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1. [bookmark: _Toc211272266]Scenario definition
This SI documents the scenarios used in the study.
In this study, data from 2022 are takes as the baseline scenario which includes the mineral production in such year up to the refining of compounds of interest already done in the 14 African countries and the existing energy and transport infrastructure. Future scenarios are projected using three approaches: the first is a Business-as-Usual (BAU) scenario where the same stages as in the baseline are produced, with changes in volumes being processed at the same locations where processing occurred in 2022. The second scenario reflects increasing mineral processing ambition, with a so-called Precursor-Related Product scenario where compounds specifically used as inputs to battery precursors are produced. The year projected for the build-up of processing facilities in this study is 2040, which is a reasonable estimate given how long project may need to go from exploration to being operational. However, it should be noted that there is some uncertainty on the timeline at project level as some would likely be done faster while others slower. While there is not a way to evaluate this currently, the approach used in this study helps illustrate future processing capabilities and identifies potential sites of interest. 
Table 1 shows the four scenarios in this study and which levers are included to compare the level of future mineral production, the degree of cooperation between countries, and the inclusion of environmental constraints. The level of production refers to levels of mineral extraction depending on demand projections scenarios.  The degree of cooperation refers to whether countries are assumed to process minerals only within their jurisdiction in a nationalist approach, or whether there is trade within the region to find optimal locations for mineral processing as a regionalist approach. Environmental constraints included are water scarcity and biodiverse areas which are used to model whether certain areas need to be excluded from mining and processing activities. Further details on each lever are found in Sections 2,3 and 6.
[bookmark: _Ref214444376][bookmark: _Toc211509396]Table 1: Overview of illustrative scenarios for simulation. Of these, the medium ones were explored further in this report.
	Policy target
	Level of production
	Degree of cooperation
	Environmental constraints​

	2022 Baseline​
	Status Quo​
	Status Quo​
	None​

	Business-as-Usual Scenario​
Mineral mining may grow, but refining amounts and trade shares remain as in the baseline, no new processing is done by 2040
	Low​
​
	National
	Unconstrained​
Constrained​

	
	Medium​
	National​
	Unconstrained​
Constrained​

	
	High​
​
	National​
	Unconstrained​
Constrained​

	Precursor-Related Product Scenario
Mineral production reaches an advanced level of processing by 2040​
	Low​
​
	National​
	Unconstrained​
Constrained​

	
	
	Regional​
	Unconstrained​
Constrained​

	
	Medium​
	National​
	Unconstrained​
Constrained​

	
	
	Regional​
	Unconstrained​
Constrained​

	
	High​
	National​
	Unconstrained​
Constrained​

	
	
	Regional​
	Unconstrained​
Constrained​


2. [bookmark: _Toc211272267]Geo-Localisation of Current and Future Mining Sites and Associated Production

This section documents the detailed methodological steps used to establish geo-localised baseline mineral production data and project this into the future.

[bookmark: _Toc211272268]2.1	Establishment of geo-localised baseline for mineral production

[bookmark: _Toc211272269]2.1.1	Several relevant data sources were identified.

· Standard & Poor’s (S&P) Capital IQ Pro Metals & Mining Database (previously known as SNL or Rystad Energy Complementary) is a proprietary database1, which provides detailed mine-level data on production and processing activities for an array of minerals with global coverage for 37,400 mining properties and 7,750 operating mines and is widely used in the academic and policy literature2.
· British Geological Survey (BGS) World Mineral Statistics Database3 is an open access public database that provides aggregate data for annual national production and trade of minerals. More than 70 mineral commodities – covering the majority of economically important and internationally traded minerals, metals and mineral-based materials – are included. As far as possible the production data are compiled from primary, official sources. Quality assurance is maintained by participation in such groups as the International Consultative Group on Non-ferrous Metal Statistics. 
· Scientific literature databases. Some databases on mining production are publicly available in the scientific literature. There are three that proved to be particularly useful for this study: production data from published reports of 1,171 coal and metal mines worldwide4; and, two sources containing geolocated mining sites via remote sensing5,6. 
[bookmark: _Toc211272270]
2.1.2 	Identified data sources were evaluated for completeness. 

None of the identified sources provided complete site-specific geo-localised data on mineral production volumes and attributes. By far the most complete source of data was the S&P Database. However, even the S&P Database has been shown to miss as many as 50% of mining sites that can be identified by remote sensing7. Moreover, even for sites captured in the S&P Database, information fields are often missing or incomplete in the African context. For the countries of this study, the aggregated coverage rate for cobalt, copper, and graphite, is of 94%, 70%, and 64% respectively. For lithium, manganese, and nickel, the production values are larger in S&P than in BGS. The coverage rates at the country level are given in Table 2. 

[bookmark: _Ref190098707][bookmark: _Toc211272271]2.1.3 Identified data sources were evaluated for consistency. 

Identified data sources were found to be mutually inconsistent. In particular, national aggregate production volumes for specific mineral-country combinations were found to diverge substantially between S&P and BGS, as shown in Table 2

[bookmark: _Ref214444416][bookmark: _Toc211509397]Table 2: Comparison of aggregate national production between S&P IQ Pro and BGS in 2022. Source: Authors’ elaboration, based on S&P and BGS Databases.
	
	Country
	S&P (tonnes)
	BGS (tonnes)
	Ratio S&P/BGS

	Cobalt
	DRC
	107,439

	115,371
	93%

	
	Madagascar
	3,159
	3 428
	92%

	
	South Africa
	
	250
	

	
	Zambia
	688
	252
	273%

	
	Zimbabwe
	
	241
	

	Copper
	Botswana
	59,225
	34,201
	173%

	
	DRC
	1,533,817
	2,394,630
	64%

	
	Namibia
	3,500
	2,036
	172%

	
	South Africa
	38,714
	49,194
	79%

	
	Tanzania
	
	118,000
	

	
	Zambia
	736,970
	763,550
	97%

	
	Zimbabwe
	2,739
	10,168
	27%

	Graphite
	Madagascar
	17,227
	116,700
	15%

	
	Mozambique
	163,000
	165,932
	98%

	Lithium
	DRC
	67,100
	
	

	
	Namibia
	
	5,062
	

	
	Zimbabwe
	12,464
	8,740
	143%

	Manganese
	DRC
	
	5,000
	

	
	Namibia
	465 000
	23,269
	1 998%

	
	South Africa
	20,143,991
	18,966,594
	106%

	
	Zambia
	14,098
	161,611
	9%

	Nickel
	Madagascar
	39,780
	35,737
	111%

	
	South Africa
	25,412
	29,033
	88%

	
	Zambia
	3,800
	4,059
	94%

	
	Zimbabwe
	17,343
	13,753
	126%




[bookmark: _Toc211272272]2.1.4 An algorithm for combining information from different data sources was developed. 

Given the incompleteness and mutual inconsistency of the different data sources, it was necessary to develop an algorithm that would allow them to be combined in such a way as to leverage the strengths of each one and provide the most comprehensive and consistent picture possible within these limitations. The algorithm is represented in Figure 1. Wherever S&P national aggregates exceeded those from BGS (or when BGS data were unavailable), S&P data were utilised. Wherever BGS data exceeded S&P national aggregates (or S&P data were unavailable), S&P data were complemented by remote sensing data to identify missing production sites and allocate the excess production reported by BGS over S&P national aggregates geospatially.

[image: ]
[bookmark: _Ref214444452][bookmark: _Toc211272384]Figure 1: Flowchart outlining the algorithm for combining different geo-localisation data sources
	

[bookmark: _Toc211272273]2.1.5 An approach for estimating geo-localised production from remote sensing was developed. 

Remote sensing techniques can be used to provide a first order approximation of the spatial distribution of mineral production that is missing from the S&P Database. Remote sensing data for mines typically capture the surface area associated with mines5,6, but cannot distinguish whether a mine is active or inactive (see, for example, Figure 2). 
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[bookmark: _Ref214444480][bookmark: _Toc211272385]Figure 2: Remote sensing data for the Mutanda copper and cobalt mine


A novel approach was developed by incorporating data on remotely sensed particulate emissions around the locations of these mines. The presence of particulate emissions can be used as an indicator that the remotely sensed mining site is active. Moreover, the product of remotely sensed mine surface area and particulate emissions is used as a proxy for production volume. While there are many factors that may affect the relationship between particulate emissions and production volume (such as geology, efficiency, and mine depth), it is deemed preferable to utilise a proxy for production, rather than assuming that production is taking place. Moreover, the proxy is used as an indicator of relative production for mines with missing data, as it is used to spatially allocate the excess of national production over that reported on aggregate for specific mines. It is also necessary to know which commodities are produced at each mine. While, in principle, this could be done by cross-referencing remote sensing data with geological maps, in this case the application of this approach was limited to mines listed in S&P (but without production data), as S&P provides the list of commodities produced by the mine.

In sum, the following steps were followed for the incorporation of remote sensing data:
· Remote sensing of all mines and associated particulate emissions was conducted.
· Coordinates for mines in the S&P Database were matched with remotely sensed mines.
· The following types of mines were filtered out: those without particulate emissions; those marked as inactive by S&P; and those with existing production data in S&P
· For each commodity and country, the excess national production arising when BGS figures exceeded those of S&P, was allocated among the remaining mines proportionally to the indicator of mine surface area multiplied by particle emissions detected in that surface area.


[bookmark: _Toc211272274]2.2 Projection of geo-localised mineral production into the future

[bookmark: _Toc211272275]2.2.1 Availability of projections for mining production was assessed. 

While the S&P Database contains data on mineral reserves, project development stages, and planned timelines, these data were missing for a significant percentage of the relevant mines (as shown in Table 2). Moreover, different types of information were missing in different cases. Some projects are expected to open without known production quantities, others lack opening dates, and data on future production of current mines are missing. This necessitated the development of statistical techniques to impute missing observations based on patterns observable in the available information. 

[bookmark: _Toc211272276]2.2.2 Production start year was estimated. 

All S&P projects are assigned to one of 18 mine stages to designate their state of development, ranging from grassroots and exploration, all the way through to construction, commissioning, and closure (see Table 3). However, only some non-producing projects have a projected start year. For those without a start year, we assume the mine can open between the lower and upper bounds listed in Table 3 depending on the current mine stage – such that the earlier the mine stage, the longer the anticipated delay until the start year. The ranges were defined based on the authors’ expertise. In reality, the uncertainty on determining mine exact opening time is high. We therefore set all mines to begin production at the lower bound (eg 11 years from now for an exploration-stage mine) with 0 production and then ramp up production linearly to 100% at the upper bound. While this approach has limitations, it allows for production to be spread out across all possible projects.   

[bookmark: _Ref214444524][bookmark: _Toc211509398]Table 3: List of lower and upper bounds for expected start years to mine start for different mine stages.
	Mine stage
	Expected years to mine start date 

	
	Lower bound 
	Upper bound

	Grassroots
	14
	60

	Exploration
	11
	40

	Target Outline
	9
	20

	Advanced Exploration
	8
	16

	Prefeasibility/Scoping
	7
	11

	Feasibility Started
	6
	10

	Feasibility
	6
	10

	Feasibility Complete
	5
	9

	Reserves Development
	4
	8

	Construction Planned
	3
	7

	Construction Started
	2
	6

	Preproduction
	2
	6

	Commissioning
	2
	6

	Limited Production
	1
	5

	Operating
	0
	5

	Satellite
	0
	5

	Expansion
	0
	5

	Closed
	0
	0



[bookmark: _Toc211272277]2.2.3 Mine closure year was estimated. 

For existing mines where S&P does not provide a closing year, there are two possibilities. Either, production projections stop before 2040, in which case the latest value is taken to be the closure year. Otherwise, existing mines start closing in 2030 and are all closed by 2040. Mines opening in the future without a planned closure year are assumed to still be producing in 2040, which is the time horizon for the study. S&P projects that a few mines will open after 2022 and close before 2040. 

[bookmark: _Toc211272278]2.2.4 Future production was estimated from reserves where available. 

Once start and closure years are defined, it is necessary to project yearly production tonnages. For some mines, S&P predicts production. In other cases, production is not projected, but there is information on either current production or future reserves. In either case, Taylor’s Law can be used to provide missing projections of production. Taylor’s Law is an empirical observation that there exists a log-log linear relationship between daily metal production and reserves8. This relationship is confirmed for all six commodities of interest using S&P data, as shown in Figure 3. For copper, the equation fitted on the S&P Database is consistent with earlier literature9–12. If reserves were not available, resources were transformed into reserves using a linear regression and Taylor’s law was used to transform these calculated reserves into production.
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[bookmark: _Ref214444549][bookmark: _Toc211272386]Figure 3: Illustration of Taylor’s law for copper, lithium, cobalt, nickel, graphite, and manganese mines globally


[bookmark: _Toc211272279]2.2.5 Calibrating to future demand

The primary goal of this report is not to precisely forecast mine-level future production but rather to identify optimal processing locations under various scenarios. Given the considerable uncertainty in future production estimates derived using Taylor’s Law and opening timelines, projected values for mines without initial S&P data were adjusted to ensure the total production—combining S&P-provided production values and those with imputed production based on hypothetical timelines and Taylor’s Law—aligns with demand projections from the International Energy Agency. The Announced Pledges Scenario was adopted as the medium case, the Stated Policies Scenario as the low case, and the Net Zero Emissions by 2050 Scenario as the high case13. The adjustment shares applied to align production with demand projections are detailed in Table 4.


[bookmark: _Ref214444574][bookmark: _Toc211509399]Table 4: Correction factors on calculated future production in order to match future demand
	
	
	2030
	2040

	Lithium
	Low
	0.04
	4.22

	
	Mid
	0.46
	6.27

	
	High
	2.08
	8.73

	Cobalt
	Low
	0.2
	0.87

	
	Mid
	0.3
	1.06

	
	High
	0.88
	1.31

	Copper
	Low
	0.11
	0.67

	
	Mid
	0.18
	0.76

	
	High
	0.32
	0.93

	Graphite
	Low
	5.1
	8.14

	
	Mid
	5.5
	9.61

	
	High
	7.03
	11.61

	Nickel
	Low
	0.46
	1.52

	
	Mid
	0.54
	1.64

	
	High
	0.81
	1.87

	Manganese
	Low
	0.37
	0.82

	
	Mid
	0.37
	0.82

	
	High
	0.37
	0.82




Figure 4 illustrates resulting global production projections for each mineral on this basis, together with regional production projections for Southern Africa, based on the assumption that the region’s market share remains constant and simply grows in line with the global market. 
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[bookmark: _Ref214444601][bookmark: _Toc211272387]Figure 4: Primary production projections globally and in Southern Africa. Note the y-axis has different ranges depending on the location and unit multipliers are shown in the top left corner of each graph. 


3. [bookmark: _Toc211272280]Modelling Value Addition Along the Critical Minerals Supply Chain
This Annex documents the detailed methodological steps used to model physical flows, as well as financial costs and revenues along the different stages of critical minerals value chains.
[bookmark: _Toc211272281]3.1	Physical modelling of critical minerals supply chains
[bookmark: _Toc211272282]
3.1.1	Relevant processing stages along the supply chain were identified. 

For each of the six minerals covered, products are identified which are useful for battery precursor manufacturing. The target products for the 2040 scenarios with increasing processing ambition were carefully selected due to the steps required in the battery value chain. Table 5 shows the role of each target stage in battery value chains highlighting that high-density battery applications were prioiritised. Refined minerals such as copper cathodes have a wide range of applications outside of batteries and are a fundamental product for subsequent transformations. In turn, some products are very specific to battery applications such as graphite in spherical purified form which is as such to improve battery functioning. 
[bookmark: _Ref214444632][bookmark: _Toc211509400]Table 5: Overview of the role in battery value chains of the two focus stages assumed to be reached in critical minerals processing scenarios in this study.
	Mineral
	Selected products for refining targets
	Role in battery precursor application
	Use in battery precursor application

	Cobalt (Co)
	Cobalt hydroxide (Co(OH)₂)
	An intermediate from cobalt ore refining (often a by-product of copper or nickel mining)
	Co hydroxide is stable and transportable but needs to be further refined and converted into cobalt sulphate to be used in battery applications

	
	Cobalt sulphate (CoSO₄)
	A critical precursor for making cathode active materials (CAMs)
	Co sulphate is combined with nickel and manganese sulphates to form NMC or NCA cathode chemistries. Cobalt helps improve thermal stability, cycle life, and safety of the cathode

	Copper (Cu)
	Copper cathode
	The refined form of copper metal, produced via electrorefining or solvent extraction/electrowinning
	It needs to be further transformed into copper sulphate and copper foil to be used in battery applications

	
	Copper sulphate (CuSO₄)
	Used to produce copper foil via electroplating.
	Copper foil serves as the current collector for the anode in LIBs. It provides the conductive base onto which active anode materials (like graphite) are coated

	Graphite (Gr)
	Spherical graphite
	First step towards producing an anode-relevant graphite product
	The spherical form improves packing density, cycle life, and electrical conductivity of the anode active material


	
	Spherical purified graphite
	The second step towards producing an anode-relevant product. The final step involves coating the spherical purified graphite to become the anode-active material (AAM)
	The AAM serves as the host material into which lithium ions intercalate during charging


	Lithium (Li)
	Lithium carbonate (Li₂CO₃)
	A primary lithium source for cathode production but mainly for low-density applications
	Used in LFP cathodes, some NMC formulations, and for solid-state electrolytes.
Lithium carbonate is often preferred in phosphate-based or lower-Ni chemistries.

	
	Lithium hydroxide (LiOH·H₂O)
	A key lithium precursor, but for high-density applications
	Used to make high-nickel cathodes (NMC, NCA) because lithium hydroxide reacts more efficiently at lower temperatures during synthesis of these high-energy materials

	Manganese (Mn)
	Manganese oxide (MnO)
	A manganese intermediate, often produced by refining manganese ores
	It needs to be further transformed into manganese sulphate to be used in battery applications

	
	Manganese sulphate (MnSO₄)
	Precursor for cathode active material
	Used in NMC cathodes and also in LMO cathodes

	Nickel (Ni)
	Nickel matte
	An intermediate product (~70% Ni, plus sulphur and iron) obtained by smelting nickel ores
	Processed further through hydrometallurgy to make nickel sulphate

	
	Nickel sulphate (NiSO₄)
	One of the most important precursors for high-density cathodes
	Provides the nickel for NMC and NCA cathodes. Nickel increases energy density of the battery



For each of the six minerals covered and the target products useful for battery precursor manufacturing, processing stages are identified which relate to mining and refining up to the target compounds. The stages include mineral extraction, concentration (called beneficiation in our study and other sources), smelting (if applicable), refining, and manufacturing of compounds that are used in the preparation of Cathode Active Materials (CAM) and Anode Active Materials (AAM) for lithium-ion batteries. Table 6 shows the stages considered, the relevant data sources, and assumptions made. 
[bookmark: _Ref214444647][bookmark: _Toc211509401]Table 6: Relevant processing stages, data sources and assumptions for each critical mineral supply chain. Source: Authors’ elaboration, based on literature review.
	Mineral
	Stages considered
	Source(s) and assumption(s)

	Copper (Cu)
	Mining and Beneficiation, Smelting, Electrorefining or Solvent extraction and electrowinning (SX-EW), Cu oxide production, Cu sulphate production

	Mining material intensity estimated per country depending on grade and recovery rates from S&P 1. Wernet et al. (2016) version 3.9.1. Activity names: copper mine operation and beneficiation, sulphide ore, copper oxide production, copper production, cathode, SX-EW process, copper sulphate production, smelting of copper concentrate, sulphide ore, electrorefining of copper, anode.


	Cobalt (Co)
	Mining and Beneficiation, Smelting and refining, Cathode production, Co hydroxide production to Co sulphate production

	Mining material intensity estimated per country depending on ore grades from S&P 1 and estimated concentrate grade higher in DRC owning to it having the largest mines with the highest ore grades in the region. Wernet et al. (2016) version 3.9.1. Activity names: cobalt production, cobalt sulphate production; cobalt production, copper concentrate, sulfide ore. 15. 16 17–19 Activity names: Cobalt, refined (metal); hydro- and pyrometallurgical processes; production mix, at plant; >99% Co, Cobalt, refined (metal); mining, beneficiation, primary extraction, refining, transport; production mix, at plant; 99.8% cobalt, Crude cobalt hydroxide (Co(OH)2); mining, beneficiation, primary extraction, refining, transport; production mix, at plant; 30- 40% cobalt.

	Nickel (Ni)
	Mining and Beneficiation, Smelting, Electrorefining, Ni class 1 production, Ni sulphate production

	Mining material intensity estimated per country depending on grade and recovery rates from S&P 1. Wernet et al. (2016) version 3.9.1. Activity names: nickel mine operation and beneficiation to nickel concentrate, 16% Ni, nickel mine operation and beneficiation to nickel concentrate, 7% Ni, smelting and refining of nickel concentrate, 16% Ni, nickel sulphate production, processing of nickel-rich materials

	Graphite
	Mining, Flotation, Spheronisation, Purification, Coating

	Mining material intensity estimated per country depending on grade and recovery rates from S&P 1. Wernet et al. (2016) version 3.9.1. Activity names: graphite production, battery grade, graphite production. Additional information from Engels et al. (2022). 

	Manganese (Mn)
	Mining and Beneficiation, Roasting, Mn sulphate production

	Mining material intensity estimated per country depending on grade and recovery rates from S&P 1. Wernet et al. (2016) version 3.9.1 from which activity names: manganese concentrate production, manganese sulphate production. Farjana et al. (2019), from which activity name: manganese production.

	Lithium (Li)
	Mining and Beneficiation, Li carbonate production, Li hydroxide production
	For concentrate, an average of petalite and lepidolite material intensities are estimated which depend on ore grades form S&P 1 and recovery ratios from 22–24.
Wernet et al. (2016) version 3.9.1. Activity names: lithium carbonate production, from spodumene, lithium hydroxide production, lithium sulphate production. Yin et al. (2019) which contains information for spodumene and lithium carbonate. Gao et al. (2023) and Wang et al. (2025) for petalite and lepidolite insights. Vieceli et al. (2017) on lithium concentrate. This is based on ore grade and assuming concentrate is lepidolite concentrate (1.95% Li or 4.20% Li2O) from Vieceli et al. (2017). 




[bookmark: _Toc211272283]3.1.2	Target processing stages for the study were selected. 

For each mineral, an intermediate and advanced stage of processing was selected as a basis for the determination of policy targets. The intermediate stage represents a significant advance into refining beyond the production of ores and concentrates, while the advanced stage represents the manufacturing of compounds that are inputs to battery precursor manufacturing. 
Figure 5 shows the stages relevant for lithium-ion batteries considered for each of the six minerals. The target compounds for the two 2040 scenarios with increased mineral processing ambition are highlighted shown in green and blue. The stages considered African geology, thereby excluding processes that do not occur in the region. For example, lithium is only extracted from rocks but not from brines. The compounds in the 2040 Precursor Related Product are mineral products known to be used in the battery precursor industry.
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[bookmark: _Ref214444675][bookmark: _Toc211272388]Figure 5: Mineral refining stages considered in the 2040 scenarios (green for precursor related product scenarios) up to manufacturing of inputs for lithium-ion battery cathode or anode active material. Only the stages in blue and green are presented as results for this study. Other known copper and graphite products related to lithium-ion batteries are shown as an illustration of additional manufacturing that could be undertaken. Source: Authors’ elaboration, based on literature review and estimations. Notes: Copper, cobalt and nickel may be found in the same deposit. Thus, the intensities reflect the shares of resources and energy needed for the production share of the relevant mineral insofar as the background data allowed. **Cobalt is produced via a hydro route in Madagascar that ends with refined cobalt (and refined nickel). This route is accounted for in the country and trade data but refined cobalt is not assumed to be processed further into battery-related compounds. SX-EW refers to solvent extraction and electrowinning.
[bookmark: _Toc211272284]3.1.3 The input intensities for each stage of mineral processing were established. 

For supply chain modelling purposes, it is important to understand the input intensity for each mineral at each stage. Four inputs of particular interest are materials, water, fuels and electricity, whose relative intensities are shown in Figure 6. The intensities are all presented relative to the amount of output produced at each relevant stage. 
The intensities obtained at the mining level are combined with the ore grades of each mineral and linear relationships are assumed between intensities and ore grades to scale the amounts of material moved, the energy, fuel or water required. If required, the alternative production routes are considered in the intensities per country depending on weighted production per route in 2022.
· Material intensity. Material intensity is of interest because it affects the demand for energy and transport infrastructure. For the most part, as minerals are processed a tonne of ore is transformed into progressively smaller volumes of refined output, affecting the transport capacity required to move material along the value chain29. Figure 6 shows that cobalt, lithium and nickel beneficiation are particularly voluminous in relation to subsequent stages of processing due to the mining stage and the low amounts of metal per ore extracted.

· Water intensity. Water intensity is of interest because much of Southern Africa is affected by water scarcity, which may affect the cost or feasibility of processing operations30. Figure 6 shows that water intensity varies significantly across minerals, with copper cathode (stage 3) having the highest water intensity due to the hydrometallurgical process. Water intensity also varies significantly across processing stages for a given mineral and does not necessarily decrease as minerals progress to higher stages of processing. Not all stages have water intensities reported in the original data sources. This can be due to some stages not requiring water and some not having a value available.  
· Energy intensity. Energy intensity is of interest due to the relatively high cost of energy and scarcity of energy infrastructure in Southern Africa, which may affect the competitiveness of processing activities and the extent to which mining companies decide to invest in their own energy infrastructure31. Energy intensity can be broken down by energy source, such as electricity, heat, diesel, and gas. Figure 6 shows that lithium carbonate is by far the most energy intensive compound (stage 3). For other minerals, nickel beneficiation (stage 1) and copper cathode production (stage 3) also have high energy intensities. Generally, intermediate or later stages of mineral processing are the ones with the highest intensities.
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[bookmark: _Ref214444697][bookmark: _Toc211272389]Figure 6: Material, water, electricity and fuel intensities for each relevant processing stage as country average. Source: Authors’ elaboration, based on literature review. Please see sources in Table S4.
[bookmark: _Toc211272285]
3.2 Financial modelling of critical minerals supply chains

The analysis of prices and unit costs is critical for understanding the economics of critical minerals processing and will inform subsequent analysis of competitiveness and value addition. Figure 7 provides an overview of the process that was followed to establish baseline unit costs for intermediate stage and advanced stage processing for each mineral, as well as the methodology used to project these costs forward for the time horizon of the study. The methodology adopted at each stage of the process is described below.
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[bookmark: _Ref214444716][bookmark: _Toc211272390]Figure 7: Process overview for establishing baseline unit costs


[bookmark: _Toc211272286]3.2.1 Baseline unit costs for intermediate stage processing of each mineral were collected. 

For beneficiation, baseline data on processing costs were available for most minerals from the S&P Database for 20221. In the case of cobalt, copper, and nickel, the S&P Database contained a significant number of observations allowing average beneficiation unit costs to be produced at the project level as shown in Figure 8. Unit costs are broken down between the steps of beneficiation (including mining and milling) and processing, which are those of primary interest. Unit costs include costs related to production, reagents, labour, energy, transport, cash costs, among other. Transport costs for each facility are aggregated in a single number in the database. Our study models transport required between facilities and for trade but not internal transport within a facility. S&P has a category of fuel costs which include fuel used for internal transport which was then preserved in the aggregated costs for the model. With this inclusion and since detailed modelling of transport and electricity is undertaken within this study, other transport and electricity costs available in S&P are excluded from the unit costs used for modelling. Royalties are also identified and excluded, since they present a financial cost rather than an economic one. To preserve known costs, any facility which contained cost data uses it, while any new future mine uses an average value. The average value is obtained combining available country data. Due to relatively small sample sizes, unit costs for mining and processing are averaged across all observations available for Southern Africa. For cobalt these are DRC, Madagascar, South Africa, Zambia, Zimbabwe; for copper, Botswana, DRC, South Africa, Tanzania, Zambia, and Zimbabwe; for graphite, Madagascar; for manganese, Botswana; and for nickel, Madagascar, South Africa, Zambia, Zimbabwe. In the case of lithium, there was one Southern African country (Zimbabwe) and a number of other country values, namely Australia, Brazil, China, Portugal, and the US used to project costs for different stages.  
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[bookmark: _Ref214444736][bookmark: _Toc211272391]Figure 8: Baseline costs of mining and processing for copper, cobalt, and nickel (US$/t). Source: Authors’ elaboration, based on S&P Database.
The resulting cost curves we were able to derive for cobalt, copper and nickel are shown in Figure 9, while the supply curves comparing country projects are shown in Figure 10.
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[bookmark: _Ref214444761][bookmark: _Toc211272392]Figure 9: Cost curves of mining and processing for cobalt, copper, and nickel (US$/t) in 2022 including the classification as main or by-product and the relevant geographical group. Note: cobalt is not mined as a main product.
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[bookmark: _Ref214444778][bookmark: _Toc211272393]Figure 10: Costs including CAPEX and OPEX of mining and processing for cobalt, copper, and nickel (US$/t) in 2022 per facility with known costs and averages used for the model. Source: Authors’ elaboration, based on S&P database.


In the case of lithium, due to relatively incipient mining operations in Southern Africa, the only data available from the S&P Database were for countries outside of Africa, as shown in Figure 11. Once again, transport, energy and royalties were excluded, and mining and processing costs were averaged across all observations available globally as the only available proxy for Southern Africa. Given the data scarcity in S&P, a different database focused on lithium was used32 to discern cost curves for different processing steps (Figure 12). As before, royalties were excluded to allow for comparisons on a similar basis to be made. 
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[bookmark: _Ref214444808][bookmark: _Toc211272394]Figure 11: Baseline costs of mining and processing for lithium (US$/t Lithium Carbonate Equivalent). Source: Authors’ elaboration, based on S&P Database.

[image: ]
[bookmark: _Ref214444832][bookmark: _Toc211272395]Figure 12: concentrate 6%, LCE and lithium hydroxide respectively). Source: Authors’ elaboration, based on Benchmark Lithium database 32.


In the case of graphite and manganese, no unit cost information was available within the S&P Database, even outside of Southern Africa. As an alternative, an extensive search for company reports revealed just one report with sufficiently detailed information for each mineral. As shown in Figure 13, the unit costs for graphite are based on a Molo report for Madagascar33, while the unit costs of manganese are based on a Giyani report for Botswana34. As before, transport, energy, and royalties were excluded, and mining and processing costs from each of these reports were taken as the only available proxy for Southern Africa.
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[bookmark: _Ref214444850][bookmark: _Toc211272396]Figure 13: Baseline costs for mining and processing for graphite and manganese. Source: Authors’ elaboration, based on company reports.


[bookmark: _Toc211272287]3.2.2 Missing baseline unit costs for advanced stages of processing were estimated.

Unfortunately, the S&P Database does not include cost information for battery precursor input manufacturing, and neither did a search of company reports reveal any usable cost data. As a result, unit costs for advanced stage processing are proxied as a percentage of the retail price, based on expert judgment regarding industry norms. Given the technical expertise and capital-intensive nature of industrial operations for specialty inorganic chemicals (such as metal sulphates and oxides), the literature suggests that profit margins equivalent to 20–30% of prices are to be expected, indicating that unit costs of production (comprising raw materials, industrial processing and overheads) would typically amount to 70–80% of prices35. 
[bookmark: _Toc211272288]3.2.3 Unit costs for each stage of processing were projected into the future. 

Given that baseline costs were estimated for 2022, these need to be rolled forward into the future up to the study horizon of 2040. Due to limited data, some scenarios were created, estimating ranges for innovation or regulatory frameworks based on the authors’ industry knowledge. Ranges were not used to avoid increasing the complexity of model runs. In rolling costs forward, three factors were considered and are reflected in the equation below.
· General price inflation (i). Based on IMF data36, it was determined that the average annual inflation rate in the US for the period 2012–22 was 2.5%, and this was assumed to continue to 2040. 

· Technological progress (t). As with any industry, the critical minerals mining and processing industry can expect to experience innovations that will gradually reduce the cost of industrial operations over time37. Automation, digital analytics, remote operation centres, process optimisation, and sustainable energy integration are all improving efficiency, helping with lower costs. Although estimates vary by commodity, mining location, and regulatory environment, we assumed an average of 1.2% annual reduction for our cost projection37.
· Regulatory changes (r). Given the environmental and social sensitivity of the minerals sector, and growing political pressure to improve governance38, it is expected that the regulatory environment affecting the industry will continue to tighten with associated cost implications39. We assumed this because regulatory burden increases faster than technological advancement in the mining sector. It is assumed that regulatory tightening will lead to a 5% increase in costs per year. 

Final cost estimates per mineral and stage of processing for the baseline year of 2022, as well as the 2030 and 2040 Scenarios are summarised in Table 7.
[bookmark: _Ref214444878][bookmark: _Toc211509402]Table 7: Final OPEX estimates per mineral and stage of processing. The OPEX excludes electricity, transport outside the mine and royalty costs.
	Unit costs of production (US$/tonne)
	2022
	2040

	Commodity 
	 Stage 
	OPEX 

	Copper 
	 Stage 1 
	 2,929
	 4,537

	
	Stage 2 
	 991 
	 1,304 

	
	Stage 3 
	 1,141 
	 1,502 

	
	Stage 4.3 
	 648 
	 853 

	
	Stage 5 
	 720 
	 948 

	Cobalt 
	 Stage 1 
	 20,868 
	 32,320 

	
	Stage 3 
	 2,271 
	 3,517 

	
	Stage 4.1
	 3,845 
	 5,062 

	
	Stage 5 
	 3,290 
	 4,331 

	Nickel 
	 Stage 1 
	 7,147 
	 11,069 

	
	Stage 2 
	 785 
	 1,216 

	
	Stage 3 
	1,571  
	2,433

	
	Stage 5 
	1,460
	1,922

	Lithium 
	 Stage 1 
	 2,265 
	 3,508 

	
	Stage 3 
	 4,783 
	 6,297 

	
	Stage 4.2 
	 4,352 
	 5,729 

	Manganese 
	 Stage 1 
	 306 
	 403 

	
	Stage 3.1 
	 988 
	 1,301 

	
	Stage 4.1 
	 440 
	 579 

	Graphite 
	 Stage 1 
	 255 
	336

	
	Stage 3
	 450
	 592 

	
	Stage 4 
	 1,600 
	 2,106 

	
	Stage 5 
	 1,600 
	 2,106 



[bookmark: _Toc211272289]3.2.3 Prices for different stages of processed mineral were projected. 

Projections of future prices of critical minerals at each stage of processing are an important input into the study. These are needed to calculate future export revenues and value addition, as well as to anchor calculations of unit cost for late-stage processing (see Table 7). Baseline data on prices of processed minerals were obtained from the London Metal Exchange40 for the base year of 2022, as well as a range of other sources detailed in Table 8. Identifying prices for some stages was challenging since some stages are not tracked by indices since they are hard to standardise or prices are kept private between companies and customers. In such cases, estimations were made as described below.
[bookmark: _Ref214444894][bookmark: _Toc211509403]Table 8: Price sources consulted for this study.
	Mineral
	Price source
	Comments on source

	copper concentrate
	41 
	

	copper cathode
	1,42
	Prices widely available for cathode. Anode does not have tracked prices so it was assumed the price was equivalent to metal content in the absence of other data (98% of the price of cathode).

	copper sulphate
	43
	Price available for sulphate. Price for oxide was not available so it was assumed to be 90% of the price of sulphate.

	cobalt concentrate
	44
	Averaging country values for Turkey, China, India, Uganda, and Kenya.

	refined cobalt
	45
	Price only used for Madagascar and Zambia.

	cobalt hydroxide
	46
	Averaging country values for Angola, DRC, Kenya, Namibia, South Africa, Uganda, Tanzania and Zambia.

	cobalt sulphate 
	47
	Historical Cobalt Sulphate Price from SMM Metal Market

	
	48
	Battery Grade Cobalt Sulphate Price Index, Shanghai Non-ferrous Metals

	
	49
	From report

	manganese concentrate
	50
	Price for Manganese Ore and Concentrate in Angola - 2022

	
	51
	Price for Manganese Ore and Concentrate in Kenya - 2021

	
	52
	Price for Manganese Ore and Concentrate in South Africa - 2023

	
	53
	Price for Manganese Ore and Concentrate in Germany - 2023

	
	54
	Price for Manganese Ore and Concentrate in Brazil - 2023

	
	55
	Price for Manganese Ore and Concentrate in Belgium - 2023

	manganese oxide
	56
	Manganese Oxides Price in the UK - 2023

	
	57
	Manganese Oxides Price in Angola - 2022

	
	58
	Manganese Oxides Price in Kenya - 2021

	
	59
	Manganese Oxides Price in South Africa - 2023

	
	60
	Manganese Oxides Price in Uganda - 2022

	
	61
	Manganese Oxides Price in Tanzania - 2022

	manganese sulphate
	62
	SMM Manganese Sulfate Index (Battery Level) price 

	
	63
	Manganese Sulfate( Battery Level) price 

	
	64
	Manganese Historical Prices, Graph – Asian Metal

	manganese ore
	65
	Manganese Ore - Price - Chart - Historical Data

	natural graphite
	66
	Graphite Price in Angola - 2022

	
	67
	Graphite Price in Tanzania - 2022

	
	68
	Graphite Price in Kenya - 2022

	
	69
	

	
	70
	Graphite Price in South Africa - 2023

	spherical graphite
	71
	Spherical Graphite 99.95%min 17μm max EXW China

	coated spherical graphite
	72
	

	
	73
	

	lithium metal
	74
	Battery Grade Lithium Metal, SMM Metal Market

	
	75
	Industrial Grade Lithium Metal, SMM Metal Market

	
	76
	Orangi et al., 2023, (USD/kg)

	6% spodumene concentrate
	1
	

	lithium carbonate
	77
	Lithium Carbonate (99.2% Industrial Grade), SMM Metal Market

	
	78
	Lithium Carbonate Price in Uganda - 2022

	
	79
	Lithium Carbonate Price in Tanzania - 2022

	
	80
	Lithium Carbonate Price in South Africa - 2023

	
	1
	

	lithium hydroxide
	81
	SMM Lithium Hydroxide Index (Battery Grade), SMM Metal Market

	
	82
	Lithium Hydroxide (56.5% Battery Grade, Fine Powder), SMM Metal Market

	
	1
	



Forecasting future prices is extremely challenging and official published price forecasts typically focus on traded mineral commodities, thereby excluding stages of interest in this study, and provide relatively short time horizons. Due to price volatility, linear extrapolations of historic price trends are likely to be misleading. Instead, two preferable statistical methods are considered and illustrated in Figure 14 and Figure 15 below for the specific case of copper.
· Weighted Moving Average (WMA). Following Ramadhani et al., (2023), the WMA method aims to smooth out market fluctuations and allow for evolving conditions over several years to be reflected in the forecast. It is recommended that the most recent five years of price (P) data be used for the calculation of each moving average, and that a weighting system be adopted so that more recent years are given a higher weight (W) (for example, with W1 = 0.35, W2 = 0.25, W3 = 0.20, W4 = 0.15, W5 = 0.05), as shown in the equation below. 
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[bookmark: _Ref214444921][bookmark: _Toc211272397]Figure 14: Illustration of Weighted Moving Average (WMA) methodology for forecasting price of copper


· Market Growth Rate (MGR). Following84, a Compound Annual Growth Rate (CAGR) is calculated to provide a smoothed annual growth rate that reflects the overall trends in the market over the specified period, as shown in the equation below. The CAGR used for projection purposes is taken from the literature as indicated in Table 9. It is important to note that the CAGR does not account for market volatility, economic cycles, or unforeseen events that could impact material prices, and hence should be complemented by a broader analysis that includes qualitative factors and potential market disruptions.
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[bookmark: _Ref214444943][bookmark: _Toc211272398][bookmark: _Ref190747426]Figure 15: Illustration of Market Growth Rate (MGR) methodology for forecasting price of copper

[bookmark: _Ref214444971][bookmark: _Toc211509404]Table 9: CAGR of prices and literature sources
	Mineral
	CAGR of prices (%)
	Sources

	Copper
	6.7
	85

	Cobalt
	6.0
	86 85

	Nickel
	7.3
	87 85

	Lithium
	9.4
	88

	Manganese
	5.0
	87

	Graphite
	6.4
	89 87



For this study, the final average global projected price for each mineral at each stage of processing is calculated using MGR and is reported in Table 10.
[bookmark: _Ref190747452]

[bookmark: _Ref214444992][bookmark: _Toc211509405]Table 10: Projected average global commodity prices
	Commodity Prices (US$/tonne)
	Stage
	2022
	2040

	Copper 
	Stage 1 
	1,575
	3,714

	
	Stage 2 
	8,300
	24,618

	
	Stage 3 
	8,469
	25,120

	
	Stage 4.3 
	2,593
	5,791

	
	Stage 5 
	2,881
	6,434

	Cobalt 
	Stage 1 
	8,078
	28,656

	
	Stage 2 
	63,755
	173,026

	
	Stage 3 
	70,839
	192,252

	
	Stage 4.1 
	20,770
	63,964

	
	Stage 5 
	13,160
	40,885

	Nickel 
	Stage 1 
	1,775
	6,310

	
	Stage 2 
	18,425
	28,536

	
	Stage 3 
	15,289
	54,348

	
	Stage 5 
	5,839
	19,878

	Lithium 
	Stage 1 
	5,752
	28,939

	
	Stage 3 
	39,122
	164,461

	
	Stage 4.2 
	42,278
	212,671

	Manganese 
	Stage 1 
	321
	774

	
	Stage 3.1 
	1,485
	3,585

	
	Stage 4.1 
	1,100
	2,656

	Graphite 
	Stage 1 
	937
	2,863

	
	Stage 3
	3,000
	9,164

	
	Stage 4 
	3,600
	10,996

	
	Stage 5 
	8,000
	24,437





4. [bookmark: _Toc211272290]Modelling Transport Along Critical Minerals Value Chains
This section documents the detailed methodological steps used to model transport of minerals along critical minerals value chains. This is based on progressing from an international trading matrix to a more granular origin–destination matrix, and then to a mapping of specific transport routes based on an optimisation algorithm.
[bookmark: _Toc211272291]4.1 Developing an international trading matrix

An overview of this process is provided in Figure 16, with each step described in greater detail below.
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[bookmark: _Ref214445014][bookmark: _Toc211272399]Figure 16: Flowchart for the development of an international trading matrix

[bookmark: _Toc211272292]4.1.1 Processed minerals of interest were matched against international trade data. 

To have an accurate estimation of material flows, ideally mine-level information regarding the tonnage of mineral produced, processed, and shipped to various locations globally would be needed. Unfortunately, such detailed information is not available. However, it is known that mineral production in Africa is predominantly export-oriented 90, suggesting that global trade datasets could be used to determine material flows between countries.  
The reference global database of international trade at product level is BACI (Base pour l’Analyse du Commerce International)91, which is derived from the United Nations Commodity Trade Statistics Database92. BACI combines UN Comtrade data to give bilateral flows between 200 countries in both tonnes and US dollars for over 5,000 globally aggregated products as per a harmonised system (HS) of 6-digit product codes93. These HS digits include several minerals and commodities of them with some logic. In some cases, the codes are used for unique enough types of compounds, while in other cases, compounds are grouped into a single category. 

From BACI, specific product names and codes that best match the different minerals and their stages were mapped and used to extract their full global trade data. The outcome of the matching process is detailed in Table 11, highlighting varying degrees of correspondence between mineral processing stages of interest to this study and BACI codes. The main points of note are as follows.
· Cobalt: Stage 4.1 (hydroxide) is supposed to be mapped directly to its BACI code. However, an analysis if production revealed that DRC reports stage 4.1 in the code 810520. Thus, such code was used for stage 4.1 in most countries except for Zambia and Madagascar where some mines produce cobalt metal (stage 3) in which case, this is the category corresponding to it. There was no BACI code corresponding to Stage 5 processing, which was instead proxied by the broader code 283329: “Sulphates: n.e.c. in item no 2833.2” 94.
· Copper: There was a direct one-to-one mapping between the identified mineral processing stages and the BACI commodity codes. 
· Graphite: There are two BACI code corresponding to graphite, 250410, “graphite: nature, power or in flakes”, and 250490, “graphite: natural, in other forms, excluding powder or flakes”. Code 250410 was used as a proxy of trading patterns for stages past beneficiation (stage 1). 
· Lithium: There was no BACI code for Stage 1 processing, which was proxied by the broader code 253090, “Arsenic sulfides, alunite, pozzolana, earth colours and other mineral substances, n.e.s.” 95. This code is known to contain lithium products of interest.
· Manganese: There was no BACI code for Stage 5 processing, which was instead captured under a broader code 283329: “Sulphates: n.e.c. in item no 2833.2” (Matthews, 2020). Generally, there is a low representation of manganese trade compared to mineral production.
· Nickel: There was a direct one-to-one mapping between the identified mineral processing stages and the BACI commodity codes.



[bookmark: _Ref214445039][bookmark: _Toc211509406]Table 11: BACI codes matched to mineral refining stage
	
	BACI product description
	BACI code
	Refining stage

	Cu
	copper ores and concentrates
	260300
	1

	
	copper: unrefined, copper anodes for electrolytic refining
	740200
	2

	
	copper: refined, unwrought, cathodes and sections of cathodes
	740311
	3

	
	copper oxides and hydroxides
	282550
	4.3

	
	sulphates: of copper
	283325
	5

	Co
	cobalt ores and concentrates
	260500
	1

	
	cobalt: mattes and other intermediate products of cobalt metallurgy, unwrought cobalt, powders
	810520
	2

	
	cobalt: mattes and other intermediate products of cobalt metallurgy, unwrought cobalt, powders
	810520
	3

	
	cobalt oxides and hydroxides: commercial cobalt oxides
	282200
	4.1

	
	Sulphates: n.e.c. in item no. 2833.2
	283329
	5

	Ni
	nickel ores and concentrates
	260400
	1

	
	nickel: nickel mattes
	750110
	2

	
	nickel: powders and flakes
	750400
	3

	
	sulphates: of nickel
	283324
	5

	Gr
	graphite: natural, in other forms, excluding powder or flakes
	250490
	1

	
	graphite: natural, in powder or in flakes
	250410
	1

	
	graphite: natural, in powder or in flakes
	250410
	3

	
	graphite: natural, in powder or in flakes
	250410
	4

	Mn
	manganese ores and concentrates, including ferruginous manganese ores and concentrates with a manganese content of 20% or more, calculated on the dry weight
	260200
	1

	
	manganese oxides: excluding manganese dioxide
	282090
	3.1

	
	Sulphates: n.e.c. in item no. 2833.2
	283329
	4.1

	Li
	Arsenic sulfides, alunite, pozzuolana, earth colours and other mineral substances, n.e.s.
	253090
	1

	
	carbonates: lithium carbonate
	283691
	3

	
	lithium oxide and hydroxide
	282520
	4.2



[bookmark: _Toc211272293]
4.1.2 International trade data was converted into equivalent metal tonnages. 

For the purposes of the transport analysis, it was necessary to understand physical volumes of material flowing along the mineral supply chains. Although the BACI data provided physical tonnages, the aggregation of multiple different stages of processed minerals with widely differing metal contents into single BACI codes made this information difficult to use. For example, copper ores and concentrates are grouped together under a single BACI code, when copper ore typically has a metal concentration of 0.5%, while copper concentrates contain around 30% copper 96,97 . 
Some of the commodity codes in BACI were generic and only a subset of the type of products within each commodity code could be expected to be used as battery precursors. Adjustments to complete the conversion to estimates of actual country-to-country tonnages that were being transported was done in the BACI trade data as follows.
1. The mine-level data (see Section 1) contained estimates of the total reported metal content produced by a country for all uses. This provided an estimate of the total feasible amount of metal that would be processed into other stages.
2. Known mineral stage-specific material conversion factors were used, which gave estimates of the amount (kg) of a given stage output produced per one unit weight (1 kg) of metal or mineral (for graphite) in the ore. Figure 17 shows the conversion factors starting from the mining and beneficiation stage all the way to the desired stages related to battery precursor production. 
3. The material conversion factors were next applied sequentially to the initially corrected BACI trade data, where mass-balance checks were applied to estimate if the total country-level exports at all stages would be possible by converting the remaining metal content at mine level (left after factoring in previous stage exports) and import tonnages of lower stages to the higher stage product using the conversion factors from Figure 17. If for any mineral exports at any stage the BACI estimated exports were lower than the feasible production achieved by adding the converted (to higher stage) volume of remaining metal content production plus the converted (to higher stage) volumes of lower stage imports, no changes were made to the BACI trade data. If the BACI estimated higher stage exports exceeded the feasible production from converting metal content volumes plus converting lower stage imports, then the higher stage exports were reduced to match feasible production values. Lowering a country’s total export estimates would then result in proportional reductions of its existing exports to other trade partner countries and create a new export–import global balance for the particular stage. This would then propagate through the next higher stage of production till the highest stage of product for each mineral was reached.

[bookmark: _Ref182907943][bookmark: _Ref214455330]     [image: A graph with colorful bars
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[bookmark: _Ref214445070][bookmark: _Toc211272400]Figure 17: Mineral stage-specific material conversion factors. Note: Material conversion factors showing the volume (in kilograms) of each stage  of mineral product produced for unit kilogram (1 kg) of metal or mineral in ore.
[bookmark: _Ref190748025]An intermediate result of from the analysis is shown in Table 12, where the estimated country totals of metal (or lithium carbonate) contents utilised in higher stage productions for exports (from BACI data) are compared with the mine-level estimates of total metal productions. Where the values are equal (ie the trade-to-production fraction is 100%) the BACI trade values were proportionally reduced to match mine-level production. For example, in the case of lithium this means that the trade for the generic-looking product code 253090 “Arsenic sulfides, alunite, pozzolana, earth colours and other mineral substances, n.e.s.” (which is known for including lithium products relevant to the study) was reduced to capture only lithium-specific trade. Also, it means all the product mine-level outputs would be utilised for production of the chosen higher stage products for exporting. Where the trade-to-production fraction values are less than 100% it means that there were possibly other uses of the metal that were not captured through the selected products in the trade data or there was unaccounted domestic consumption. For example, only 57% of South Africa’s mine-level cobalt production was accounted for in the production of the chosen higher stage products for export, while the remaining 43% went to other nickel-related products that were being used to non-EV battery manufacturing.      
[bookmark: _Ref214445111][bookmark: _Toc211509407]Table 12: Estimated country totals of metal contents for higher stage productions for exports compared with mine-level estimates of total metal productions
	Mineral
	Exporting country (name)
	Metal converted to the chosen commodities and exported (tonnes)
	Total mine-level metal production estimates (tonnes)
	Trade-to-production-fraction (%)

	Cobalt
	DRC
	118,077
	118,077
	100%

	
	Madagascar
	3,428
	3,428
	100%

	
	South Africa
	250
	250
	100%

	
	Zambia
	940
	940
	100%

	Copper
	Botswana
	54,849
	59,225
	93%

	
	DRC
	1,797,006
	2,394,630
	75%

	
	Namibia
	3,500
	3,500
	100%

	
	Tanzania
	118,027
	118,000
	100%

	
	South Africa
	59,533
	59,528
	100%

	
	Zambia
	720,848
	763,550
	94%

	
	Zimbabwe
	201
	12,907
	2%

	Graphite
	Madagascar
	116,700
	116,700
	100%

	
	Mozambique
	165,932
	165,932
	100%

	
	Tanzania
	9,559
	38,891
	25%

	Lithium
	Namibia
	978
	978
	100%

	
	Zimbabwe
	2,342
	2,342
	100%

	Manganese
	DRC
	955
	1,972
	48%

	
	Namibia
	84,616
	183,441
	46%

	
	South Africa
	10,783,337
	10,777,205
	100%

	
	Zambia
	89,024
	89,048
	100%

	Nickel
	Madagascar
	19,258
	39,780
	48%

	
	South Africa
	28,809
	50,154
	57%

	
	Zambia
	4,059
	4,059
	100%

	
	Zimbabwe
	615
	20,676
	3%


[bookmark: _Toc211272294]4.1.3 Future patterns of international trade were projected 

Since the aim of the study is to simulate an expansion of future production of more highly processed minerals, it was necessary to use information contained in current trading exchanges to proxy for potential future trading patterns for products that are not yet being produced.
Forecasting future trade patterns between countries is a complex process, subject to considerable uncertainties, and none of the existing methodologies in the literature was suitable for this purpose. 
· Computable General Equilibrium (CGE) Models. A global model for long-term trade evolution has been proposed using dynamic CGE methods, with exogenous inputs of macroeconomic, demographic, sectoral and transport cost projections98. However, the model is at a very aggregated scale of 25 regional clusters (with Africa divided into 2 broad clusters) and 4 sectors (agriculture, services, extractives, and manufacturing), which does not provide adequate resolution for the countries and commodities under consideration.
· Network Complexity-Based Models. Zhang et al. (2023) developed a network complexity-based model to predict trade links between 254 countries for 9 raw critical minerals products used in the lithium-ion battery chain, using UN Comtrade data from 2011 to 2020. However, their model relied on preserving the types of products countries were producing and did not consider countries moving up towards higher stage processing and exporting new products. 
· Regression Models. Approaches using regression and material flow analysis to quantify evolution of stocks and demand for critical minerals were also developed 100; however, they lack the geographic details needed in this case.    
Since there were no readily available approaches for estimating the type of future trade matrices needed for this study, a new approach was proposed. Future trade matrices for 2040 were created specifically to reflect changes in global exports and import for the 14 African countries, based on the following steps.
1. The future mine-level metal content estimates for 2040 were added up to get the country-level production of total metal content (see Section 2).
2. The baseline (2022) BACI trade matrix was used to infer existing and future trade relationships between countries. The baseline trade-to-production fraction (%) values (see Table 12) were assumed to remain constant over time, which meant that whatever future metal contents were produced by a country, they were utilised in the same proportion for the different products that were being tracked in this study. If countries were mining and producing new minerals they did not historically produce, then for these new products the trade-to-production fraction (%) was assumed to be 100%.    
3. Threshold level values were estimated to determine the lowest required volume of total metal (or mineral for graphite) content that would be needed to move towards higher stage mineral processing production and exports. Based on cost curve analysis, a production threshold was identified for all minerals offering sufficient data points (see Table 13 and recall Section 2). 
a. Minimum observable scale of processing activity. This is the smallest size of processing plant observed in the S&P Database, and for individual countries producing below this amount it is assumed that processing is not economically feasible. 

[bookmark: _Ref214445133][bookmark: _Toc211509408]Table 13: Minimum observable scale of processing
	Mineral
	Minimum observable scale of processing (tonnes/year)

	Copper (metal content)
	3,737

	Nickel (metal content)
	3,800

	Cobalt (metal content)
	200

	Graphite (mineral content)
	17,227

	Manganese (metal content)
	73,000

	Lithium (carbonate content) 
	6,269


4. The study simulates three future trade scenarios by 2040. The Business-As-Usual Scenario assumes that countries maintain existing trade patterns and processing products in 2040. So, the trade grows or contracts according to the total mine level outputs. For countries not previously producing a mineral product (due to lack of mines) new mine level outputs were assumed to be converted to the initial stage products (i.e. Stage 1) and exported globally to countries with existing demands for the product. In the Precursor-Related Product Scenario countries move to progressively higher levels of processing over time. The table below clarifies the target processing stage for each mineral under the 2040 Precursor-Related Product Scenario. Nevertheless, it is not always feasible for countries to be able to process 100% of Stage 1 production to the target stage, either due to resource and energy constraints, or because there are other possible processing directions for the Stage 1 mineral beyond the battery value chain. This is also clarified in Table 14. For example, only 10% of future manganese ores and concentrates would be converted to a Stage 5 (manganese sulphate) product in 2040. The percentage values in Table 12 were arrived at based on the sources and assumptions described. 

[bookmark: _Ref214453207][bookmark: _Toc211509409]Table 14: Percentage of mineral production at each stage that is assumed to be processed to the next stage of the battery value chain (proportion used as metal content restriction). This proportion enables modelling shares of products that may be used for non-battery applications.
	Mineral
	Refining stage
	Metal content (or mineral for graphite) share for next stage (%)
	Comments and source

	Copper
	1
	100
	

	
	2
	100
	

	
	3
	100
	

	
	4.3
	50
	

	
	5
	50
	2040 Precursor related product target 101.

	Cobalt
	1
	100
	

	
	2
	100
	

	
	3
	100
	Only used for Zambia and Madagascar

	
	4.1
	100
	

	
	5
	60
	2040 Precursor related product target. This grows to 0.6 to reflect a higher global demand for batteries and is to be used for the 2040 scenario but the share of the total mineral is reduced from the previous stage in real life 102.

	Nickel
	1
	100
	

	
	2
	100
	

	
	3
	100
	

	
	5
	25
	2040 Precursor related product target

	Graphite
	1
	100
	

	
	3
	30
	

	
	4
	40
	2040 Precursor related product target 102.

	Manganese
	1
	100
	

	
	3.1
	10
	

	
	4.1
	10
	2040 Precursor related product target 102.

	Lithium
	1
	100
	

	
	3
	100
	

	
	4.2
	100
	2040 Precursor related product target. Lithium is the mineral which has the highest uses in batteries, thus all production is used 102.


 
4. For the scenario where all mineral processing is constrained to take place within the borders of the country where it is mined, total country-level mineral-specific metal (or mineral for graphite) content volumes were compared with the threshold values set for the minimum observable scale. This was then used to estimate the new total volumes of imports and exports entering and leaving each country. 
a. If a country produced metal content above the threshold, then it would consider converting its metal content into higher stages of processed products. Otherwise, its least stage of export would be the Stage 1 (ores and concentrates) product. 
b. The global trade for all countries moving towards higher stage production would then start with the least stage of processed product for the future year and all historical exports of products corresponding to stages below that would vanish to zero. 
c. If the historic trade data (step 2, above) showed that a country was exporting certain volumes of products at stages above the least stage of processed product then these volumes would remain the same in the future years, if there were sufficient metal or lithium carbonate) content production. This meant that the priority for countries would be to change their productions and exports of the chosen least stage of processed products, while trying to maintain the historic level of exports of further higher stages of refined products. 
d. If a country was historically importing products corresponding to the future least stage of processed products, then its first priority would be to replace this with its domestic production. Also, import volumes of lower stage products (stages below the least stage of future production) that would historically go into the production of higher stage export volumes were also assumed to be displaced by domestic production if the future metal content was sufficient. If the future metal production was not sufficient then the lower stage imports were continued but were not allowed to exceed their historic levels. This would simply mean that countries would not try to increase imports if their metal (or mineral for graphite) content production fell in future.   
e. All import volumes of future products corresponding to stages higher than the future least stage of processed product were assumed to remain unchanged. 
f. The new volumes of the least stage of processed product in the future were estimated from the metal content that was left after estimating the new volumes of higher stage exports and the volumes of domestic production that would displace historic imports of least stage of processed product.  
g. Using the material conversion factors (see Figure 17), each country’s metal content volumes were converted to all the new identified stages of products (from the list shown in Table 14) and the corresponding volumes for total exports, imports, and domestic usage, by following the rules outlined in steps 5a–f above.                   
5. For the scenario where minerals are allowed to cross-borders to seek more cost-effective opportunities for minerals processing at minimum observable scale, the initial assumption was that each country would export any volume of minerals at or above the minimum observable scale for next stage processing to allow regional accumulation of metal content. This meant that the default assumption was that each country’s exports would start from the least stage of processed product for the future year. The remaining export, import, and domestic trade volumes for the future will be estimated by following steps 5b–g above.
6. The next step was to disaggregate the total volumes of each country’s exports and imports into country-to-country trade. This was done in the following steps:
a. The exports and imports of the 14 African countries of interest were fixed, while it was assumed that the rest of the world would have flexible demand to be able to accommodate increased exports coming from these 14 countries and adjust their own supply if the 14 African countries were not importing product from them in the future.
b. Using the same trading partners as in the baseline (2022) BACI trade data, all exports of products no longer produced in the future, by the 14 countries of interest, were set to zero.  
c. Using the same trading partners as in the baseline (2022) BACI trade data, first the import volumes for each product coming into each of the 14 countries of interest from historic partner countries were proportionally changed to match the future total imports of these products into each country.
d. Next the exports out of the 14 countries were adjusted. If a country exported a product in the baseline (2022) BACI trade data, then it was assumed that it would continue to export to the same countries and the trade would change proportionally to match the future total exports of these products out of each country.    
e. If a country started producing a new product that it was not exporting in the baseline, then its exports of this product were assumed to be distributed to countries (outside the 14 African countries of interest) globally in the same proportion as the global baseline demand for the product.   

[bookmark: _Toc211272295]4.2 Disaggregating cross-border trade flows to higher resolution origin–destination travel matrix

[bookmark: _Toc211272296]4.2.1 Origin–destination points were identified. 

Following the creation of the country-to-country trade matrices, the trade material flow volumes (in tonnes) were disaggregated to specific locations to create origin–destination matrices. These origin–destination matrices were created with respect to each one of the different trade flow scenarios. For very accurate estimation of transport flows, data would be needed on detailed locations and supply and demand volumes shipped between every mine, processing plant, ports, and other manufacturing facilities globally where the products would be utilised for EV battery production. Having such detailed supply chain information was not possible as it would require mining and manufacturing company data which are often not open source. For the scope of this study, locations were interpreted as proxies for most likely areas for concentration of mining and processing activities and areas for facilitation of the transport logistics of the mineral supply chain globally. The types of locations for origin–destination disaggregation were chosen as follows.
· Mine locations. The starting locations for all minerals were at the mines, which were chosen as origins where lower stage processing was being done before being sent for transport. As mentioned in Section 1, some existing mine locations were accurate as per remote sensing datasets, while future mine locations were inferred from S&P estimates.  
· Major city locations. Certain higher stages of processed product (eg copper sulphate) are already being produced in some countries in Africa such as South Africa103. Ideally the exact locations of the specific processing plants and their production volumes (or capacities) would help disaggregate the country-level exports for these products to locations. However, such data were not available. An assumption was taken that the existing higher stage processing plants would be located in the vicinity of major cities where labour and energy inputs would be readily accessible. A UN population dataset on major city locations with population more than 300,000 was chosen104, for identifying locations of existing higher stage processing.           
· African gateway ports. Specific ports in Africa were identified as gateway ports for the entry and exit of mineral-specific products. While these were neither origin nor destination locations, they were important for inferring trade routes within Africa as they are connected to important corridors for transport. The list of the gateway ports in Africa identified in this study is provided in Table 15 with the types of minerals being handled at each port. The annual vessel capacities for general and dry bulk cargo vessels arriving at these ports are also reported. These values were taken from105, which derived values from global shipping datasets.
· Global ports. For countries outside the African continent, ports handling highest volumes of bulk or general cargo were identified as destinations for receiving the exports coming from the 14 Africa countries and as origins from where the 14 African countries would be getting their imports. This simplified approximation was taken because there were no data on the types of mineral products being handled at ports in every country in the world. Also, the aim of the study was to identify approximate gateway points for trade entry and exit to countries outside the 14 African countries of interest, to infer the most feasible maritime routes out of Africa.  

[bookmark: _Ref214453246][bookmark: _Toc211509410]Table 15: Gateway ports in Africa
	
	
	Minerals processed at port
	

	African gateway port
	Country
	Cu
	Co
	Ni
	Li
	Mn
	Gr
	Annual vessel capacities (tonnes)

	
	
	
	
	
	
	
	
	General cargo
	Dry bulk cargo

	Lobito
	Angola
	 
	 
	 
	 
	 
	 
	686,515
	607,419

	Mombasa
	Kenya
	 
	 
	 
	 
	 
	 
	1,848,161
	13,985,304

	Toamasina
	Madagascar
	 
	 
	 
	 
	 
	 
	335,929
	3,638,271

	Beira
	Mozambique
	 
	 
	 
	 
	 
	 
	1,057,356
	8,749,086

	Maputo
	Mozambique
	 
	 
	 
	 
	 
	 
	1,758,199
	23,477,057

	Nacala
	Mozambique
	 
	 
	 
	 
	 
	 
	455,498
	10,249,784

	Walvis Bay
	Namibia
	 
	 
	 
	 
	 
	 
	2,901,211
	1,860,172

	Luderitz Bay
	Namibia
	 
	 
	 
	 
	 
	 
	126,312
	805,992

	Saldanha Bay
	South Africa
	 
	 
	 
	 
	 
	 
	804,523
	66,277,596

	Durban
	South Africa
	 
	 
	 
	 
	 
	 
	7,121,630
	39,746,309

	East London
	South Africa
	 
	 
	 
	 
	 
	 
	71,561
	358,922

	Port Elizabeth
	South Africa
	 
	 
	 
	 
	 
	 
	2,226,238
	40,410,807

	Dar Es Salaam
	Tanzania
	 
	 
	 
	 
	 
	 
	1,090,358
	6,142,306


   
[bookmark: _Toc211272297]4.2.2 Processing locations were established. 

Since little mineral processing is currently taking place in Southern Africa, assumptions had to be made regarding where future processing would take place. This was based on the approach summarised in Table 16. Across the scenarios most of the early-stage processing (eg ores and concentrates, unrefined products) was assumed to be produced at the mining site, which is common in the mining industry given the large volumes of ore extracted106. The intermediate stages (eg copper and cobalt cathode, spherical graphite, lithium carbonate, manganese oxide, and nickel mattes) were assumed to be processed at the mines or right next to them in the baseline scenario, which currently occurs for large-scale operations such as Glencore’s Mutanda mine in DRC which produces copper and cobalt107. The assumption is less true for lesser developed mineral processing in the continent such as lithium, graphite, or manganese (for battery applications), yet using the same assumption facilitated calculations and comparisons. In the absence of any data, higher stages were assumed to have processing locations in the vicinity of cities where manufacturing would be located. In the Business-As-Usual Scenario the processing at the mines would scale up if the mine level output increased. In the Precursor-Related Product Scenario the mine level processing would at most match their baseline volumes. Any excess tonnage of metal content (or ores and concentrates) in the future scenarios would be moved out of the mines towards new locations. For the future scenarios the processing of the desired stages of products was assumed to move towards locations of flow concentration as estimated from a flow optimisation model (see Table 16).    
 
[bookmark: _Ref214453269][bookmark: _Toc211509411]Table 16: Summary of assumptions regarding future processing locations
	
	
	
	
	Processing locations

	
	BACI product description
	BACI code
	Refining stage
	Baseline (2022) 
	Precursor product 2040

	Cu
	copper ores and concentrates
	260300
	1
	Mine
	Mine

	
	copper: unrefined, copper anodes for electrolytic refining
	740200
	2
	
	From flow optimisation

	
	copper: refined, unwrought, cathodes and sections of cathodes
	740311
	3
	
	

	
	copper oxides and hydroxides
	282550
	4.3
	City
	

	
	sulphates: of copper
	283325
	5
	
	

	Co
	cobalt ores and concentrates
	260500
	1
	Mine
	Mine

	
	cobalt: mattes and other intermediate products of cobalt metallurgy, unwrought cobalt, powders
	810520
	2
	
	From flow optimisation

	
	cobalt: mattes and other intermediate products of cobalt metallurgy, unwrought cobalt, powders
	810520
	3
	
	

	
	cobalt oxides and hydroxides: commercial cobalt oxides
	282200
	4.1
	
	

	
	Sulphates: n.e.c. in item no. 2833.2
	283329
	5
	City
	

	Ni
	nickel ores and concentrates
	260400
	1
	Mine
	Mine

	
	nickel: nickel mattes
	750110
	2
	
	

	
	nickel: powders and flakes
	750400
	3
	
	From flow optimisation

	
	sulphates: of nickel
	283324
	5
	
	

	Gr
	graphite: natural, in other forms, excluding powder or flakes
	250490
	1
	Mine
	Mine

	
	graphite: natural, in powder or in flakes
	250410
	1
	
	

	
	graphite: natural, in powder or in flakes
	250410
	3
	
	From flow optimisation

	
	graphite: natural, in powder or in flakes
	250410
	4
	City
	

	Mn
	manganese ores and concentrates, including ferruginous manganese ores and concentrates with a manganese content of 20% or more, calculated on the dry weight
	260200
	1
	Mine
	Mine

	
	manganese oxides: excluding manganese dioxide
	282090
	3.1
	
	From flow optimisation

	
	Sulphates: n.e.c. in item no. 2833.2
	283329
	4.1
	City
	

	Li
	Arsenic sulfides, alunite, pozzuolana, earth colours and other mineral substances, n.e.s.
	253090
	1
	Mine
	Mine

	
	carbonates: lithium carbonate
	283691
	3
	
	From flow optimisation

	
	lithium oxide and hydroxide
	282520
	4.2
	City
	





[bookmark: _Toc211272298]4.2.3 National trade flows were disaggregated across origin–destination points. 

The country-level trade values were disaggregated to the location-specific origins and destinations as follows.
1. Since the country-level metal (or lithium carbonate) content productions were aggregated from mine-level metal (or lithium carbonate) content values, the trade out of the mines to all destination locations was assumed to be disaggregated in the same proportions. 
2. The products being manufactured and traded out of the city locations were assumed to be disaggregated in proportion to the populations assigned to these locations.
3. Since unique global ports per country were identified as destination locations for products, it was straightforward to assign all trade coming into a country to a given port. It was assumed that all mines (or cities) producing a particular product in the origin country would be shipping to the destination country’s port. For example, if DRC was exporting Stage 1 copper to China, then all mines in DRC were assumed to shipping Stage 1 copper to China. While this is unlikely to be entirely accurate, in the absence of detailed mine-level information, disaggregating the total trade to each mine was a sensible approach that captures the overall trade patterns.         
4. If there was trade to be assigned from mine-to-city or city-to-city within Africa, then the values from each origin location were disaggregated in proportion to the population weights of each destination location.           

[bookmark: _Toc211272299]4.3 Modelling optimal routing of trade flows across travel infrastructure
[bookmark: _Toc211272300]
4.3.1 A transport flow allocation model was created.

A transport flow allocation model was created to estimate how the volumes (in annual tonnes) of products being produced at different supply locations (origins) would be moved via transport networks to demand locations (destinations), along the mineral supply chain, as illustrated in Figure 18. Broadly, the trade flows routes were divided into two types: 
1. Trade within Africa. This involved routing flows in the following ways: 
a. Between mines to convert unrefined products to lower stage refined products. This was done between mines of separate countries, if the high-level trade matrix indicated that these countries would be trading unrefined product which would be converted into lower stage refined product in the destination country for further usage (see Figure 18).      
b. From mines to existing higher processing locations (cities), within a country and between trading countries. Routing was also done between mines and cities within a country for transporting the residual unrefined product for manufacture of other products not being used in the EV battery value chain (based on the assumptions from Table 16). 
c. Between cities to send higher stage processed products from one country to another, as indicated by the trade data.   
d. From mines and cities towards gateway ports for global exports.
e. Imports from gateway ports towards mines (those producing refined product only) and cities. The imports headed towards mines were assumed to be distributed in proportion to the metal content production of each mine, and the imports headed towards the cities were assumed to be distributed in proportion to the population of each city.    
2. Trade beyond Africa. This involved sending flows (exports and imports) via a global shipping network between the African gateway ports to one port per country of destination or origin.         
 
[bookmark: _Ref214453603][bookmark: _Toc211272401]Figure 18: Schematic of baseline flow routing
[image: A diagram of a trade within africa
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[bookmark: _Toc211272301]4.3.2 A multi-modal routable transport network was constructed.

To implement the transport routing, first spatial network datasets were collected and joined together to create a multi-modal routable network, based on the sources identified in Table 17.
[bookmark: _Ref214453305][bookmark: _Toc211509412]Table 17: Sources for mapping a multi-modal routable network
	Transport Mode
	Network elements
	Coverage
	Source

	Maritime
	· 3,780 nodes (1,473 Ports)
· 9,538 maritime links 
· ~82,000 direct shipping routes
	Global
	105,108

	Railways
	· 51,351 nodes (3,667 Stations)
· 51,489 rail line segments 
	Africa
	109,110

	Roads
	· 2,179,766 endpoints of road segments
· 2,305,150 road segments
	Africa
	109


   
Data for each transport mode was organised as a layer of nodes (eg ports, railway stations, road junctions) and a layer of edges connecting nodes (eg maritime routes, rail lines, road links), which defined the well-known concept of topology of a network graph 111–113.
· Maritime. The maritime network topology information was based on the existing global dataset created by Verschuur et al. (2022), to which some missing ports in Africa were added from a USGS database108.
· Rail. The railway network topology was created from OpenStreetMap (OSM) data, which did not have connectivity between stations and lines. This connectivity was created via a Python function114, by joining stations to their nearest rail lines. Further modifications were made to add attributes to the lines (eg status of operation) and stations (eg type of usage: container depot, mine, ports, intermodal, etc) to infer major hubs where the railways network would connect with mines, roads, and ports. Some existing rail projects, missing in OSM, were also identified from a recent study110, spatially mapped, and joined to the OSM rail network.
· Roads. The road network topology was created from road links data from OSM. The dataset of all roads in Africa contained several millions of roads, the majority of which were not useful for this study. This was converted to a topological network utilising a Python workflow115. Roads that formed the main corridors in Africa and facilitated long-distance transport from mines to ports and major cities were most important. Hence, roads in OSM classified as motorways, trunk, primary, and secondary were selected as the main network of Africa, along with all the roads that connected mines, cities, and ports to the main network.       
The three networks were also spatially connected with each other by connecting mines, cities, and ports to their nearest roads. In the case of railways, the mines, cities, and ports were only connected to a railway station if it was within 2 km of the site. Rail stations that were identified as intermodal locations were connected to their nearest road node. The maps of all three modal networks for Southern Africa are shown in Figure 19.
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[bookmark: _Ref214453653][bookmark: _Toc211272402]Figure 19: Road, rail, and sea network maps

[bookmark: _Toc211272302]
4.3.3 Network flows were optimised.
The transport flow routing model for quantifying trade flows on the multi-modal transport network involved connected mines, roads, railways, and maritime ports in Africa to a global shipping network. These locations were therefore embedded within the multi-modal transport network that included geolocated railways, roads, and maritime nodes and edges. The resulting full transport network topology was modelling as a graph  with nodes  and edges , where the relationship  showed that edge  connected from node  towards . Edges were assumed to be directed, that is , to distinguish between the direction and volumes of export and import trade flows. This meant that the road and rail lines were duplicated to account for flows in both directions.  
The multi-commodity origin–destination matrix data, for the set of  unique mineral products, denoted as , contained the volume in annual tonnes () to be assigned between mines, processing locations, and ports via the network edges. For assigning the origin–destination matrix onto the network, each edge () was assigned a generalised cost () (in US$/tonne) of freight transport. Commodity-specific flows () along network edges were estimated by minimising the total cost of transport for each origin–destination matrix flow () along the network edges (Equation (1)), with the total flow assigned to an edge not exceeding its capacity () (Equation (2)), and all origin–destination matrix flows being assigned onto the network (Equation (3)). Here  denotes an indicator function equal to 1 if the edge  was chosen in the route between and origin () and destination () pair and was 0 otherwise.
	
	
(1)

	
	
(2)

	
	
(3)



The solution of the above flow assignment problem resulted in optimising the flow of the commodities between mines, processing sites, and ports. The generalised cost along a particular network edge is expressed in Equation (4) in terms of factors described below.
       (4)
1. Waiting times or dwell times (). Commodity-specific time (in hours) spent by unit tonnage of the cargo from its arrival to departure at a port or land border crossing (road or rail post). In the network flow assignment model, these costs were applied to country-specific ports and border crossings (point locations), and they were given to the edges that connected to these point locations. 
2. Travel times (). The time (in hours) depending upon the speed to travel through a network edge (road section, rail line, or maritime routes). 
3. Value of time (). A factor applied to indicate the cost of time (in US$/tonne-hour) to the shipping company sending the cargo.  
4. Handling costs (). Commodity-specific costs in US$/tonnes for loading and unloading cargo at maritime ports and inter-modal transfer points between road and rail links. These costs are applied the multi-modal edges that connect these point locations.
5. Edge length (). The length of the road, rail, or maritime route in kilometres. 
6. Tariff rates (). A fixed commodity-specific tariff (in US$/tonne-km) imposed on the road or rail routes based on the weight and distance of cargo being transported.  
 
Values for the parameters of the generalised cost function were obtained from a global database 116. Since the transport flows only captured a small fraction of the actual products being transported along roads, railways, and maritime networks, there was no need to put capacity constraints along most of the edges. Annual capacity values () were applied to the edges coming in and out of the port nodes to constrain the flows in and out of these ports.  

[bookmark: _Toc211272303]4.3.4 Future processing sites were identified via transport flow optimisation.

The flow allocation in the future scenarios (2040) involved moving towards higher stages of processing and finding locations where such processing could be done, either within a country (constrained by a minimum observable scale) or via regional collaboration (aiming for processing above observable scale), as illustrated in Figure 18. This involved the following steps.
1. The origin–destination matrix for a given future scenario was taken, which contained new products being traded out of the 14 African countries, and the flow allocation was done as described in the previous section.
2. The flows corresponding to the highest mineral stage of product for each mineral in the future (eg Stage 5 copper in 2050) were tracked along the transport routes from each origin to each destination. This resulted in identifying each road and rail node and edge over which these flows passed and their total volumes (in annual tonnes).
3. The nodes with the highest accumulation of flows of the desired mineral stage product and the required metal (or lithium carbonate) content were identified as potential locations for future processing and out of these locations the one which required the least total transport costs, distance and time to reach across all origin–destination routes (passing through it) was chosen as the location of a new processing hub in the future. In other words, this was a network level optimisation problem of maximising flow volumes and minimising transport costs, distance and time. 
4. The choice of the hub was finally determined by the total volume of the metal content arriving at it, because if it was below the relevant scale thresholds needed for production then the conversion to the higher stage would not happen. Instead, the mineral would be traded for the products corresponding to the unrefined (eg Stage 1) mineral stages.
5. Steps 3–4 were repeated multiple times to find successive locations for the origin–destination flows going through different routes that did not involve passing through the chosen processing hubs, till all unique origin–destination flow routes were accounted for. 
6. In the National Scenario (based on minimum observable scale), the processing hub locations were determined based on only flows originating and remaining within country. While, in the regional scenario (based on processing above the minimum observable scale), all flows across all countries were accumulated at the suitable locations.                  
[bookmark: _Ref190748880]

[bookmark: _Ref214453553][bookmark: _Toc211272403]Figure 20: Schematic for future flow routing
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[bookmark: _Toc211272304]4.3.5	Transport-related carbon emissions were estimated.

Following the allocation of flows on the transport network for each scenario, the carbon emissions in tonnes-CO2eq were estimated. A Transport Energy and Air pollution Model (TEAM) was used to convert the tonnages of cargo transported along roads and railway lines in tonnes-CO2eq of carbon emissions117. The aim of the analysis was to produce a generalised estimate of carbon emissions, instead of using more detailed estimates that would require, among other attributes, data on individual cargo vehicle types, their fuel types, and occupancy118. TEAM allowed such a generalised estimate based on the assumption that all cargo along roads and rail networks would be transported using standard class of vehicles.       
Along a given network edge, , the conversion of tonnage of cargo () to carbon emissions () carried along a given mode () of travel (road or rail) was done by applying the following equation:
         (5)
Where  is the length of the edge in kilometres,  is the energy consumption in litres per 100 km (L/100 km) of a standard vehicle type carrying the cargo,  is the fuel density in kg/L for the standard fuel type of a vehicle,  is the standard vehicle weight in tonnes of a fully loaded vehicle, and  is a load factor signifying the fraction of the vehicle that might be carrying the load. 
For the study region, the values for the mode-specific parameters were chosen based on the assumption that the standard vehicle type on the roads was a heavy goods truck that used diesel and was designed as per the EURO 5 (2009–2014) emission standard, whereas for railways a standard diesel locomotive train was assumed119. Parameter values obtained from119 are shown in Table 18. 
[bookmark: _Ref214453333][bookmark: _Toc211509413]Table 18: Parameter values for road and rail vehicle types
	Mode (
	Energy consumption () – L/100 km
	Fuel density () – kg/L
	Vehicle weight () - tonnes
	Load factor (

	Road
	32.19
	0.83
	22
	0.386

	Rail
	301.34
	0.83
	380
	0.7





5. [bookmark: _Toc211272305]Modelling Energy Needs Along Critical Minerals Value Chains

This section documents the detailed methodological steps used to model energy supply for critical minerals processing. This begins by estimating location-specific energy requirements and goes on to calculate and compare the cost of serving each location through grid versus off-grid technologies. 
5.1 Estimation of Energy Requirements per location 
5.1.1 Location-specific energy demands were estimated 
Modelling the costs of energy provision for critical minerals processing entails estimating location-specific energy demand. This builds on previous steps, which have already identified the nature of the mining and processing activities taking place at each geographic location, as well as the tonnages of minerals involved. Since the energy intensities associated with each stage of mineral processing are already known (see Table 19), an estimate of energy demand can be obtained simply by multiplying energy intensities by mineral tonnages.  
[bookmark: _Ref214453355][bookmark: _Toc211509414]Table 19: Overview of average energy intensity of mineral processing at different stages in kWh per kg of output product. The processing stage is simplified to remove decimals. For example, if any stage was called 3.1, it is now referred to as 3.
	
	Average electricity intensity (kWh/kg)

	Simplified processing stage
	Cobalt
	Copper
	Graphite
	Lithium
	Manganese
	Nickel

	1
	0.72
	0.49
	0.62
	0.04
	0.23
	0

	2
	
	0.91
	
	
	
	0.11

	3
	1.69
	5.42
	2.10
	2.95
	0.01
	1.42

	4
	2.33
	0.42
	3.29
	0.68
	0.10
	

	5
	1.15
	0.33
	
	
	
	0.42



 
5.1.2 A methodology for estimating costs of meeting energy demand was developed 
While mining and processing activities call for a combination of motive and thermal energy, for the purposes of this study the focus will be on estimating electricity demand. The reason is that, for many processes, electricity accounts for the bulk of energy use. Also, it is assumed that with the increasing trend towards industrial electrification, most of the remaining processes would be capable of being substituted by electricity. While this electrification requires a change in equipment and implementation of new methods, the assumption allowed us to test future electrification potential. Thus, where non-electric forms of energy are currently used, the study estimates the equivalent amount of electricity that would be needed to serve the equivalent energy needs.
Estimated energy demands could potentially be met either by on-grid or off-grid electricity. Some mining and processing locations are remotely situated, and it is common practice for mining companies to self-supply energy based on off-grid technologies. Other locations, particularly downstream processing locations, are more likely to be situated closer to urban centres and the power grid. In yet other cases, mining and processing sites may be located relatively close to the grid, making it relevant to consider whether a grid connection would be justified by the energy demand.  
To fully represent these choices, the study began by estimating and projecting the cost of grid electricity in each country for the study time horizon to 2050, which is done using the open-source energy system planning tool, OSeMOSYS Global (see further below). These costs are then entered into a modified version of the Open-Source Spatial Electrification Tool – OnSSET (see further below) – which can compare the cost of meeting energy demand at any location through grid or off-grid technologies, determining the optimal solution in each case and estimating the associated cost. To ensure that the needs of the local worker communities are also met, an additional energy demand was incorporated into the calculations at any off-grid site where mining and/or processing takes place. Finally, given increasing concerns around carbon emissions embedded in industrial products, the models also report the associated carbon intensity of the energy provided.  
5.2 Calculation of unit costs and emission intensity for grid electricity 
5.2.1 The OSeMOSYS Global tool was calibrated for each country 
The Open-Source Energy Modelling System (OSeMOSYS) framework provides the basis for the modelling of national grid-based power systems, whereby linear optimisation was used to identify the power sector technologies capable of meeting exogenously defined energy demands on a least-cost basis, subject to specified constraints. The main objective of the model is to determine the lowest net present value (NPV) cost of an energy system to meet given demand(s) for specific energy services120. The model permits techno-economic assessment of the least-cost pathways to meet any predetermined energy demand scenario, covering both generation and transmission (but not distribution) costs. 
OSeMOSYS Global was applied individually to each country selected for this study, based on pre-existing calibrations of the corresponding national power system121, with model specification details summarised in Table 20. The work entailed the development of 14 distinct models for each of the 14 countries covered: Angola, Botswana, Burundi, Democratic of Congo, Kenya, Madagascar, Malawi, Mozambique, Namibia, South Africa, Tanzania, Uganda, Zambia, and Zimbabwe.  
[bookmark: _Ref214453374][bookmark: _Toc211509415]Table 20: Overview of assumptions underpinning least-cost power system expansion modelling
	Time horizon 
	2022–2050 

	Time representation 
	48 sub-annual time slices comprising six seasons and eight-day parts.  

	Techno-economic data 
	These were primarily sourced from the OSeMOSYS Global Africa-specific dataset121, with additional sources utilised to fill existing data gaps and increase accuracy where possible.  

	Residual capacity 
	Installed capacity of existing power plants and committed powerplant projects were sourced from122.  

	Demand projections 
	Historic demand projections for all regions provided by the International Energy Agency (IEA) 123–135, with more specific demand growth rates projections sourced from regional integrated resource plans (IRP) (Botswana IRP, 2020; South Africa IRP, 2023; Kenya Least Cost Development Plan, 2024; Malawi IRP, 2024; Mozambique IRP, 2018; Tanzania Power System Master Plan, 2024; Zambia IRP, 2022; Uganda Least Cost Electricity Expansion, 2021 and Namibia IRP, 2022). With the remaining regions utilising OSeMOSYS Global inputs121 with the exception of Burundi which utilised CCG Starter Data Kits demand projections.    

	Fuel assumptions 
	Fuels included were coal, heavy oil, gas, and biomass. Prices were referenced to US$ in 2020 and projected up to 2050 in five-year intervals.    

	Cost assumptions 
	Future capital costs and fixed operating costs were extracted from the IEA’s 2050 Stated Policies scenarios for Africa (IEA’s 2022 World Energy Outlook123). Future capital costs were considered on a weighted average basis, with costs associated with renewable energy technologies and Carbon Capture and Storage-equipped power plants based on below assumed learning rates sourced from IEA123.   

	Discount rate 
	10% 

	Reserve margin 
	10% 


 
5.2.2 Scenarios were estimated with and without critical minerals processing demand 
Once the models were calibrated, they could be used to determine the impact associated with meeting projected demand for critical minerals processing, in terms of capital cost, levelised costs of energy, and carbon emissions. Each model incorporated a reference demand projection scenario. However, due to the increasing marginal cost of energy, a substantial increase in energy demand attributable to critical minerals processing can be expected to raise systemwide energy costs. For countries where the additional demand associated with critical minerals processing was deemed substantial (defined as in excess of five percent of reference demand by the end years of 2040), an alternative demand scenario was run to capture these higher costs. To avoid double counting, existing industrial demand projection attributable to the mining sector was ‘stripped out’ of the reference demand projection, before the two demand scenarios were compared.  
As shown in Figure 2E in the paper, in some cases (notably, Kenya, Uganda, South Africa, Zimbabwe), the incremental demand associated with critical minerals processing is marginal relative to the reference demand scenario and simulations are based on the reference model. However, in other cases (notably, Botswana, Burundi, DRC, Madagascar, Namibia, Tanzania, and Zambia), the incremental demand is substantial, necessitating an alternative modelling scenario where critical minerals processing demand estimated in the preceding step was incorporated into the industrial demand projection. The difference is deemed substantial if critical minerals processing energy needs surpass five percent of projected demand by 2040. 

5.2.3 Power grid performance parameters were calculated for each country 
National power sector planning models were run using the relevant demand projections for the different scenarios considered in the study. The results of each scenario could be summarised by means of three output parameters. 
· Average generation capital expenditure (US$/kW): To determine the average generation capital expenditure, the capital investment for on-grid generating power sector technologies was divided by new capacity additions.  
· Average levelised cost of grid energy (US$/kWh): To determine the average levelised cost of electricity, the total discounted system cost of generation and associated high voltage transmission is divided by the total volume of generation across the modelling period.  
· Average grid emission factor (gCO2eq/kwh): To determine the grid emission factor for each country without accounting for electricity imports, the total power system emissions are divided by the total amount of electricity produced. Total power system emissions are obtained by multiplying the emission factor for each power generation technology by the total volume of electricity generated using that technology 136. 
The table below provides the resulting values for these three indicators across countries for the National Precursor-Related Product 2040 Scenario, given that there was hardly any variation in these parameters across scenarios (Table 21). In addition, the projected generation mix for each country is graphically represented below for the baseline scenario. 

[bookmark: _Ref214453396][bookmark: _Toc211509416]Table 21: Summary of power grid performance parameters by country and scenario (National Precursor-Related Product Scenario by 2040)
	
	Average generating capex ($/KW) 
	Levelised Cost of Energy (LCOE) for generation and transmission ($/KWh) 
	Average power grid carbon emission factor (gCO2eq/kWh) 

	Angola
	1641.00
	0.06
	127.36

	Botswana 
	694.35
	0.10
	213.99 

	Burundi
	822.03
	0.16  
	18.13  

	DRC
	2029.51  
	0.10  
	13.91   

	Kenya 
	2251.64
	0.04  
	14.41  

	Madagascar
	1575.54
	0.07
	97.66

	Malawi
	1540.11
	0.05   
	14.48 

	Mozambique
	1205.87  
	0.04
	80.61  

	Namibia
	1259.17
	0.06
	154.33  

	South Africa
	624.38
	0.06
	598.35

	Tanzania
	1263.18  
	0.06 
	68.05

	Uganda
	1408.09  
	0.06  
	36.38

	Zambia
	1634.07
	0.04  
	26.97

	Zimbabwe
	1519.65 
	0.03 
	40.83



For the countries Kenya, South Africa, Uganda and Zimbabwe, changes in projected energy demands fell below the 5% threshold for both 2040 across national and regional scenarios. It was therefore assumed that the total installed capacity, average generative capital expenditure, average LCOE, and average grid emission factors would remain unchanged relative to the baseline under both cases for those countries.
[bookmark: _Hlk210290737]The figures below highlight the total installed capacity under the baseline scenario for these seven countries (Figure 21). They also highlight the variation in generation technologies across countries. Hydropower remains the dominant source of electricity in Zambia and Uganda. Solar picks up to play a significant system role by 2040 in Zimbabwe, Mozambique, and South Africa. Gas plays a growing role in replacing displaced coal power in South Africa, while Kenya continues to rely heavily on geothermal power.
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[bookmark: _Ref214453750][bookmark: _Toc211272405]Figure 21: Projected baseline power system expansion capacity for countries where incremental critical minerals processing demand is negligible (<5 percent of total)  

For the remaining countries, some significant differences can be observed across system expansion plans under different critical minerals processing scenarios.
· [image: ][image: ]Angola. Hydropower is the baseload resource for Angola given its substantial resource potential. Gas resources are utilised during later years, bringing some diversification. Under both National and Regional scenarios, at least 2.5GW hydropower capacity is added to the electricity grid in 2040 and 5GW in 2050 to satisfy a 45% increase in electricity demand relative to the baseline (Figure 22). 

[bookmark: _Ref222229881][bookmark: _Ref222229874]

[bookmark: _Ref222480416]Figure 22: Projected power system capacity in Angola under different critical minerals processing scenarios   
· Botswana. Botswana’s current power system is primarily fossil fuel based on coal. However, over the modelling period solar capacity is planned to be added to the electricity grid to meet growing demand. It appears under the National Precursor 2040 scenario, there is an increase of 2.5GW of solar capacity followed by 750MW of natural gas capacity to accommodate a 16% increase in electricity demand (Figure 23).
[bookmark: _Ref214453793][bookmark: _Toc211272407][image: ][image: ] 


[bookmark: _Ref222391524]Figure 23: Projected power system capacity in Botswana under different critical minerals processing scenarios   

· Burundi. In Burundi, solar appears to grow in dominance over the modelling period for the baseline scenario. To accommodate the 21% increase in national electricity demand and 14% increase regional scenarios, 1GW of solar capacity is added to the electricity grid (Figure 24).  
[image: ]
[image: ][image: ]

 
[bookmark: _Ref214453894][bookmark: _Toc211272413]




[bookmark: _Ref222480453]Figure 24: Projected power system capacity in Burundi under different critical minerals processing scenarios

· Democratic of Congo (DRC). Hydropower is the baseload resource for the DRC given its substantial resource potential. Batteries are utilised during later years to accommodate this renewable energy Under both National and Regional scenarios, 15 GW hydropower capacity is added to the electricity grid in 2040 and 30GW in 2050 to satisfy at least 50% increase in electricity demand relative to the baseline (Figure 25). 

[bookmark: _Ref214453770][bookmark: _Toc211272406][bookmark: _Ref193054429]
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[bookmark: _Ref222480483]Figure 25: Projected power system capacity in DRC under different critical minerals processing scenarios   

· Madagascar. In both the baseline and Regional 2040 Scenarios, hydropower dominates the system from the year 2025 and onwards, accounting for 65% of total installed capacity. To accommodate for the 7% increase in mineral processing demand, hydropower capacity increases by 1.2GW in 2050 (Figure 26).
[bookmark: _Ref214453820][bookmark: _Toc211272409][image: ][image: ]
[bookmark: _Ref222480508]Figure 26: Projected power system capacity in Madagascar under different critical minerals processing scenarios
· Malawi. In Malawi, in the hydropower dominates the system over the modelling period In order to accommodate the 7% and 9% increase in electricity demand in the national scenario, there an increase solar and wind of 2.5GW across the years 2040 and 2050 (Figure 27).
[image: ][image: ]
[bookmark: _Ref214453875][bookmark: _Toc211272412] 


[bookmark: _Ref222480531]Figure 27: Projected power system capacity in Malawi under different critical minerals processing scenarios

· Mozambique. In Mozambique, hydropower appears to grow in dominance over the modelling period for the baseline scenario. To accommodate the 26% and 47% increase in electricity demand in regional precursor scenarios, 5GW of hydropower capacity alongside 3GW of open cycle gas and 1.5GW of combined cycle natural gas is added to the electricity grid (Figure 28).   
[image: ][image: ]
[bookmark: _Ref222480555]Figure 28: Projected power system capacity in Mozambique under different critical minerals processing scenarios

· Namibia. In Namibia, the base year across both the baseline shows a varied energy mix, with oil, hydropower, and coal resources being reflected. The national scenario shows a reduced reliance on fossil fuel resources and additional energy demand is predominately met with an increase of solar capacity (Figure 29).
[image: ]
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[bookmark: _Ref214453836][bookmark: _Toc211272410][bookmark: _Ref193054594]Figure 29: Projected power system capacity in Namibia under different critical minerals processing scenarios 
  
· Tanzania. Baseline projections show solar and hydropower capacity representing a growing share of the energy mix in the later years. Under the national and regional precursor scenarios, Tanzania requires at least 16 and 30 GW of additional capacity between 2040 and 2050, predominantly wind (Figure 30). 
[bookmark: _Ref214453856][bookmark: _Ref222231885][bookmark: _Toc211272411][image: ]
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[bookmark: _Ref222480590]Figure 30: Projected power system capacity in Tanzania under different critical minerals processing scenarios
 
· Zambia. Zambia’s current power system is primarily renewable based on hydropower. However, to accommodate the increase in electricity across both national and regional scenarios, 3GW hydropower capacity is added to the grid by 2050 (Figure 31).  

[bookmark: _Ref222231463][bookmark: _Ref222231443][image: ][image: ]
[bookmark: _Ref222480609]Figure 31: Projected power system capacity in Zambia under different critical minerals processing scenarios   

 5.3 Determination of least-cost energy solution at each location 
5.3.1 OSeMOSYS Global results for grid electricity were soft-linked to OnSSET model 
The resulting values from the OSeMOSYS Global analysis were extracted and incorporated into a modified version of OnSSET to provide values for the LCOE of grid electricity at each location. More specifically, the LCOE for the national power grid produced by OSeMOSYS Global was marked up with a location-specific marginal cost of distribution, which was calculated based on the distance between each site and the nearest transmission line.  
Geospatial data for national high voltage transmission grids was collected and compiled to yield the grid displayed in Figure 32. Attempts were also made to collect data on the location of sub-stations and medium voltage lines, but these were not sufficiently complete or consistent to permit their use in the analysis. For grid electricity, the generation capital expenditure was estimated by multiplying the peak load at each location by the average generation capital expenditure for the country where the site was located, and then incorporating the location-specific cost of distribution which was assumed to be around $20,000/km. Finally, operating costs for both generation and distribution were assumed to be 2 percent of the original investment per year. Using the above parameters, the algorithm calculated the levelised cost of grid electricity, now adjusted to account for location-specific distribution costs, over the modelling period up to 2040. 
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[bookmark: _Ref214453911][bookmark: _Toc211272414]Figure 32: Map of available geospatial data on location of high voltage transmission lines in Southern Africa
 
5.3.2 OnSSET model was used to estimate the costs of off-grid electricity at each location 
OnSSET (Open-Source Spatial Electrification Tool) is a bottom-up medium- to long-term optimisation model, which uses population settlements, together with different geospatial characteristics and socio- and tecno-economic data, to identify the least-cost supply option to reach universal electrification in each location. OnSSET considers both grid-based, mini-grid, and other off-grid technologies, and it identifies which of these can be considered optimal in each specific location. 
OnSSET estimates the optimal configuration of solar PV, battery storage, and diesel generation that meets the electricity demand requirements and yields the expected levelised cost of electricity, as well as the estimated capital and operating expenditure that deployment of an off-grid system would require in that location. The sizing of the off-grid systems was based on a subset of the OnSSET code137, which has been customised in order to approximate the optimal configuration of mini-grid sites for mineral processing sites at each given location and demand profile. While not a fully-fledged optimisation, the model compares the location-specific requirements with a large set of system configurations within a solution space and evaluates the combination of solar PV, battery, and/or the diesel generator, that best fits the demand profile, energy resource availability, and specific techno-economic requirements defined by the user138.  
The underlying techno-economic parameters for the off-grid (mini-grid) systems are summarised in Table 22. The algorithm uses geospatial analytics in order to estimate the energy resource availability at each location (solar irradiation) and adjust the cost of diesel based on transportation requirements by estimating travel time to major towns. Figure 33 summarises the relative LCOE of off-grid electricity at all the relevant mining and processing locations. 
[bookmark: _Ref214453478][bookmark: _Toc211509417]Table 22: Summary of techno-economic parameters used for OnSSET analysis
	PV panel capital cost  
	1,200 $/kWp 

	PV panel life 
	25 years 

	Annual O&M cost of PV panels  
	1.5% 

	Diesel generator capital cost 
	325 $/kVA 

	Annual O&M cost of diesel genset 
	10% of CAPEX 

	Diesel generator life 
	10 years 

	Diesel pump price  
	1 $/litre (fuel cost changes per location) 

	Inverter cost 
	230 $/kW 

	Inverter life 
	10 years 

	Inverter efficiency 
	0.92 

	Battery cost  
	593 $/kWh 

	Charge/Discharge efficiency of battery  
	0.92 

	Maximum depth of discharge of battery 
	0.80 

	Maximum loss of load allowed (% of kWh) 
	0.01% 

	Max diesel capacity share 
	50% 

	Discount rate 
	13.8% 

	Modelling period  
	2023–2040 (17 years) 
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[bookmark: _Ref214453928][bookmark: _Toc211272415]Figure 33: Map of locations where off-grid electricity was selected by OnSSET

5.3.3 OnSSET model was used to determine the optimal energy solution at each location 
With cost information for both on-grid and off-grid energy solutions at each location available to OnSSET, it was possible to select the preferred technology for each specific location. All sites located within five kilometres from existing grid infrastructure (in this case a transmission network) were automatically assigned grid as the optimal electrification option, on the basis that grid connection is typically economic for such a short distance. For sites beyond the five-kilometre buffer, the decision between grid and off-grid electrification was based on which option presented the lower estimated investment cost. 
Results showed that grid electricity is optimal for most electricity demand (Figure 34), particularly for 2040 scenarios.
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[bookmark: _Ref222480178][bookmark: _Toc211509449]Figure 34: Regional annual energy demand for critical minerals processing met by grid (left axis) versus off-grid (right axis) electricity for the medium production scenarios. Note the axis have different units for ease of comparison. Note: Grid electricity depicted by blue bars reads from the left-hand axis in units of gigawatt-hours per year, while off-grid electricity depicted by orange bars reads from right-hand axis in units of kilowatt-hours per year. 






6. [bookmark: _Toc211272306]Methodology for Screening out Environmentally Sensitive Areas
This Annex documents the detailed methodological steps used to screen out environmentally sensitive areas from the analysis of mineral processing.
[bookmark: _Toc211272307]6.1 Relevant indicators for environmentally sensitive areas were identified

Mining and mineral processing activities can cause major environmental damage. Moreover, potential future mining and mineral processing sites identified in this study may overlap with environmentally sensitive areas. It is therefore important for the geospatial simulation exercise to be informed by the presence of such environmental constraints. Since a detailed analysis of site-specific environmental concerns on a sub-continental scale lies beyond the scope of this study, a high-level approach is developed to screen out from consideration potential mining and mineral processing sites that overlap with areas of particular environmental sensitivity.
A review of the relevant environmental indicators and associated literature informed the development of the methodology. Following139, the following geospatial data layers are considered to be particularly relevant for this purpose.
1. Protected areas140: Protected areas are updated on a monthly basis. They are useful for identifying biodiversity risks and opportunities within a project boundary. The data used was updated up to July 2024.

2. Last of the wild141: The last remaining 'wild' areas on the Earth's land surface are identified based on cumulative human pressure on the environment in 2009. The human pressure is measured using eight variables: built-up environments, population density, electric power infrastructure, crop lands, pasture lands, roads, railways, and navigable waterways.

3. Key biodiversity areas142: Defined as places that are critical for the survival of unique plants and animals, and the ecological communities they comprise. The dataset is the result of a partnership between 13 global conservation organisations. The data used were updated up to June 2024.

4. Water stress areas143: Defined as locations affected by significant water supply risk. In these data, average water stress at hydrological sub-basins were estimated for the period 2015–2045 based on a SSP3/RCP 7.0 scenario of climate and socioeconomic conditions that derive from CMIP6 climate models. The chosen sub-basins, used for constraining the 2030 and 2040 mining and refining sites, were selected based on the following classifications:
a. Arid and low water use: A sub-basin was considered arid if the annual availability of water within it was below 0.03 m/year, and a sub-basin with annual gross total withdraw less than 0.012 m/year was considered as low water use. 
b. High water stress: A sub-basin where the ratio of total water demand (domestic, industrial, irrigation, and livestock consumptive and non-consumptive uses) to available renewable surface water and ground water supplies was between 40–80%.
c. Extremely high water stress: A sub-basin where the ratio of total water demand (domestic, industrial, irrigation, and livestock consumptive and non-consumptive uses) to available renewable surface water and ground water supplies exceeded 80%.

[bookmark: _Toc211272308]6.2 Indicators of environmental sensitivity were used to filter out potential production locations

On this basis a single screening layer was created that combined all these different environmental constraints, and this was applied to filter out any mining sites that fell within these affected areas and limit the optimisation for processing sites to find locations outside of these areas.

7. Additional results
7.1 Additional production implications
Processing locations for the relevant scenarios (Figure 35) show  the expansion of processing sites going form South Africa, the Copperbelt and Madagascar being the main countries with processing activity in BAU to an expansion in processing in the Precursor scenario dependant on mining activity and the aggregated flows that allow for processing sites to be simulated. In particular, the regional scenario shows the processing hubs near coastal countries.
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[bookmark: _Ref222417017][bookmark: _Toc211509444]Figure 35: Map illustrating shift in processing locations under BAU (top) and  National and Regional Unconstrained medium Precursor Scenarios for 2040 (bottom.)

7.2 Additional economic implications

Net export revenues expressed as a share of GDP for all countries under both national and regional processing policies are calculated to show the relative contribution of the minerals sector to economies (Figure 36). Under national and regional policies, two countries (Burundi and DRC under regional policies, Namibia under national unconstrained) achieve mineral export revenues of up to 32% (Burundi), 27% (DRC), and 21% (Namibia) of GDP in Precursor-related Product scenarios, compared to up to 19% (Burundi) and 17% (DRC and Namibia) under national policies. The uncertainty heatmaps reveal that demand variability introduces ranges of up to 10 pp across countries: DRC and Angola show relatively stable projections (<0.5 pp), while Burundi and Namibia exhibit the highest demand sensitivity (9–10 pp). These figures allow for the identification of countries with the highest economic stakes.
[image: ]
[bookmark: _Ref222412818]Figure 36 Net export revenue as share of GDP by country. Percentages in top panel and difference between percentages in bottom panel as uncertainty range. Each panel includes two heatmaps: absolute GDP share values (mid-demand scenario) and uncertainty ranges (high-low demand difference).
The competitiveness of each scenario and country considering cumulative unit processing costs (production, transport and energy) (Figure 37) show costs rising with processing  ambition. Unit costs increase three to four times from BAU to Precursor scenarios reflecting the energy and capital intensity of advanced refining stages.
A core group of countries is consistently cost-competitive. Zambia ranks as the lowest-cost copper processor across all scenarios ($5.9k/t in BAU, $18.2k/t in the Precursor Regional scenario), reflecting proximity to ore bodies and established smelting infrastructure. Namibia leads in cobalt competitiveness in both Precursor scenarios ($48.7–48.9k/t, rank 1), and South Africa is the clear leader in manganese ($1.2–4.0k/t, rank 1) and emerges as lowest-cost lithium processor under regional cooperation. Tanzania and Mozambique are consistently competitive in nickel and graphite.
Regional cooperation reshapes processing geography. Under national policies, 10–11 countries appear as active processors across at least one mineral. Mozambique emerges as a multi-mineral hub under regional unconstrained cooperation, ranking first in both nickel and graphite, and second in cobalt which contrasts against its limited role under national scenarios. Environmental constraints have limited effect on relative rankings but reduce the number of active processing countries, reinforcing the advantage of already-established processing locations.
[image: ]
[bookmark: _Ref222414189]Figure 37 Competitiveness matrices of 2040 scenarios. Colours show quintile rankings from 1-5. Darker green means more competitive, i.e., lower cost. The costs in each cell are in USD/tonne. The ranking refers to cost, where #1 is lowest cost. The unit costs are cumulative including energy, production and transport.
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