the goal to expand and diversify its production structure.

Differently, low-income countries like DR Congo and Zambia have an emerging copper industry,
relevant copper reserves and high-quality projects and operations with mill head grade over 3%.*
These African countries also present comparative advantage in processing copper ore since they
have abundant cheap hydro power energy, cheap labor cost and cutting-edge Chinese technology.
Moreover, DR Congo still has oxide operations that feed hydrometallurgical plants to the refining
of SX/EW° cathodes. Therefore, their income level and degree of development of the industries
provide them with a wider range of options to build from mining activities.

4 Average concentration of copper within ore that is delivered to the mill for processing. Dikuluwe-Mashamba (DR
Congo) reports a mill head grade of 3.1% in 2022, while the Konkola Deep Project (Zambia) reports a mill head grade of
3.3% in 2022 (Wood Mackenzie database)

5 Extraction by solvent and electro-winning.



2.2 Quantitative Analysis

In this section, we try to give empirical content to the questions raised above, and measure cost
competitiveness differentials between countries, marginal value added and rent differential
between extracting and processing copper ore, and the potential spillovers that could emerge from
downstream manufacturing.

In the first place, we build the cash cost curves of the open pit operations and of smelting and
refining processes at the country level. In this way, we measure the competitiveness gap across
countries and quantify the effort that countries should make to close the gap with the leader
country in each activity. Secondly, we compare how much of the benefits, value added and rents,
can be attributed to each value chain stage: refined copper vis a vis copper concentrate. For this
purpose, we use estimates made by the Chilean Copper Commission based on Wood Mackenzie
data, where it is possible to visualize the difference among stages and countries at different levels
of copper price and treatment and refining charges (Chilean Copper Commission, 2022). Finally,
we use the product complexity index computed from international trade data to estimate the
technology level of different copper goods, ranging from copper concentrate to intermediate
copper goods. We expect a higher complexity product to require and embody more complex
technology and, hence, spillover larger amounts of knowledge (Hidalgo & Hausmann, 2009). In this
way, we approximate the possible positive externality derived from the downstream
manufacturing process.

Cash Cost Curves of Extracting and Processing of Copper

Figure 1 shows the pro rata cash cost (C1)® curve of copper concentrate production aggregated at
the country level for the year 2022. The Y-Axis illustrates the operational costs of producing one
pound of copper (cUSS/Ib) for each producer country (X-Axis). The countries that represent more
than 5% of the market are highlighted in green. It follows that Chile and Peru are the only green
countries with cash costs below the world mean (red line), and together account for 36% of the
market. However, the trajectories of these countries are dissimilar, as Chile has progressively lost
market participation since its peak in 2004 (37%), while Peru almost tripled its market participation
between the early 2000s and 2018. These figures reflect the comparative advantage of the Andean
countries in the copper concentrate market, which is explained by the large mineral endowments
and by the favorable conditions to exploit it. However, they also reveal their operations' decreasing
yield and new projects' emergence. An opposite case is given by DR Congo, which has increased its
market share from 4.5% to 11% during the last decade, almost reaching Peru.

In turn, Figures 2 and 3 show the treatment charges and refining charges (TC/RC)’ of processing
copper concentrate in the main copper metallurgic countries® for the year 2019. Acommon pattern
that immediately emerges is the dominance of China in both markets, with the largest share of the
market and prices considerably lower than the industry average. China can process copper at lower
costs that the rest of the world and, hence, it is more competitive.

6 Pro rata cash cost is the operational cost attributable to copper production, which includes the cost of production
factors, but not the depreciation, financial costs, taxes and others.

7 The treatment and refining charges are the price that smelters and refineries receive from ore mineral producers. The
former is paid for transforming copper concentrate into copper anodes and the latter is paid for transforming copper
anodes into copper cathodes.

8 In each case, countries account for near of 2/3 of the smelting and refining markets.
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Figure 1: Cash Cost of Copper Concentrate Operations (2022)
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Source: Own elaboration based on Wood Mackenzie. Data is at the level of individual mining operations, aggregated to country levels.

First, Figure 2 accounts for the treatment costs of transforming copper concentrate in copper
anodes through the smelting process. Only Zambia appears to be a close competitor of China,
followed by Germany. Japan, the second largest copper smelter in the world, operates at the
average cost level, meanwhile Chile, the third largest smelter, operates at very high-cost levels
(twice the average and almost three times higher than China).

Figure 2: Cash Cost of Copper Smelting Operations (2019)
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Source: Own elaboration based on Wood Mackenzie and Cochilco data.

Secondly, Figure 3 illustrates the cash costs and market share of the refining process in which
anodes are converted to cathodes. In this stage of the copper value chain, China enjoys an even



higher absolute advantage vis a vis Germany, and Chile, the second largest producer of copper
cathodes. Chile has a very low competitiveness in this segment, with a cash cost three times higher
than China’s.

Figure 3: Cash Cost of Copper Refining Operations (2019)
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Therefore, we observe that 70% of the smelted copper and 60% of the refined copper are produced
at a cash cost 50% and 40% lower than the market average respectively.

It is worth noting two relevant points: i) in these figures we show the production of copper
cathodes through the main technology, pyrometallurgy. Copper cathodes can also be obtained
through the solvent extraction and electrowinning (SX/Ew) technology (hydrometallurgy), which is
costlier but more environmentally efficient in terms of GHG emissions (Bartos, 2002). However,
the projections show a descending trend in its market participation since the copper oxides (inputs
required) are no longer available. In the SX/Ew cathodes, Chile and Congo DR represent more than
60% of the market, ii) there is a large heterogeneity in the smelting and refining costs within
countries (except for China), which accounts for technological and productivity differences.

In sum, we may draw three main conclusions from the analysis of cost competitiveness: i) Copper
concentrate market is more competitive than both the pyro and hydro-metallurgic markets. Chile
is the largest producer, followed by Peru and DR Congo; ii) China has an absolute advantage in
smelting and refining copper ores, which implies that, ceteris paribus, its installed capacity could
continue growing. Some factors that could change this trend are geopolitical considerations or
stricter international rules on exports’ CO2 content and iii) Zambia emerges as the best candidate
to catch up with China in the smelting segment since it is already cost competitive.

Rents Distribution

The cash cost comparison is a key element to see how far away from the technology frontier each
country is in each production. Countries can therefore estimate the size of the technology gap from
the industry leader and try to improve their competitiveness. However, before investing to close
potential technology gaps, countries need to know how large the medium-term benefit of the
cross-subsidy of mine to smelter/refinery is, which, if positive, could potentially justify the cross-
subsidy, and thereby the convenience to move downward along the value chain.



Firms perform cost—benefit analyses and estimate the net present value and the internal rate of
return of projects and compare them with the opportunity cost of investing in other
projects/industries. In low and middle-income countries with large endowments of copper ore, like
Chile, most of the smelters and refineries are vertically integrated since they were built before the
emergence of GVCs, with same company running both the extraction and process operations. In
this case, the opportunity cost of increasing the installed capacity of copper ore processing is the
installed capacity of copper ore extraction. Thereby, the relevant question faced by firms is how
much of the rents of producing cathodes are generated at the extraction stages (mine) vis a vis at
the metallurgic stages (smelter and refinery)?

The copper industry — like most industries - is driven by rent-seeking behavior, and this explains
how the distribution of rents from copper cathodes are distributed is a crucial variable to define
the evolution of the installed capacity of the mine versus smelter and refinery. In turn, the rents
distribution between the extraction and the metallurgy industry depends on the copper price, the
TC/RC and the respective production costs. The higher the copper price, ceteris paribus, the higher
the share of the value added captured by the mine. Similarly, the higher the TC/RC, ceteris paribus,
the higher the share captured by the metallurgic processes.

Table 1 shows a simulation of rents distribution according to different copper price and TC/RC
levels. Each cell of the table accounts for the percentage of rents that is captured by the mine and,
hence, the residual is the share going to smelters and refineries. For instance, with a copper price
of cUSS450/1b and the TC/RC at cUS$25/Ib, the mine captures 91% of the value added (Table 1).

Table 1: Rents captured by the copper extractive process as a function of the copper price and of
treatment and refining charges (TC/RC)

Cu Price TCRC [cUSD/Ib]

(cUS$/Ib) 15 20 25 30 35 40 a5 50
250 82% 74% 66% 58% 51% 43% 35% 27%
300 89% 85% 80% 76% 72% 67% 63% 58%
350 92% 89% 86% 83% 80% 77% 74% 71%
400 94% 91% 89% 87% 84% 82% 80% 77%
450 95% 93% 91% 89% 87% 85% 83% 81%
500 95% 94% 92% 90% 89% 87% 86% 84%

Source: (Chilean Copper Commission, 2022)

The previous table assumes a given operation cost of smelting and refining, notwithstanding the
large heterogeneity in this industry. Therefore, a relevant question is how these percentages would
change according to the efficiency level of smelters and refineries. In a recent report of Cochilco,
it has been estimated that with a copper price of cUS$350/Ib the Chinese metallurgy industry
would capture 23% of the copper rents, while Chilean metallurgy would only capture 13%° (Chilean
Copper Commission, 2022).

In sum, at high levels of copper price the metallurgy industry captures a small share of the rents,
which is lower the more competitive the market is. However, at low levels of copper price and low
competition levels of copper processing industry, smelters and refineries can capture a larger share
of the copper rents. Therefore, forecasts on the copper price and the industrial organization of the
smelter and refinery industries play a key role in the choice of the strategies followed by countries
participating in the copper GVC.

9 Other revenues of the smelters and refineries, different from TC/RC, are not incorporated in this estimate.

10



Potential Spillovers

The assessment of the benefits proposed thus far only considers the rents from the extractive and
processing stages, and it overlooks the spillovers that are produced in the process of downstream
manufacturing. Indeed, there are usually hidden benefits that are not considered in the firm-level
analysis, and that matter for other firms and for the economy.

To estimate the spillover to move from the extractive to the processing industries, we employ the
product complexity index (PCl) proposed by (Hidalgo & Hausmann, 2009). The economic
complexity literature holds that what countries produce matters because goods are intrinsically
made of knowledge, then countries specializing in the most sophisticated goods and in a wider
range of goods embody a larger stock of knowledge. Therefore, we can argue that the more
complex the product the higher the spillover generated.

We perform this analysis by scanning the internationally traded copper products, that range from
copper concentrate to intermediate goods mainly made from copper, such as copper foil or copper
tubes. Then, we calculate the product complexity of the whole product-space for the year 2021
following (Hausmann & Hidalgo, 2011), and we plot the results for the copper products identified
to observe the different levels of complexity (potential spillovers).1°

Figure 4 presents the results for a subset of 17 products made mainly from copper. The products
are ordered according to the sequential stages of the copper global value chains (GVC), and there
appears to be no clear relationship between product complexity and additional stages of
manufacturing. For instance, on the right-hand side we find copper concentrate produced in the
extraction stages, followed by the products and subproducts derived from the metallurgy industry,
such as copper anodes and cathodes. Then, results show that copper concentrate is more complex
than anodes and unwrought refined copper — that require additional processing -, but it is
considerably less complex than cathodes. The difference in complexity between copper cathodes
and simply processed copper products such as billets or unwrought wire bars, is small. The
complexity increases remarkably only when we move to more specialized copper intermediate
products. Therefore, only crossing the threshold of the metallurgy and basic metal industry, the
complexity of copper goods — and the ensuing possible spillovers - increase.

In consequence, moving downward along the value chain does not seem to raise spillovers, at least
until countries produce clearly more specialized copper goods. This is evidenced through the
presence of some processed products with a lower complexity than the mineral ore in the first
processing stages. The technologies employed in the first processing stages are not knowledge-
intensive and many countries could develop them. Hence, spillovers are low and quickly dissipate
because of highly competitive markets. In consequence, countries’ competitiveness is explained by
the endowment of productive factors such as labor and energy.

10 The methodology to estimate the product complexity and economic complexity is based on network theory.
Specifically, we follow the methodology proposed by (Hausmann & Hidalgo, 2011) in which both variables are
computed as the eigenvectors associated to the second-largest eigenvalues of the ad-hoc specialization matrices.
Therefore, the absolute values of product and economic complexity have no meaning; however, the relative values
between products or countries have a clear meaning i.e., if one product has a complexity equal to four and another has
a complexity of two, we can say that the first product is twice more complex than the second one and, therefore,
generates double spillovers.
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Figure 4: Product Complexity Scores for Copper-Based Products (2021)
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Therefore, our analysis would suggest that countries have two options: moving downward to
produce more specialized intermediate goods, like for example copper foil, or increasing their
competitiveness in the first stages of the copper GVC through horizontal product differentiation or
focusing on reducing labor and energy costs. In this way, they would avoid strong competition and
maximize rents.

1. The Lithium Case

Lithium has recently emerged as a critical mineral in high demand for its use in lithium-ion batteries
for electric vehicles (International Energy Agency, 2021); (Valverde-Carbonell, et al., 2024). In
countries with large lithium reserves the debate is very lively on the economic convenience to
promote a shift towards the processing stages along the lithium value chain (Obaya and Céspedes,
2021). In what follows we will discuss and present quantitative evidence on costs and benefits of
moving from lithium concentrate (spodumene) to intermediate lithium compounds (sulfate or
chloride), and then to battery grade lithium (carbonate and hydroxide). As we will see in the next
sub-section, the main difference between the lithium and the copper industry is its dual supply
chain, due to the two main primary sources of lithium, rocks and brines, that employ radically
different technologies.

3.1 Conceptual Analysis

There are two critical elements to consider in the lithium value chain analysis, that have
implications for the possible avenues to maximize the value added of its extraction and refining.
First, the lithium market has experienced a structural change during the last decade, due to the
rise in demand for rechargeable lithium-ion batteries for electric vehicles, which significantly
modified the scale and composition of supply. The organization of the industry has also changed
on a global scale. In 2011, 23% of lithium demand was induced by electric batteries, meanwhile in
2020 that percentage reached 71%. Therefore, lithium resources are now mainly used to produce
lithium-ion batteries. Secondly, the nature of the technological processes carried out to produce
the final lithium products remarkably differs depending on the primary source of lithium. Extracting
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lithium from rocks (pegmatites) rather than from brines requires radically different technologies
and productive factors, which also bind and influence the downstream stages. Let us study these
two technologies in detail (Economic Commission for Latin America and the Caribbean, 2022).

On the one hand, the production of lithium carbonate and hydroxide from pegmatites (rock)
corresponds to a classic mining production technology: the mineral ore is extracted and processed
until the lithium concentrate is obtained and, after that, it is purified and refined to obtain the final
goods (carbonate or hydroxide) (Figure 5). The extractive process includes tasks such as: crushing,
grinding, separation, flotation, calcination and leaching, among others, and its outcome is the
lithium concentrate, or spodumene?!, which approximately contains 6% of lithium oxide. Then, the
production chain can continue through acidic digestion of lithium, from which lithium carbonate is
obtained, or through alkaline digestion of lithium, from which lithium hydroxide is obtained (Gao,
et al., 2023). Both processes are very intensive in the use of energy and intermediate goods, such
as sulfuric acid and silicates. The dilemma faced by countries producing spodumene is similar to
the copper concentrate producers’ dilemma, i.e. a trade-off between deepening into the
specialization in extractive activities or jumping to the refining stages. Furthermore, the cost-
benefit analysis is very similar to the copper case, since the extraction competitiveness is mainly
driven by the quantity and quality of the mineral ore, meanwhile the refining competitiveness is
mainly determined by the energy and labor costs.

Figure 5: Lithium Processing Routes and Applications
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On the other hand, the production of lithium from brines begins with the pumping of the brine
from the salt flat, which precipitates through pipes into large and shallow pools for its
concentration through solar evaporation. In this stage, chemical reagents are also used to separate
and purify lithium from other minerals, such as potassium or magnesium. The outcome of this

11 Spodumene is the most common pegmatite, but there are also other types.
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process is lithium chloride or sulfate, depending on the type of salt flat, with concentrations that
vary according to the number of purification stages (Tran & Luong, 2015). For example, if lithium
chloride is used as a raw material for the integrated production of lithium carbonate, it is purified
until it reaches a concentration of around 6% of lithium. Instead, if lithium chloride or sulfate is
traded, the purification can reach concentrations over 30%. Then, the production chain continues
in the chemical plant, where the concentrated brine is purified and refined through solvent
extraction, where lithium is filtered from other minerals such as boron and magnesium. Finally, the
carbonization process takes place by employing sodium carbonate, with which the lithium
carbonate is obtained, and this carbonate can be used directly in certain lithium-ion battery
chemistries. Differently from the pegmatite’s production technology in which spodumene can be
used to produce lithium carbonate or hydroxide, lithium carbonate can also be employed as an
intermediate good to produce lithium hydroxide, which is costly. However, a new technology to
produce lithium hydroxide from lithium sulfate produced from brines has recently been developed,
that would make both production lines (rock versus brines) more comparable. It is worth noting
that both lithium carbonate and lithium hydroxide are used for lithium cathodes employed in
rechargeable ion-lithium batteries. Specifically, lithium carbonate is used in the Lithium-Iron-
Phosphate cathodes; meanwhile, lithium hydroxide is employed by Nickel-Manganese-Cobalt
cathodes.

The dilemma faced by countries producing lithium from brines lays on whether exporting
intermediate lithium goods (chloride and sulfate) or final lithium goods (carbonate or hydroxide).*?
Indeed, the dilemma arises because firms decide the mix of products based on profitability, which
does not always move in the same direction as value added.

The competitiveness of the extraction stage depends mainly on the concentration of lithium and
other minerals that need to be isolated, but the technology for decanting and concentrating the
lithium ore also plays a role in the cost structure. Instead, the competitiveness of the refining stage
is a function of the chemical technology used to purify the lithium concentrate to become lithium
carbonate/hydroxide. The main components of the cost are the CAPEX'® of the chemical plant,
energy and labour and the reagents employed for the sequential purification processes. In practice,
this has not been a dilemma since the main producers of lithium from brines also have a
comparative advantage in processing it until obtaining lithium carbonate. This is due to the climate
conditions prevailing in Argentina, Bolivia and Chile, where solar evaporation represents the first
processing stage of producing lithium from salt flats at high altitudes. However, given the high
brine water-print of this technology and its ecological effects, countries limit the brine extraction
volume, which constrains the installed capacity.

Nevertheless, the expansion of the lithium market to new products and producers, besides
geopolitical considerations and business strategies, opens the door for this debate and modifies
the production decisions and supply chains of the main actors. Indeed, Australia is starting the
production of lithium hydroxide and plans to strongly expand it towards 2030 (Mc Kinsey &
Company, 2023). In turn, new operations in Argentina* and by SQM*® in Chile are exporting lithium
chloride and sulfate respectively to China for mainly lithium hydroxide production, giving up the

12 A second dilemma is establishing the mix between lithium carbonate and hydroxide.
13 CAPEX: Capital expenditure. In this case, it mainly accounts for gross fixed capital formation.

14 “Project Hombre Muerto Oeste will export low-cost lithium chloride”
(https://econojournal.com.ar/2024/04/catamarca-y-galan-lithium-exportacion-cloruro-de-litio/ accessed 08.28.2024.

15 “SQM produced 57 kt of LCE in lithium sulfate” (https://www.sernageomin.cl/anuario-de-la-mineria-de-chile/
accessed 08.28.2024)

14


https://econojournal.com.ar/2024/04/catamarca-y-galan-lithium-exportacion-cloruro-de-litio/
https://www.sernageomin.cl/anuario-de-la-mineria-de-chile/

technological advantage of producing lithium carbonate from brines to provide the hydroxide
market.

In sum, producing lithium carbonate from brines is cheaper in direct costs than producing lithium
carbonate from spodumene, because the former employs solar evaporation, and the industrial
process is chemical-based, which avoids costly energy-intensive processes. However, producing
lithium carbonate from brines requires higher gross fixed capital (CAPEX) and takes a longer time.
As a result, any response to market signals is inevitably slower. In turn, producing lithium hydroxide
from pegmatites is cheaper than producing it from brines, since the latter requires lithium
carbonate as an intermediate good, increasing operational costs (Jiménez & Sdez, 2022).

An additional relevant point to consider for future comparative advantage forecasting is the CO2
emission intensity of each lithium production line. The ongoing energy transition is progressively
introducing a carbon price, that would make a low-carbon lithium production more competitive.
In this regard, the lithium production from pegmatites emits considerably more CO2 than the
production from brine, since both extractive and refining processes intensively employ energy and
fossil fuels. In contrast, lithium production from brines has a much smaller CO2 footprint because
it benefits from solar evaporation and employs chemical processes that are not very intensive in
energy. The literature estimates that producing lithium carbonate from pegmatites emits between
8 and 60 times more CO2 than from brine (Kelly, et al., 2021); (Gao, et al., 2023).

3.2 Quantitative Analysis

This sub-section explores the economic convenience of specializing in extractive lithium production
vis a vis lithium refining process. The analysis will be based on: (i) the cash cost curves of lithium
extractive and refining industries, (ii) a cost-benefit analysis based on firm-level information and
(iii) a knowledge spillover analysis based on the product complexity of the different lithium-based
products.

The cash cost curve and the cost-benefit analysis are obtained by employing data at the mining
operation level, which provides a fine-grained analysis and allows to observe intra-country
heterogeneity. The database used is the S&P Global Market Intelligence and the reference year is
2022. Specifically, we show how the cash operating margin increases depending on the
concentration and refining level of the lithium product.

The knowledge spillover analysis is executed by estimating the product complexity index
(Hausmann & Hidalgo, 2011) and measuring the complexity gaps between lithium products at the
extractive stages versus the refining stages to approximate the knowledge spillover differential
between the two processes. In this regard, the first step consists of identifying the main lithium
products part of the supply chain of the lithium-ion battery.

i) Cash Cost Curve of the Lithium Extractive and Refining Industries

The cash cost curve of the lithium extractive industry illustrates the direct cost faced by the
different mining operations to produce the equivalent of one ton of lithium carbonate. This direct
cost considers the mine, mill, and transport costs for the extraction of lithium from pegmatites,
and the plant and transport costs for the extraction of lithium from brines. The cost curve also
incorporates the integrated operations to produce lithium concentrate (spodumene), intermediate
compounds (sulfate or chloride), and final compounds (carbonate or hydroxide). However, the cost
curve does not account for firms dedicated exclusively to the lithium refining processes.
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Figure 6 shows the cash cost curve of lithium mining operation for 2022. The Y-Axis illustrates the
cash costs of producing one ton of LCE through the different lithium compounds (USS/ton),
meanwhile the X-Axis shows the operations' production transformed into LCE. Therefore, the
reported cash cost is regarding the type of lithium compounds (spodumene, carbonate, hydroxide,
etc.), and the production corresponds to the equivalent in LCE. The first half of the lithium global
supply is supplied exclusively by spodumene operations, that present the lowest cash costs. The
Australian Greenbushes is the most competitive spodumene operation in the world, with cash
costs remarkably below the rest of spodumene operations, and capturing more than one quarter
of the global market. Then, in the second half of the supply, we find operations of different natures
and technologies, showing how operations with uneven competitiveness levels can enter the
market anyway when prices of lithium are high. However, to analyze the cost of producing the final
(battery grade) lithium product, the cash costs of the lithium carbonate (mostly from brines) set
the maximum operational costs that disintegrated lithium refineries can charge to be competitive
against integrated brines operations.

Figure 6: Cash Operating Cost Curve of LCE (2022)
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Source: Own elaboration based on S&P Global Intelligence, “Lithium Sector: Production Costs Outlook | S&P Global Market
Intelligence (spglobal.com)”, accessed 08.28.2024.

However, spodumene needs to be refined to obtain lithium carbonate or hydroxide; meanwhile,
brines operations produce these final products through a vertically integrated process. Therefore,
the cash cost curve of the mining stage is not a fair comparison. A fair analysis should compare the
cash cost of final lithium goods coming from these two supply chains (brines and spodumene). This
analysis was recently performed by (Valverde-Carbonell & Micco, 2024), where the authors take a
representative supply chain for each production route (brines and spodumene). The representative
supply chain of lithium carbonate/hydroxide originated from brines is given by the Chilean
production in the Salar de Atacama; a vertically integrated production route where first lithium
chloride is obtained, and then, this compound is used to obtain lithium carbonate. Meanwhile, the
representative supply chain from rocks is given by a disintegrated production route, where the
Australian spodumene is exported to China to be refined to obtain lithium carbonate or hydroxide.
These two supply chains represented over 90% of the total production of refined lithium in 2022.
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Figure 7 shows the cash cost of these two supply chains per ton of lithium carbonate and hydroxide.
We observe that the vertically integrated supply chain of Chile has a competitive advantage in
lithium carbonate production since its cash cost is 40% lower than the Australian. Whilst the
Australia-China supply chain is marginally more competitive at producing lithium hydroxide.

Figure 7: Cash Cost of Lithium Carbonate and Hydroxide Production by GVC (2022)
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o AUS-CHN Li2CO3 and AUS-CHN LiOH (green bars) correspond to the Australian-Chinese GVC producing lithium carbonate and
hydroxide, respectively.

e CHL-CHL Li2CO3 and CHL-CHL LiOH (blue bars) correspond to Chile's vertically integrated GVC, producing lithium carbonate and
hydroxide, respectively.

Cost-Benefit Analysis

First of all, we focused on a cost-benefit analysis instead of a value-added analysis because just by
observing the composition of the different lithium products and their productive processes it
becomes evident that the higher the refining level, the higher the value added. For instance,
spodumene only contains 6% of Li20, meanwhile, battery-grade lithium carbonate contains 99.5%
of Li2CO3. As a consequence, one ton of the latter has a price 15 times higher than the former.

Then, a cost-benefit analysis of producing the different lithium products seems more informative
for the production decision at the firm-level, which in turn defines the value-added distribution
across countries. In this regard, we test if there is a positive relationship between the lithium grade
and the cash operating margin, i.e. if each refining process increases the benefits captured by the
firm.

Figure 8 shows the cash operating margin for the three main lithium products: spodumene, lithium
hydroxide and lithium carbonate. The spodumene containing between 2.5% and 6% of Li20
presents a cash operating margin between US$11.700 — 27.000 per LCE ton (group 1). Meanwhile,
the cash operating margin for the lithium hydroxide containing between 55% and 56.5% LiOH
ranges between US$32.000 — 42.600 per LCE ton (group 2). Finally, the lithium carbonate
containing between 99% and 99.5% Li2CO3 presents a cash operating margin between US$35.000
— 52.200 per LCE ton (group 3). The fitness of the model (R?) reflects the positive and high
correlation (0.91) between the level of processing of the lithium product and the cash operating
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margin. Thus, the positive relationship between the value added and the firms' profits is very
strong. Nevertheless, it is interesting to observe that there is large heterogeneity within groups,
which is mainly explained by differences in the cash cost of the operations.

Figure 8: Cash Operating Margin versus Lithium Grade
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Another interesting point that arises from the previous figure is the relationship between group 2
and 3. Both groups are mainly made of battery grade lithium products'® and, on average, lithium
hydroxide is traded at a higher price than lithium carbonate. Therefore, one would expect lithium
hydroxide to have a higher cash operating margin, but, on average, this is not the case. This
happens because these three integrated lithium hydroxide operations are not representative of
the industry, since most of the lithium hydroxide comes from disintegrated operations®’, which
present the higher cost competitiveness (Jiménez & Saez, 2022).

Therefore, it seems clear that moving from extractive (spodumene) to processing stages
(carbonate and hydroxide lithium) has a positive effect on both profits and value-added. However,
the competitiveness of doing it depends on the primary source of lithium. Brines offer a
technological advantage to produce lithium carbonate, whilst pegmatite offers a technological
advantage to produce lithium hydroxide. Thus, one major challenge for brine lithium-endowed
countries is developing adequate technology to directly produce lithium hydroxide from the brines.

Potential Spillovers

Like for the copper case, we try to approximate knowledge spillovers that each lithium production
stage generates by employing the product complexity scores. In this regard, we scan the products
of lithium that are part of the lithium-ion batteries in international trade, calculate the product
complexity of the whole product-space for year 2021 following (Hausmann & Hidalgo, 2011) and,
finally, plot the results to observe the difference in complexity (potential spillovers) for the
different lithium products.

16 Although some operations also produce technical grade lithium.

17 Essentially Australian spodumene processed in China.
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Figure 9 illustrates the different complexity levels from lithium concentrate (spodumene) to
lithium-ion electric accumulators (rechargeable batteries). Here, we observe that moving from
spodumene to lithium carbonates implies a major jump in terms of complexity (three times), which
would reflect a large increase in (likely) spillovers.'® Then, from lithium carbonate to lithium oxide-
hydroxide the jump is shorter, but there is still a positive increase in complexity. Finally, moving
from lithium oxides-hydroxide to the lithium-ion electric accumulator, the leap forward in
complexity levels is very large (almost three times), and explained by the higher level of processing
employed in the production of the whole rechargeable battery. Therefore, more processed lithium
products have a higher complexity and, therefore, they should offer spillovers to a larger extent
than less-complex goods.

Figure 9: Product Complexity Scores for Lithium-Based Products
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As a consequence, downward manufacturing appears to be a preferred strategy due to the
significantly larger value-added derived from producing grade battery lithium (carbonate or
hydroxide) rather than producing lithium concentrate (spodumene). In addition, refined lithium
products have higher complexity levels, which means potential larger knowledge spillovers and,
hence, a positive effect on the rest of the economy. This is because the concentration and refining
of lithium are knowledge-intensive processes in which there are plenty of options to optimize
chemical reactions that save costs or produce new product varieties, both avenues to increase
value-added. For instance, the lithium carbonate optimization made by SQM allowed to produce
lithium sulfate from brine residuals, which is a precursor of lithium hydroxide and, hence, opened
a fast production line without the need of lithium carbonate as an intermediate product. In this
same line, the environmental constraints that arise from the evaporation technology to produce
lithium carbonate from brines raise the incentives to innovate towards new technologies and adapt
them to the local context. Then, the higher the complexity of the processes the higher the
challenges and opportunities that emerge, pushing countries to innovate and increase spillovers.

18 The sequence goes from spodumene to oxide, carbonate, hydroxide. However, trade data reports oxide and
hydroxide together, but most of the oxide is domestically processed to obtain carbonate or hydroxide. So, it is
reasonable to expect that most of oxide/hydroxide trade belongs to the hydroxide category.
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Iv. Final Discussion

This paper has shown that maximizing value added from mineral ores is not a trivial task that
countries can determine by decree. Instead, value-added maximization at the country level is the
result of large, often multinational, companies’ decisions on how to structure their GVCs depending
on the comparative advantage of countries. Therefore, a country will maximize value added from
a specific mineral if it has a set of knowledge and production factors that offer comparative
advantages in different stages of the value chain. The two case-studies illustrate that each mineral
has its own peculiarities, demanding different labor skills, productive knowledge, infrastructure,
and capital goods. Even within the same mineral, we find deep technological differences, as the
lithium example shows.

Therefore, maximizing value-added from mineral ores is a tailored mineral-country-specific mission
that depends on matching the domestic conditions, resources and capabilities with the peculiar
characteristics of the mineral. Such matching is constrained by the competitive level of the other
countries, that defines trade flows depending on comparative advantages in each segment of the
GVC, but also by natural conditions that act as constraints or, positively, as incentives to innovation.
In addition, we need to acknowledge that our study, aiming at providing a tailored and specific
guantitative assessment, may suffer from adopting a mainly static approach. In future studies, we
could add some dynamics to this analysis and consider possible learning processes leading to
improved technologies and cost savings, especially relevant for emerging and less-established
industries, that could change the relative convenience of downstream manufacturing. For instance,
assessing whether production costs move together with changes in the complexity of products, or
whether changes in production costs are related to changes in environmental externalities.

We also need to stress that the institutions regulating environmental and global trade conditions
play a critical role in shaping comparative advantages. For instance, environmental regulations in
Chile limit the amount of brines that can be extracted to produce lithium, which obeys to the goal
of sustainability of the Salar and the impact on the underground water tables. Given that brines
are the main input of lithium production, ecological consideration bound the installed capacity of
lithium production. However, this is true if and only if the extraction method is through brines
evaporation, where this techno-ecological constraint plays out. On the international regulation
side, if minerals and metals’ trade were taxed according to the CO2 emission intensity, the
dominant position of China in the copper smelting and refining processes would be reduced, and
follower countries could catch up in competitiveness. This reflects the higher emission factor that
the Chinese grid has in comparison with other emerging and developed countries, such as Zambia,
Chile and Australia. But this is also related to China’s practice to employ spodumene as primary
lithium compounds, which requires a highly energy-intensive process that emits large volumes of
co2.
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