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Abstract

An imbalance problem exists in the rare earth element (REE) market with cerium and lanthanum being

more abundant and less valuable than REEs used in permanent magnets such as neodymium,

praseodymium, and dysprosium. Research has been conducted on new applications for abundant REEs

to improve mining economics. However, potential market impacts of these applications on individual

REE commodities are unknown. A system dynamics model was built to investigate the impacts of a new

aluminum-cerium (Al-Ce) alloy that can theoretically utilize three separate cerium forms: cerium

carbonate, cerium oxide, or cerium metal. Cerium carbonate currently possesses the lowest price of the

three available forms making it initially the most favorable choice. However, model results showed that

cerium oxide could provide the best economics for future Al-Ce alloy deployment because its larger

market size buffers major shocks to price.
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1 1.0 Introduction/Literature Review

2 The importance of rare earth elements (REEs) to the clean energy future is well established (1-6) as REEs

3 play a vital role in permanent magnets utilized in electric vehicles (EVs) and wind turbines (5), catalysts,

4 batteries, metallurgy, polishing, phosphors, pigments, glass, and ceramics (7, 8). Each application uses

5 REEs in different forms. For example, rare earth metals (REMs) are used for permanent magnet

6 manufacturing. Rare earth oxides (REOs) are used in catalysts, glass, and polishing (9, 10). Lastly, rare

7 earth intermediates (REIs) are used in catalysts and pigments (9, 10). However, discussions and research

8 surrounding REEs often focus on one particular part of the REE value chain. For instance, many

9 estimates of REE supply and demand are reported in the REO equivalent form (7, 11-13). While this

10 provides a simpler representation of the REE market due to its opaqueness (14), this does not allow a

11 deep understanding of the economic relationships among these REE forms.

12 A problem exists with REE supply and demand balance arising from higher demand for scarcer REEs and

13 lower demand for more abundant REEs (15). The mining and production of REEs is driven by demand for

14 neodymium-iron-boron (Nd-Fe-B) magnets which require neodymium and praseodymium (light rare

15 earth elements or LREEs) and dysprosium (a heavy rare earth element or HREE) (16). One of the

16 challenges with LREE mining is the abundance of cerium and lanthanum that are contained within many

17 ore types (17, 18). For example, the two major LREE deposit types, bastnasite and monazite (16, 19), are

18 dominated by cerium and lanthanum, approximately 77-81% (20) and 61-77% (21), respectively. Since

19 REE mining is focused on elements key to Nd-Fe-B magnets, LREEs such as cerium and lanthanum are

20 extracted in excess to obtain the desired amount of neodymium, praseodymium, and dysprosium (16,

21 22). In 2018, it was estimated that 60 kilo tonnes (kt) of cerium and 39 kt of lanthanum were produced

22 globally which led to a global surplus of approximately 6.8 kt of cerium and 1.5 kt of lanthanum (7). In

23 2010, oversupply of cerium was estimated to be 13 kt (7). The reduction in oversupply can be attributed

24 to some producers sending cerium to the unrecovered tailings in early parts of REE processing (7).

25 As demand growth for magnets for EVs and wind outpaces that of other applications, the REE supply

26 and demand balance problem is exacerbated (7, 16). Because individual REEs coexist in the ore body at

27 different compositions, separation of REEs into individual elements and forms are key for downstream

28 applications (16). Historically, early rare earth applications such as polishing powder and catalysts used

29 mischmetal (an alloy of LREEs based on the extracted ore composition) which lessened supply and
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30 demand balance challenges (16). However, as time has progressed, demand has shifted to require

31 individual REEs for certain applications and mischmetal is no longer an adequate material form (16).

32 The first step in increasing clarity in the REE landscape is to understand the steps in the REE value chain.

33 Rare earth ore is mined with the most common ore types being bastnasite, monazite, or xenotime (23).

34 The mined ore undergoes a process known as beneficiation and/or concentration where the rare earth

35 content in the mixture is enriched through removal of unwanted elements. Following beneficiation

36 and/or concentration, two streams of rare earths are now available, including the concentrated rare

37 earth mixture and tailings (23). Next, the concentrated rare earth mixture is separated into individual

38 REEs in the form of oxides or salts. Finally, REMs can be produced through metallization of REOs or REIs

39 (23, 24). For some light REE deposits, because cerium is the main element, cerium is precipitated before

40 the separation step (16, 23, 25) to reduce chemical consumption. The above description is highly

41 generalized to be representative of the most common steps used in the rare earth industry. Specific

42 processes vary based on the ore type and processing technology.

43 To mitigate the supply and demand imbalance in the REE supply chain, the Critical Materials Innovation

44 Hub (CMI), of which the authors are team members, has developed new aluminum alloys that utilize

45 cerium as an alloying agent (26, 27). CMI has also developed technologies that focus on utilizing

46 lanthanum to address supply and demand imbalances, such as the development of a lanthanum-

47 neodymium magnet (28). The authors have also previously investigated the deployment of this

48 technology using simulation modeling (29). However, that work is outside the scope of this study.

49 Traditional aluminum alloys have struggled with high-temperature mechanical performance (27).

50 Addition of cerium improves high-temperature mechanical performance, corrosion resistance, and the

51 castability of the alloy (27, 30-32). By introducing cerium into the alloy composition, not only does

52 performance of the alloy improve compared to competitors, but the supply and demand imbalance of

53 REEs is addressed by increasing the demand for cerium and improving REE mining economics (26). Al-Ce

54 alloys have already found applications in high performance components such as pistons, turbochargers,

55 turbine blades for hydroelectric turbines, rotors, and cylinder heads (26, 33). While the near term

56 demand of the alloy has found applications, it’s important to consider the impact of large scale

57 deployment of the alloy.

58 The techniques and required materials for manufacturing of Al-Ce alloys are well explored in literature

59 with cited work only representing a sample of the completed research efforts (26, 27, 31, 34-36).
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60 Current Al-Ce research has explored how using different cerium input forms such as cerium carbonate,

61 cerium oxide, or cerium metal could be used to manufacture Al-Ce alloys (37). Cerium input form

62 exploration has targeted cerium oxide and carbonate forms as preferred input material due to potential

63 energy consumption savings, cost savings, and transportation logistics simplification (cerium metal is

64 more challenging than oxide or carbonate to transport due to its flammable nature) (38).

65 The previous work related to the presented work here can be divided into two categories: (1)

66 multidisciplinary research on the system impact of Al-Ce alloy deployment and (2) simulation models

67 focusing on the REE market and supply chain. The original research presented in this paper integrates

68 these two core concepts and therefore requires two separate literature reviews.

69 In the first category, Fishman et. al used a stock and flow model to estimate the supply and demand of

70 REEs in alternative energy vehicles in the U.S., capturing both a baseline scenario and a scenario that

71 incorporates the deployment of the Al-Ce alloy (39). Results showed that even under low Al-Ce

72 deployment rates, U.S. domestic cerium production capacity was exceeded. Additionally, Nguyen et. al

73 used a dynamic material flow analysis model to explore the impacts of introducing the Al-Ce alloy on

74 aluminum recycling under different automotive demand scenarios (32). The results showed that the Al-

75 Ce alloy would need to be separated from conventional aluminum alloys during the recycling process to

76 prevent contamination and thereby increase the amount of secondary cerium production (32).

77 In the second category, work by Riddle et al. utilized Argonne’s GCMat agent based model to simulate

78 the rare earth supply chain under different disruption scenarios (40). Results indicated that supply

79 disruptions could yield more REE production outside of China and that disruptions often led to a

80 prolonged period of response in the form of price, production, capacity, or demand following the

81 disruption (40). Keilhacker and Minner developed a system dynamics (SD) model with the objective of

82 analyzing how different strategies such as proactive or reactive measures affect the supply of REEs (41).

83 The model showed that REE substitution in finished goods and semi-finished goods is one of the greatest

84 supply concern mitigators (41). Kifle et al. examined the resource scarcity of REEs using a SD model

85 which showed that to meet future demand, an effective recycling policy would need to be deployed

86 (42). Nguyen and Imholte developed a SD model that simulated the RE supply chain with a heavy

87 emphasis on China and its different REE policies (43). Included within this model was the deployment of

88 an Al-Ce alloy, modeled as an application in the automotive industry in the U.S. (43). The results showed

89 that there will be shortages in certain individual REEs, and the cerium demand generated from the Al-Ce
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90 alloy would outgrow the supply able to be provided by China (43). Finally, past work by the authors

91 developed an integrated cobalt and REE supply chain model using SD to examine the interconnections

92 between the two supply chains in response to EV deployment (29). This past model provided the basis

93 for the development of a more refined model to capture the intricacies of the REE value chain (29).

94 As evidenced by the literature review, a large gap exists in the REE landscape in differentiating different

95 forms of the REE value chain. In the quest to understand how end-use applications can impact different

96 REE commodities, the authors developed an SD model that accounted for the three major forms of

97 REEs: REIs, REOs, and REMs. To test the interactions of these REE commodities, theoretical Al-Ce

98 demand scenarios were deployed which allowed assessment of REE interaction against a business as

99 usual (BAU) scenario. To the authors’ knowledge, no previous work has attempted to model REEs to this

100 level of granularity. By completing this model, the authors set out to answer two main research

101 questions:

102 1. Provided different input commodity forms that could be used for a technology under

103 development, which commodity form provides the most benefit?

104 2. What impact could using a particular REE commodity form have on the commodity market?

105 2.0 Methodology

106 2.1 Overall Model Framework

107 An SD model was created to investigate the impact of CMI’s aluminum-cerium (Al-Ce) alloy on

108 commodity prices of the REEs market. Because Al-Ce manufacturing can use various forms of cerium

109 such as metal, oxide, or carbonate as input materials, it is important to understand the impact of

110 material use on cerium cost, which will eventually impact the cost of the Al-Ce alloy products. The model

111 was simulated from the years 2005 to 2050. The years between 2005 and 2023 represent historical

112 information for model validation purposes. The years after 2023 simulate the future and output results

113 and trends of the model. The deployment of CMI technology was set to the year 2025. Additionally, this

114 deployment year assumes that users of the Al-Ce alloy are prepared and capable of using the

115 technology. A set of scenarios was developed to answer the research questions and can be seen in more

116 detail in the supporting document, Table S1. The model structure was assumed to be unchanging during

117 the simulation period.
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118 2.2 REI, REO, and REM Demand Modules

119 Historical and projected demand data from Roskill (7) was used to compute the demand of REEs in the

120 form of REO equivalent by application. Nine REE applications were reported: rare earth magnets,

121 catalysts, batteries, metallurgy, polishing, phosphors and pigments, glass, ceramics, and others (44). As

122 noted, no distinction between the different forms of REEs were reported requiring an alternative

123 allocation method. A set of assumed distributions based on the authors’ knowledge of REE applications

124 and their likely required input material forms was built and can be seen in the supporting document.

125 The generated REO demand from literature values was multiplied against this distribution to create REI

126 and REM demand, but still in REO equivalent quantity to ease mass balance calculation. Additionally, the

127 permanent magnet demand from industry experts (45) was input directly to the REM module (in REO

128 equivalent quantity) to negate the usage of generated REO data from Roskill (7). The permanent magnet

129 demand was generated from five primary commercial magnet technologies: Al-Ni-Co, SmCo5, Sm2Co17,

130 sintered Nd-Fe-B, and bonded Nd-Fe-B. For sintered Nd-Fe-B, a higher dysprosium content of 5% and

131 4.4% was considered for EV traction motors and wind turbines, respectively, and a lower dysprosium

132 content (1%) was considered for all other applications (29). Initial values and their assigned growth rates

133 can be seen in the supporting document in Table S3. EV permanent magnet demand was developed

134 from the Announced Pledges Scenario by the International Energy Agency (IEA) (29, 46, 47). This

135 scenario is based on major countries’ announcements such as net zero emissions or other pledges (29,

136 46, 47). Following 2030, a 5% growth rate was assumed until 2035 and a 1% growth rate was assumed

137 from 2036 to 2050. The decreasing growth rate was intended to simulate an S-curved behavior which is

138 accepted as a reasonable sales forecast (48, 49). Wind turbine permanent magnet demand was

139 developed from the Ocean Renewable Energy Action Coalition’s (OREAC) goal of 1.4 terawatts of

140 offshore wind capacity by 2050 (50).

141 2.3 REE Primary Production Module (REIs, REOs, and REMs)

142 The REE primary production module was responsible for developing the output of individual

143 commodities. Due to similarities with the authors’ previous work, the overlapping details can be found

144 in the previous paper (29) and in the supporting document. A simplified representation of the primary

145 and secondary production modules can be found in Figure 1. Because one does not mine REIs, REOs, or

146 REMs independently, mining production was driven by the economics of neodymium, including all three

147 forms of materials. Mining was separated into two segments, China mining and rest of world (ROW)

https://www.sciencedirect.com/topics/engineering/traction-motors
https://www.sciencedirect.com/topics/engineering/wind-turbine
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148 mining due to the different socio-political mechanisms driving mining output. A capacity utilization

149 curve, Figure S5 of the supporting document, determined the quantity of total REE ore to mine based on

150 neodymium prices. Additionally, if the supply of neodymium was unable to meet neodymium demand

151 for a continuous period of three years, a decision was made to expand mining capacity to meet total

152 neodymium demand. From the mined REE quantity, it was possible to determine the theoretical output

153 of individual REEs based on ore compositions. Then primary supply for each REE in each form was

154 calculated by applying individual supply curves (Figure S6-S10) for each REE and its material form.

155 It should be noted that the capacity utilization curve took normalized prices as an input, which are the

156 ratio of model output prices to the expected prices. Individual supply curves were developed by the

157 authors through historical price data of each REE to replace the normalized prices (51). Supply curves

158 were then tailored as part of an iterative process to compare the model’s output prices to the historical

159 prices obtained from Argus Media (51).
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161 Figure 1: The simplified model structure for the global primary and secondary production modules

162 2.4 REE Secondary Production Module

163 The REE secondary production module tracks in-use quantity, end-of-life (EOL) products, and the

164 subsequent recycling of REEs through the assignment of application lifetime, collection efficiency,

165 recycling efficiency, and secondary supply based on REI, REO, and REM prices. For REEs in ‘collected’ EOL

166 products, the differentiation between material forms was aggregated to represent the recycling process.

167 Then, secondary supply curves were utilized similarly to the primary production module to determine

168 the mass of REE for each material form to be produced. Several different assumptions and input

169 parameters were captured within the secondary production module and can be seen in the supporting

170 document, Table S16.

171 2.5 REE Price Module (REIs, REOs, and REMs)

172 The REE prices were calculated from both the supply and demand of the individual REE commodity and

173 form. Specifically, individual REIs, REOs, and REMs were calculated in this method rather than a lumped

174 basket price. This analysis utilized an assumed demand elasticity to adjust the price based on a ratio

175 between supply and demand. The same REE demand elasticity was used for each value chain segment at

176 -0.5 for light rare earth oxides (LREOs) and -0.3 for heavy rare earth oxides (HREOs) (52) to represent an

177 inelastic demand. A more detailed explanation of the methodology and equations used can be found in

178 the supporting document, section 1.3.

179 2.6 Al-Ce Alloy Demand Module

180 The Al-Ce alloy demand module was designed to approximate a low and high Al-Ce alloy deployment

181 scenario. To simplify the deployment scenarios, S-shaped growth of demand was assumed with a

182 deployment year of 2025 and a maximum Al-Ce demand of 900 thousand mt and 4.5 million mt for the

183 low and high scenarios in year 2050, respectively. The scenarios were developed without a specific

184 application driving demand growth to provide a more comprehensive examination of potential

185 deployment. The demand scenarios can be seen in the supporting document, Figure S12. Following Al-

186 Ce demand development, cerium demand was calculated for each material form. Material intensity data

187 for cerium input for the Al-Ce alloy was obtained as 0.123 kg cerium oxide per 1 kg of Al-Ce alloy

188 manufactured. This material intensity was used for all three cerium input forms. Additionally, the raw

189 material yield of cerium in the process was assumed to be 100%. Lastly, it was assumed that production
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190 costs for Al-Ce using the three separate cerium input forms would be equivalent due to a lack of

191 available data. This means that only the cost of the input material would result in a change for total Al-

192 Ce cost. The demand of cerium from the Al-Ce alloy application was then passed as information to the

193 respective REE demand module.

194 3.0 Results/Discussion

195 3.1 Model Validation

196 Model validation was performed through a variety of techniques. Traditional SD model validation was

197 performed through extreme-condition tests, dimensional consistency tests, structure verification tests,

198 and reference mode comparison (Figures S13-S17) (53, 54). Additional statistical analysis was used to

199 further validate the model structure and behavior. Due to the uncertainty surrounding both the

200 distribution of demand and the supply curves for REEs in their respective value chain segment, the

201 model was statistically validated using historical prices for REEs through Pearson correlation coefficients

202 and their statistical significance (Table S17) (55-60).

203 3.2 Low Al-Ce Alloy Deployment

204 The impact of the Al-Ce alloy deployment scenario can be seen in REE prices when compared against

205 those of a business as usual (BAU) scenario. To provide an easier comparison across different input

206 forms of REEs, the relative price difference between scenarios and the BAU was utilized. A

207 comprehensive table comprised of each scenario (Table S18) can be found in the supporting document.

208 Additionally, the actual projected prices can be seen in the supporting document (Figures S18-S20).

209 3.2.1 Low Al-Ce Alloy Deployment Using Cerium Carbonate as an Input Material

210 When the Al-Ce alloy was deployed in the low demand scenario (maximum demand of 0.9 Mt in 2040)

211 taking cerium carbonate as its input material, cerium carbonate prices were most impacted. The percent

212 difference between the different cerium form prices and their respective BAU scenarios were plotted to

213 show the impact of cerium carbonate as an input material on different parts of the cerium value chain

214 (Figure 2). Cerium carbonate price saw a percent increase of 2008% at the maximum point in 2040. The

215 large spike of the cerium carbonate price was attributed to the relatively small demand for cerium

216 carbonate in the BAU scenario.
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217 Next, the interplays between the different cerium markets were examined. When cerium carbonate was

218 used as an input, cerium oxide and metal prices only saw minor increases in price when compared to the

219 BAU scenario, 27% and 24%, respectively. This was attributed to the small change in supply that

220 occurred as some of the cerium oxide and metal supply was diverted towards cerium carbonate.

221

222 Figure 2: Cerium price differences from the BAU scenario when cerium carbonate is used as the input
223 form

224 3.2.2 Low Al-Ce Alloy Deployment Using Cerium Oxide as an Input Material

225 The impact of cerium oxide as an input material to the low Al-Ce deployment scenario can be seen in

226 Figure 3. All three forms of cerium saw prices increase when cerium oxide was used as an input material.

227 As to be expected, cerium oxide prices saw the largest increase in price when compared to the BAU

228 scenario, approximately 362% at its maximum in 2040. Comparing the change in price of cerium oxide in

229 this scenario to cerium carbonate prices in the previous scenario, cerium carbonate created a greater

230 impact on its price. This was due to the larger supply of cerium oxide in the BAU scenario which created

231 a smaller ‘shock’ to the system when more cerium oxide demand was introduced to the market.
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232 Interestingly, when cerium oxide was used as an input, cerium carbonate and metal prices saw different

233 levels of magnitude in price increases, ~11% and 126% at maximum, respectively. This was attributed to

234 the shortening of supply for cerium carbonate and metal when cerium demand for oxide increased.

235 Cerium metal saw a larger increase than cerium carbonate due to cerium oxide being modeled as a

236 precursor for cerium metal.

237

238 Figure 3: Cerium price differences from the BAU scenario when cerium oxide is used as the input form

239 3.2.3 Low Al-Ce Alloy Deployment Using Cerium Metal as an Input Material

240 The results of cerium metal as an input material for Al-Ce manufacturing can be seen in Figure 4. As to

241 be expected, cerium metal saw the largest increase in price when compared to the BAU scenario,

242 approximately 443% at its maximum in 2040. When comparing the change in price of the three

243 scenarios, it was seen that cerium carbonate had the greatest percent increase, followed by cerium

244 metal, and lastly, cerium oxide. This was due to the larger supply of cerium oxide and metal in the BAU

245 scenario which created a smaller ‘shock’ to the system when more cerium oxide or metal demand was

246 introduced to the system.
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247 Similar to when cerium oxide was used as an input material, when cerium metal was used as an input

248 form, cerium carbonate and oxide prices saw an increase at different levels of magnitude, ~16% and

249 ~272% at maximum, respectively. This was again attributed to the shortening of supply for cerium

250 carbonate and oxide when cerium demand for metal increased. Cerium oxide saw a larger increase than

251 cerium carbonate because increased demand for cerium metal indirectly requires more cerium oxide as

252 the direct precursor to cerium metal.

253

254 Figure 4: Cerium price differences from the BAU scenario when cerium metal is used as the input form

255 3.3 Market Comparison of Different Cerium Input Forms in the Low Al-Ce

256 Deployment Scenario

257 Because deployment scenarios impact each commodity price differently, a better way to visualize the

258 impact is to compare the total cerium market value for each cerium input form (Figure 5). The maximum

259 total cerium market size could reach ~$2.6 billion, ~$1.5 billion and ~$1.1 billion when cerium metal,
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260 carbonate, and oxide are used as an input, respectively. For reference, the BAU maximum cerium

261 market size only reached ~$0.34 billion. The results showed that cerium metal as an input form to Al-Ce

262 alloy manufacturing caused the greatest impact to the total cerium market size, followed by cerium

263 carbonate, and then cerium oxide.

264 Lastly, a market size drop was noted across the scenarios towards the end of the simulation. The reason

265 was that in each scenario, an increase in ROW REE production capacity occurred during the final years of

266 the simulation. With the increase in production capacity, prices of REEs also dropped resulting in a

267 decline in the total market size.

268

269 Figure 5: Comparison of the total cerium market size based on what form of cerium was used as an input
270 material for the Al-Ce alloy

271 3.4 High Al-Ce Deployment Scenario

272 Rather than restate results in the same format as that of the low Al-Ce deployment scenarios, a

273 comparative analysis was performed between the low and high Al-Ce deployment scenarios. The high

274 Al-Ce deployment scenario modeled five times higher demand than the low deployment scenario for a

275 maximum demand of 4.5 Mt by the year 2050. The results of the comparative analysis can be seen in

276 Table 1. From the comparative analysis, it was possible to examine the ratio of high demand scenario

277 outputs to low demand scenario outputs of the three different cerium forms under different input
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278 material scenarios. As to be expected, cerium carbonate prices when cerium carbonate was used as an

279 input material showed the largest relative increase due to the previously discussed smaller market size.

280 Following the same trend as the low Al-Ce deployment results, cerium metal prices when cerium metal

281 was used as an input material had the next largest relative increase in price followed by cerium oxide

282 prices when cerium oxide was used as an input material. From these results, it was possible to deduce

283 that the larger the market size (by mass) of a value chain form, the better the value chain segment is at

284 resisting price increases with corresponding increases in demand. More interestingly, the magnitude of

285 impact between the low and high scenarios were not linear. Carbonate prices could increase nine times

286 while metal could increase five times, and oxide prices could increase up to three times compared to the

287 low deployment scenarios.

288 A similar analysis was performed to compare the cerium market size between the low and high Al-Ce

289 deployment scenarios. In this analysis, the cerium market would see the largest relative increase in

290 value when cerium metal was used as the input form. A maximum ratio of 6.2, 4.4 and 2.4 could be

291 achieved when using cerium metal, carbonate, and oxide, respectively. The complete table of results can

292 be found in the supporting document, Table S20. These results provide a slightly different interpretation

293 than when just individual cerium prices were analyzed. Again, cerium oxide as an input form provides

294 the most resistance to increasing market value due to its large market size (by mass). However, cerium

295 metal as an input form creates the highest relative increase in cerium market size due to its initial higher

296 price, initial higher volume, and indirect additional demand on oxide. The interplay between these

297 factors results in an interesting takeaway: despite cerium carbonate as an input form seeing the greatest

298 relative increase in cerium carbonate price, cerium metal sees the largest increase in cerium market size.

299 Table 1: Ratio of cerium prices for the three available forms for the high and low Al-Ce scenarios
300 considering different cerium input forms

Year

Cerium Carbonate as Input
Material

Cerium Oxide as Input
Material

Cerium Metal as Input
Material

Cerium
Carbonate

Price
Ratio

Cerium
Oxide
Price
Ratio

Cerium
Metal
Price
Ratio

Cerium
Carbonate

Price
Ratio

Cerium
Oxide
Price
Ratio

Cerium
Metal
Price
Ratio

Cerium
Carbonate

Price
Ratio

Cerium
Oxide
Price
Ratio

Cerium
Metal
Price
Ratio

2025 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0
2026 1.9 1.0 1.0 1.0 1.2 1.1 1.0 1.2 1.3
2027 2.8 1.1 1.2 1.1 2.0 1.4 1.1 1.7 1.7
2028 3.4 1.2 1.2 1.1 2.1 1.4 1.1 1.8 1.8
2029 4.1 1.2 1.2 1.1 2.1 1.4 1.1 1.7 1.9
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2030 4.9 1.1 1.2 1.1 2.1 1.4 1.1 1.9 1.9
2031 6.1 1.1 1.1 1.1 2.3 1.5 1.1 2.1 2.1
2032 8.4 1.1 1.1 1.1 2.7 1.5 1.1 2.1 2.5
2033 9.4 1.0 1.0 1.1 3.0 1.4 1.1 1.7 3.5
2034 8.3 1.0 1.0 1.1 2.7 1.3 1.1 1.4 4.6
2035 5.9 1.0 1.0 1.1 2.3 1.2 1.0 1.1 4.6
2036 4.1 1.0 1.0 1.0 2.1 1.1 1.0 0.9 4.4
2037 3.1 1.0 1.0 1.0 2.0 1.1 1.0 0.9 3.9
2038 2.6 1.0 1.0 1.0 1.9 1.1 1.0 0.9 3.4
2039 2.5 1.0 1.0 1.0 1.9 1.1 1.0 0.9 3.2
2040 2.5 1.0 1.0 1.0 2.1 1.0 1.0 0.9 3.2
…. …. …. …. …. …. …. …. …. ….

2050 2.3 1.0 1.0 1.0 1.9 1.1 1.0 0.9 3.0
301

302 4.0 Discussion

303 Researchers have developed an Al-Ce alloy that improves high-temperature mechanical performance,

304 corrosion resistance, and the castability of the alloy when compared to conventional alloys (27, 30-32).

305 Initial design considerations focused on using cerium carbonate as an input material for alloy

306 manufacturing. However, it is paramount to not just consider near term commodity prices when

307 thinking about technology deployment. In the near term, it might make sense to use commodities with

308 lower prices, but in the long run, the effect might be counterintuitive. Most of the time when there is an

309 effort to increase usage for a byproduct, the constraint is demand for the main product (61). In this case,

310 while it is not tied directly to main products and byproducts, the oxide market is larger than the metal

311 and carbonate markets and shows a similar effect. The results of this study provide a more dynamic

312 assessment of successful technology deployment in the long term and suggest, if possible, to utilize

313 cerium oxide as an input material. This conclusion is of course based on the assumption that production

314 costs for Al-Ce alloy were equivalent for the three cerium input forms. Of the three available cerium

315 input forms for Al-Ce manufacturing, cerium carbonate as an input form saw the largest increase in price

316 from the BAU scenario. So, despite cerium carbonate’s favorable price in today’s market, large-scale

317 deployment of Al-Ce could see cerium carbonate’s prices exceed those of even cerium metal. Overall, a

318 major market would have the capacity and better economic incentives to accommodate new demand.

319 The total cerium market value results indicated that cerium metal as an input form to Al-Ce

320 manufacturing would cause the greatest impact on the total cerium market, followed by cerium



16

321 carbonate and cerium oxide. The explanation for this occurrence was that cerium demand exists outside

322 of the Al-Ce alloy application to make up the total demand for each commodity. For example, cerium

323 carbonate’s demand share from the Al-Ce alloy was 97% at maximum, cerium oxide was 64%, and

324 cerium metal was 77%. In addition, increased metal demand indirectly boosts oxide demand as a

325 precursor. It could be expected that with the combination of higher prices for cerium metal and

326 increased cerium metal demand, the total market size for cerium would see a dramatic increase.

327 However, the more interesting result was the higher total cerium market size for cerium carbonate

328 versus cerium oxide as an input material to Al-Ce. Due to the heavily increased price for cerium

329 carbonate, despite the relatively small amount of demand for cerium carbonate in other applications,

330 the total cerium market increased more for cerium carbonate rather than cerium oxide as an input.

331 One point of additional discussion is that while for Al-Ce alloy manufacturing lower input material prices

332 are more favorable, the same would not be said for domestic mining operations. One might look at the

333 increase in cerium prices as a favorable outcome for REE mining operations. However, the model took a

334 large-scale, global view of the rare earth supply chain and did not delve into individual mine’s operating

335 economics. For this reason, it is important to think of the trend of increased prices being beneficial to

336 rare earth mining operations without assigning absolute certainty to the trend. The trend may vary

337 based on the individual mine’s operating economics.

338 In regard to addressing the REE imbalance problem, all tested scenarios attempt to address the

339 imbalance by increasing cerium demand. Increased cerium demand reduces oversupply issues caused by

340 cerium’s abundance in certain ore types. Model results for the tested Al-Ce demand scenarios show that

341 the supply-demand ratio (supply divided by demand) is more consistently less than 1 (dimensionless

342 number). This indicates the reduction in oversupply that can be seen in the BAU scenario (greater than 1

343 supply-demand ratios).

344 There are several limitations to the model constructed in this work. The aggregated approach to simplify

345 the production of REEs provides a limitation to the granularity that can be achieved when examining the

346 economics of REE production. For instance, different mines and ore bodies will have different costs of

347 extraction and production for REEs based on their respective flowsheets. However, the model lumps

348 individual REE production based on the model’s global price. Additionally, as a simplifying assumption,

349 neodymium was chosen to be the driving factor behind REE capacity expansion and mining capacity

350 utilization due to Nd-Fe-B magnets driving the market for REEs (16). While a simpler approach, this

351 assumption negates the differences between different REE mining and refining operations and their
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352 approaches to economic decision-making regarding capacity. It also assumes that Nd-Fe-B magnets will

353 continue to be the dominant, high-performance magnet technology. However, researchers continue to

354 investigate new magnet technologies such as Sm-Fe-N, La-Nd, Ce-Co, and other compositions,

355 manufacturing processes, and molecular structural changes to reduce reliance on Nd-Fe-B magnets (28,

356 62-64). Next, demand elasticity for each REE in this model was assumed to be static through time. As

357 markets change and evolve, this was likely an oversimplification of the relationship between supply and

358 demand. Additionally, demand elasticity was modeled as static regardless of the application. This again

359 is an oversimplification as individual applications and markets may have different demand elasticities.

360 This means that certain applications may be more or less willing to pay for a particular REE form

361 depending on a variety of factors such as substitutability and market size. Finally, while not an inherent

362 limitation of this specific model, the model robustness has certain limitations based on the bounds of

363 certain input parameters. For instance, demand elasticity can only be made so inelastic, such as -0.01,

364 before the model results become untenable.

365 5.0 Conclusion

366 One of the many ways that researchers are tackling the REE imbalance problem is to find avenues to

367 increase demand for less sought-after REEs such as cerium. Of the three available cerium input forms for

368 Al-Ce manufacturing, cerium carbonate (REI) as an input form saw the largest increase in price from the

369 BAU scenario. Cerium metal as an input form saw the next highest increase in price from the BAU

370 scenario, and cerium oxide saw the smallest increase in price. The reason for the difference in increases

371 in price had to do with the size of the existing market for the cerium form. For instance, cerium oxide

372 possessed the largest existing market and thereby was less affected by the deployment of Al-Ce and

373 subsequent cerium demand increases. The total cerium market (REIs, REOs, and REMs) results indicated

374 that cerium metal as an input form to Al-Ce manufacturing would cause the greatest impact to the total

375 cerium market, followed by cerium carbonate, and finally, cerium oxide. The combination of these

376 results shows that cerium oxide as an input form could provide the best economics for Al-Ce

377 manufacturing despite the initial low prices of cerium carbonate because cerium oxide’s larger market

378 size buffers major shocks to price.
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