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RESUMO 
 

Os elementos de terras raras (ETR) são fundamentais para diversas aplicações 
tecnológicas, desempenhando um papel estratégico na indústria brasileira, 
especialmente nos setores de energia renovável, eletrônica e mobilidade elétrica. A 
crescente demanda por esses materiais impulsiona a necessidade de um 
fornecimento sustentável e eficiente, considerando seus impactos ambientais e 
econômicos. Sendo amplamente utilizados na fabricação de ímãs permanentes de 
neodímio-ferro-boro (Nd-Fe-B). No entanto, a produção desses ímãs está associada 
a impactos ambientais significativos ao longo de sua cadeia produtiva, desde a 
mineração até a fabricação final. Este estudo tem como objetivo avaliar o ciclo de vida 
(ACV) dos ímãs de Nd-Fe-B, considerando a realidade brasileira. A metodologia 
seguiu as diretrizes das normas ISO 14040 e ISO 14044, que estabelecem princípios, 
requisitos e diretrizes para a ACV. A modelagem foi feita no software Sankey e 
tratamento dos dados no software SimaPro 9.1, permitindo a quantificação detalhada 
dos impactos ambientais ao longo da cadeia produtiva dos ímãs de Nd-Fe-B. Além 
disso, foram utilizados dados do banco EcoInvent e fontes da literatura para aprimorar 
a representatividade dos processos analisados, garantindo uma abordagem 
metodológica robusta. Os resultados indicam que a fase da mineração apresenta alto 
impacto ambiental, devido ao elevado consumo de energia, água e emissões de 
particulados. A fase de roasting destacou-se como a mais impactante, contribuindo 
significativamente para a formação de material particulado fino e emissões de gases 
de efeito estufa. Na fase de produção dos óxidos, a lixiviação e a pré-separação foram 
as fases mais críticas, com alto consumo de água e uso intensivo de reagentes 
químicos, como ácido clorídrico, aumentando a eutrofização marinha e a radiação 
ionizante. Já na fase de fabricação dos ímãs, a usinagem foi identificada como a etapa 
mais impactante, contribuindo para o aquecimento global, depleção da camada de 
ozônio e elevado consumo de água. Diante dos impactos observados, este estudo 
reforça a necessidade de medidas de mitigação, incluindo a implementação de 
políticas públicas voltadas para a regulação ambiental da mineração de ETRs, 
incentivos à economia circular e adoção de tecnologias emergentes, como processos 
hidrometalúrgicos mais eficientes e técnicas avançadas de reciclagem de ímãs. Além 
disso, investimentos em fontes energéticas renováveis podem reduzir a pegada de 
carbono da produção desses materiais, incluindo a otimização do consumo de 
recursos, o reaproveitamento de materiais e o uso de fontes energéticas mais 
sustentáveis. Além disso, recomenda-se a exploração de tecnologias de reciclagem 
para reduzir a dependência da extração primária e minimizar os impactos ambientais 
associados à produção de ímãs de terras raras. 
 
Palavras-chave: Sustentabilidade. Impacto Ambiental. Elementos de terras raras. 

Mineração. SimaPro. 
 
 



 

 

ABSTRACT 
Rare earth elements (REE) are essential for various technological applications and 
play a strategic role in Brazilian industry, especially in the renewable energy, 
electronics and electric mobility sectors. The growing demand for these materials 
drives the need for a sustainable and efficient supply, considering their environmental 
and economic impacts. They are widely used in the manufacture of neodymium-iron-
boron (Nd-Fe-B) permanent magnets. However, the production of these magnets is 
associated with significant environmental impacts throughout its production chain, from 
mining to final manufacture. This study aims to evaluate the life cycle (LCA) of Nd-Fe-
B magnets, considering the Brazilian reality. The methodology followed the guidelines 
of ISO 14040 and ISO 14044, which establish principles, requirements and guidelines 
for LCA. The modeling was carried out using Sankey software and the data was 
processed using SimaPro 9.1 software, enabling detailed quantification of the 
environmental impacts along the Nd-Fe-B magnet production chain. In addition, data 
from the EcoInvent database and literature sources were used to improve the 
representativeness of the processes analyzed, ensuring a robust methodological 
approach. The results indicate that the mining phase has a high environmental impact, 
due to the high consumption of energy, water and particulate emissions. The roasting 
phase stood out as the most impactful, contributing significantly to the formation of fine 
particulate matter and greenhouse gas emissions. In the oxide production phase, 
leaching and pre-separation were the most critical phases, with high water 
consumption and intensive use of chemical reagents such as hydrochloric acid, 
increasing marine eutrophication and ionizing radiation. In the magnet manufacturing 
phase, machining was identified as the most impactful stage, contributing to global 
warming, depletion of the ozone layer and high water consumption. In view of the 
impacts observed, this study reinforces the need for mitigation measures, including the 
implementation of public policies aimed at the environmental regulation REE mining, 
incentives for the circular economy and the adoption of emerging technologies, such 
as more efficient hydrometallurgical processes and advanced magnet recycling 
techniques. In addition, investments in renewable energy sources can reduce the 
carbon footprint of the production of these materials, including the optimization of 
resource consumption, the reuse of materials and the use of more sustainable energy 
sources. In addition, it is recommended that recycling technologies be explored to 
reduce dependence on primary extraction and minimize the environmental impacts 
associated with the production of rare earth magnets. 
 
Keywords: Sustainability. Environmental impact. Rare earth elements. Mining. 

SimaPro. 
 
 
 
 
 

 



 

 

SUMÁRIO 
 

1 INTRODUÇÃO ....................................................................................................... 13 

REFERÊNCIAS ......................................................................................................... 15 

CHAPTER I ............................................................................................................... 18 

1 INTRODUCTION .................................................................................................... 19 

1.1 RARE EARTH MINING ........................................................................................ 21 

1.2 PRODUCTION OF RARE EARTH OXIDES ........................................................ 24 

2 PRODUCTION OF RARE EARTH MAGNETS AND APPLICATION OF LCA AND 
CE...............................................................................................................................27 

3 LIFE CYCLE ASSESSMENT AND CIRCULAR ECONOMY APPLICATIONS IN 
MAGNET PRODUCTION .......................................................................................... 40 

4 BIBLIOMETRIC ANALYSIS OF THE LIFE CYCLE AND CIRCULAR ECONOMY 
WITHIN THE CONTEXT OF RARE EARTH PRODUCTION IN THE LAST 
12 YEARS ................................................................................................................. 42 

4.1 THE DEVELOPMENT OF PUBLICATIONS AND SUBJECT ÁREAS ................. 42 

4.2 INVESTIGATIVE ANALYSIS OF BIBLIOMETRIC METRICS RELATED 

TO SUBJECT AREAS ............................................................................................... 49 

4.2.1 INSTITUTIONAL AFLIATIONS, COUNTRIES, JOURNALS, AND AUTHORS . 49 

5 CONCLUSION ....................................................................................................... 51 

REFERENCES .......................................................................................................... 52 

CHAPTER II .............................................................................................................. 71 

1 INTRODUCTION .................................................................................................... 72 

2 METHODOLOGY ................................................................................................... 76 

2.1 DEFINING THE SCOPE AND OBJECTIVE ........................................................ 77 

2.1.1 FUNCTIONAL UNIT ......................................................................................... 78 

2.1.2 SYSTEM MODELING ....................................................................................... 78 

2.2 LIFE CYCLE INVENTORY ANALYSIS................................................................ 82 

2.3 LIFE CYCLE IMPACT ASSESSMENT ................................................................82 

3 PRESENTATION OF RESULTS AND DISCUSSION ............................................ 83 

3.1 CHARACTERIZATION IN THE MINING PHASE ................................................ 83 

3.2 CHARACTERIZATION OF THE RARE EARTH OXIDE PRODUCTION PHASE 85 

3.3 CHARACTERIZATION OF THE RARE EARTH MAGNET PRODUCTION PHASE

 ..................................................................  ............................................................... 87 



 

 

3.4 NORMALIZATION OF THE PRODUCTION OF 1 KG OF ND-FE-B MAGNETS . 89 

3.5 ND-FE-B MAGNET PRODUCTION USING THE IPCC METHOD ...................... 91 

3.6 TOXICITY OF ELEMENTS IN RARE EARTH MAGNET PRODUCTION AND 

THEIR IMPACTS ON HUMAN HEALTH ................................................................... 91 

3.7 LIMITATIONS OF THE PRESENT STUDY ......................................................... 93 

4 FINAL CONSIDERATIONS ................................................................................... 94 

5 FUTURE PERSPECTIVES .................................................................................... 95 

REFERENCES .......................................................................................................... 96 

ANNEX 1 – RESEARCH PROTOCOL (LIFE CYCLE ASSESSMENT PROJECT OF 
RARE EARTH MAGNETS) ..................................................................................... 104 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 

1 INTRODUÇÃO  
 

Os elementos de terras raras (ETR) são um conjunto de 17 elementos 

químicos, incluindo os 15 lantanídeos, além do escândio (Sc) e ítrio (Y) [1-3]. Esses 

elementos possuem propriedades físico-químicas semelhantes, tornando-se 

essenciais para diversas aplicações tecnológicas e industriais, especialmente no setor 

de energia renovável, eletrônica, catalisadores e manufatura de ímãs permanentes [4-

6]. Os ETR podem ser categorizados em terras raras leves (cério, lantânio, 

praseodímio, neodímio, promécio, európio, gadolínio e samário) e terras raras 

pesadas (disprósio, térbio, hólmio, érbio, túlio, itérbio, lutécio e ítrio) [7].  

Dentre suas principais aplicações, destaca-se a produção de ímãs de 

neodímio-ferro-boro (Nd-Fe-B) [8,9], amplamente utilizados em turbinas eólicas, 

veículos elétricos e dispositivos eletrônicos avançados [10-13]. A demanda por esses 

ímãs tem crescido exponencialmente, representando aproximadamente 20% do 

consumo global de ETR [14]. No entanto, essa dependência mundial é um fator crítico, 

pois a União Europeia classifica os ETR como matérias-primas estratégicas devido à 

sua alta importância econômica e ao risco de fornecimento [15,16]. Atualmente, a 

China domina a cadeia produtiva desses elementos, suprindo mais de 60% da 

demanda global, enquanto países como Brasil, Austrália, Uganda e Chile buscam 

alternativas para expandir suas atividades de exploração e produção [17,18]. 

 A extração e o processamento de ETR geram impactos ambientais 

significativos, sendo caracterizados pelo alto consumo de energia e pela liberação de 

rejeitos tóxicos e radioativos [19-21]. Estudos indicam que a produção de uma 

tonelada de óxidos de terras raras (REO) pode resultar na emissão de 60.000 m³ de 

gases de escape, 200 m³ de águas residuais ácidas e 1,4 tonelada de rejeitos 

radioativos [22]. A mineração a céu aberto e subterrânea, frequentemente necessária 

para a extração de ETR, demandam grande quantidade de energia, água e produtos 

químicos, o que resulta na emissão de CO  e poluentes atmosféricos [23,24]. O 

processo de extração e o refino dessas substâncias envolvem processos químicos 

intensivos, como lixiviação ácida e extração por solvente, que resultam na 

contaminação do solo e dos recursos hídricos [20,25].  



 

 

Diante desses desafios, a avaliação do ciclo de vida (ACV) surge como uma 

ferramenta essencial para quantificar os impactos ambientais dos ETR e propor 

estratégias de mitigação. Padronizada pelas normas ISO 14040 e ISO 14044, a ACV 

permite a identificação dos principais pontos críticos do ciclo produtivo, desde a 

extração da matéria prima até o descarte final, fornecendo subsídios para a adoção 

de práticas mais sustentáveis [26,27,13]. A recuperação de ímãs permanentes de 

terras raras tem sido considerada uma alternativa viável para minimizar os impactos 

ambientais e reduzir a dependência da extração primária [28]. Além disso, a economia 

circular tem ganhado destaque como um modelo de produção que busca reduzir o 

desperdício de materiais e incentivar a reutilização e reciclagem desses elementos 

[29,30]. 

Neste contexto, este estudo tem como objetivo avaliar o ciclo de vida da 

produção de ímãs de Nd-Fe-B no Brasil, considerando as especificidades do setor 

energético e de transporte no país. A partir dessa análise, serão propostas medidas 

mitigadoras para reduzir os impactos ambientais associados à sua produção, 

contribuindo para um modelo de desenvolvimento mais sustentável no setor de terras 

raras. 
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                                                                                                        CHAPTER I 
 

Article published in the journal Clean Technologies and Environmental Policy, Volume 27, 

p.471-494, July 2024, https://doi.org/10.1007/s10098-024-02935-7 

 
Life cycle assessment and circular economy in the production of rare earth 
magnets: an uptated and comprehensive review  
 

ABSTRACT 
 

Rare earth elements (REE) have applications in electric vehicles, wind turbines, trains, 
electronics, and agriculture. Nevertheless, in the mining process, waste production, 
such as thorium and uranium, harms the well-being of both people and the natural 
environment. This work provides a basis for studies that evidence research in the 
production chain of rare earth magnets throughout the life cycle and proposes an 
adequate circular economy (CE). The study reinforces the need for continuous 
research and innovation to develop more efcient and sustainable production 
technologies for REE and improve metal recycling and recovery practices. The 
innovation of this technology in industry and public policies contributes to the increased 
demand for REE and socioeconomic and environmental development. Also, the 
science citation index expanded (SCI-E) platform—Clarivate Analytics’ ISI—web of 
science was used to fnd scientifc output to compile the bibliographic study. The 
systematic literature search revealed that 294 documents (237 articles and 57 reviews) 
were published in the research of words “rare earth elements, ” closely associated with 
“life cycle assessment (LCA), ” “life cycle inventory, ” “mining,” “leaching,” and “solvent 
extraction” between 2010 and 2022. These associations indicate a pronounced interest 
in studies related to life cycle assessments, considering aspects of mining, leaching 
processes, and the solvents used in extraction. The areas “rare earth elements, ” 
“recovery,” and “metals” are situated within the basic themes but also are motor 
themes, distinguished by both high centrality and density, including “elements,” “life 
cycle assessment,” and “energy.” This study provided a robust basis for future research 
and development of CE and LCA studies in the rare earth magnet production chain. 
 

Keywords: Oxides · Mining · Environmental impacts · Recycling · Magnets · Rare 
earth metals · Life cycle assessment · Circular economy 
 

 

 

 

 



 

 

 

1 INTRODUCTION 
 

Rare earth elements (REE) are a set of 17 chemical elements composed of 15 

lanthanides, such as scandium (Sc) and yttrium (Y) (Krishnamurthy and Gupta 2004; 

Masmoudi-Soussi et al. 2020; Nie et al. 2020). They can be subcategorized according 

to their atomic number, being light rare earth elements (atomic numbers 57–63) and 

heavy rare earth elements (atomic numbers 64–71, plus yttrium) (Greenfield and 

Graedel 2013; Hurst 2010; Pell et al. 2019). Due to their similar physical and chemical 

characteristics (Binnemans et al. 2013a, b), REE fnds diferent types of applications: 

electronic, optical (Binnemans et al. 2013a; Zhou et al. 2017), magnetic, nuclear 

(Voncken 2015), electrical, catalytic (Bradsher 2009; Chancerel et al. 2015; Greenfeld 

and Graedel 2013), in industrial sectors such as oil (Doronin et al. 2021; Jordens et al. 

2013; Yurtaeva et al. 2021), agriculture, and metallurgy (Wang et al. 2022). Its 

importance has been growing in the field of green energy technology (Adibi et al. 2014; 

Bauer et al. 2010; Moldoveanu and Papangelakis 2012; Wübbeke 2013), such as wind 

turbines, electric vehicles (Amaral 2014; Habib and Wenzel 2016; Imholte et al. 2017; 

Schreiber et al. 2021; Yang et al. 2017a), batteries, and biofuel catalysts (Eggert et al. 

2008; Fouquet and Martel-Jantin 2014). REE are the main enablers of technologies 

that aim to reduce emissions, minimize energy consumption, as well as increase 

performance, speed, longevity, and thermal stability, efficiency, seeking to make 

products lighter (Balaram 2019; Goonan 2011; Gosen et al. 2014, 2017; Reisman et al. 

2013). These metals are also referred to in many countries as critical resources 

because of their growing importance in current technologies and their high estimated 

supply risk (Bauer et al. 2010; Moldoveanu and Papangelakis 2012; Tse 2011; 

Wübbeke 2013). All in all, the production of REE incurs substantial environmental harm 

due to their widespread occurrence in diverse regions and their low concentrations 

(Goodenough et al. 2018). Their extraction and refning processes are energyintensive 

and environmentally burdensome (Eriksson and Olsson 2011; Navarro and Zhao 2014; 

Schüler et al. 2011); its processing produces large amounts of waste and pollution-

intensive materials, such as tailings, which is nothing more than the combinations of 

pulverized stones and processing liquids and focusing devices. These tailings often 

have highly hazardous contaminants accumulated from additional rocks and extraction 

reagents, with the substantial addition of acids, alkalis, and organic solvents at this 



 

 

stage (Kumari et al. 2015). China is currently the largest producer of REE (Arshi et al. 

2018; Koltun and Tharumarajah 2014), with the rare earth oxides (REO) equivalent of 

140,000 t in 2020 (U.S. Geological Survey 2021), with China’s domestic industry 

consuming about 60% and rare earth elements being recovered as a byproduct of iron 

mining, consuming resources and generating environmental impacts (Jin et al. 2018b, 

a). Brazil is the holder of one of the largest reserves of rare earths. However, it does 

not have an established production. The utilization in 2021 was one thousand tons 

and, as a result, was obtained statistically the representation of 0.4% of the world 

production (U.S. Geological Survey 2021). According to (Wang and Kara 2019), limited 

research addresses the impacts of producing REE, especially regarding rare earth 

magnets. Therefore, evaluating REE magnets' production concerning environmental 

issues is important, making it necessary to know, quantify, and qualify the resources 

used, the waste, and the emissions generated (Zaimes et al. 2014). The recovery of 

elements from waste is the most appropriate strategy to fnd a possible solution to the 

problems of environmental impacts, thus ensuring the sustainability of the production 

of raw materials made of rare earth elements in the future due to its growing industrial 

demand. The circular economy (CE) is a model of production and consumption that is 

currently used to reduce waste of materials and energy by encouraging the reuse and 

recycling of resources (Bastianoni et al. 2023; Brandstrom and Saidani 2022; Blomsma 

2018; Kirchherr et al. 2017). One of the models used is linear economy (LE), which is 

a "take, make, use, and discard" approach, thus limiting the sustainability of these 

materials (Blomsma 2018). To mitigate the environmental impacts generated, CE was 

introduced, aiming to maximize resource efciency and reduce the production of waste 

generated by the consumerism of the population (Habib 2019). CE principles, such as 

designing for reuse, remanufacturing, and innovative recycling methods, have been 

implemented by visionary organizations to maintain the highest value of materials, 

aiming for a zero-waste economy (Frost et al. 2020). According to (Vahidi et al., 2016), 

life cycle assessment (LCA) is a tool based on standards (ISO 14040 2006; ISO 14044 

2006) to fully evaluate and quantify the impacts of each stage of the life cycle of a 

product and/or process, as a result, identifes possible critical points, classifes them into 

impact categories, and is complementary to traditional environmental assessments, 

thus allowing a basic assessment of several primary routes of supply of REE 

(Schreiber et al. 2021). These steps range from extracting raw materials incorporated 

into the production system to disposing of the fnal product after use. According to 



 

 

studies by (Raspini 2021), the neodymium, iron, and boron magnet is under 

development, thus seeking to consider circular strategies in post-consumption, such 

as reuse and remanufacturing, in addition to utilization and the practical uses of rare 

earth magnets (Du and Graedel 2011; Honshima and Ohashi 1994; Thompson 2009). 

Bibliometric analysis, which involves quantitatively analyzing literature data, can 

contribute signifcantly to life cycle assessment (LCA) and circular economy eforts in 

the production of rare earth magnets. It is possible can help identify the key research 

areas related to rare earth magnets, such as material sourcing, manufacturing 

processes, usage, and end-of-life management. Rare earth magnets are essential 

components in many modern technologies. By analyzing bibliometric data, researchers 

can track technological advancements in magnet production, identifying innovations 

that enhance resource efciency, reduce environmental impacts, and promote 

circularity in material use. The bibliometric analysis could map the supply chains of 

rare earth magnets and identify barriers to advancing circularity in the industry. 

 

1.1 RARE EARTH MINING  

 

As (Alonso et al. 2012; Zapp et al. 2022), the mining and production of REE 

involve techniques and processes linked to environmental impacts, such as many 

chemicals and waste materials. In addition, residues produced during the benefciation, 

extraction, and separation phase contain radionuclides such as thorium and uranium 

(Adibi et al. 2014; Huang et al. 2016). Knowledge about the environmental 

consequences associated with the production of REE is still incomplete (Lee and Wen 

2017; Marx et al. 2018; Schreiber et al. 2016; Zapp et al. 2018). For (Holger et al. 

2017), in the context of the production of REE, analyses of rare earth production were 

carried out in Australia, Malaysia (Mount Weld), the USA (Mountain Pass), and China 

(Bayan Obo). Social risks have been identified when producing REE for the 

manufacture of permanent magnets, and it is essential to develop strategies to mitigate 

these risks and protect the environment, avoiding CO2 emissions and other pollutants. 

According to (Yan et al. 2011), REE production faces environmental challenges related 

to deposit geology, extraction methods (Koltun and Tharumarajah 2014), processing, 

and the measures adopted to mitigate environmental impacts. Already (Pell et al. 

2019) have developed an environmental sustainability framework for the metallurgical 

industry using LCA, but it hasn't been applied to REE production yet. Several LCA 



 

 

studies have been conducted for REE, focusing on the mining and processing of 

bastnäsite ores in Mountain Pass, USA, and bastnäsitemonazite in Bayan Obo, China 

(Althaus et al. 2007; Du and Graedel, 2013; Haque et al. 2014; Sprecher et al. 2014a). 

Palle Paul Mejame et al. 2022 did a study where they provided a preliminary review of 

the consumption of REE within a sustainable management context in Australia, where 

they looked at the current state of research on REE in terms of environmental 

responsibility, including applications, uses, availability, mining sites, reserves, and 

governance policies (Haque et al. 2014; John et al. 2016; McLellan et al. 2014). It has 

been demonstrated how the concept of CE can be implemented to address the scarcity 

of REE resources by reducing environmental burdens (Balanay and Halog 2019), 

considering a system focusing on restoration and regeneration through its design, 

emphasizing longevity, ease of repair, reuse, maintenance, renovation, 

remanufacturing, recovery, and recycling principles (John et al. 2016; McLellan et al. 

2014; Wang and Kara 2019). Technological advances in information and 

communication technologies (ICT) have intensified competition and reduced e-waste 

metal recovery lifespan (Işıldar et al.  2018). E-waste metal recovery typically employs 

pyrometallurgy and hydrometallurgy, with two stages: pre-processing (disassembly, 

sorting, shredding) and fnal processing (chemical separation) (Kaya 2016; Kumar et al. 

2017). The study by Li et al. (2019) found that REE recovery through recycling is 

environmentally preferable except for the destruction of ozone, which was the highest 

compared to the pyrometallurgical process. Pyrometallurgical and hydrometallurgical 

processes were considered competitive in terms of environment (Bailey 2016). Despite 

the risk of sourcing REE, there is a signifcant knowledge gap regarding the systematic 

and comprehensive assessment of the environmental impacts and benefts of 

sustainable consumption of REE, highlighting the need for future research in this area 

(Alonso et al. 2012; Drost and Wang 2016; Jowitt et al. 2018; McLellan et al. 2014; 

Wang et al. 2017). Yuksekdag et al. 2022 assessed REE life cycle integration with CE 

steps, covering raw materials steps, REE use, the potential for demand in secondary 

sources, quantities generated, and recovery processes. Despite the potential, REE 

retrieval from secondary sources confronts technological challenges. Inadequate 

waste management and the lack of studies on recovery are the main challenges for 

closing the cycle, and there is a shortage of studies on the individual separation of REE 

(Bailey et al. 2020; Schreiber et al. 2021). Dang et al. 2021 explored the 

socioeconomic and sustainable aspects of the REE branch, focusing on the 



 

 

environmental impacts of activities related to these elements. Several REE recovery 

processes are not economically viable or environmentally amicable (Jally et al. 2021). 

Rising REE demand could disrupt the current supply chain, necessitating consumers’ 

consciousness regarding the sustainability and human health repercussions linked to 

discarded electronics that enclose them (Hao et al. 2015; Liu et al. 2009; Oguri et al. 

2018; Zhang et al. 2018). While REE hold potential for sustainable agriculture and the 

environment, further research is needed on their ecotoxicological impacts. Dutta et al. 

(2016) emphasize the importance of REE in manufacturing a wide variety of products 

and the need for a secure supply. Recycling is viable (Binnemans and Jones 2015; 

Machacek et al.  2015); the study aims to analyze the global REE scenario, supply 

chains, and environmental impacts of mining while highlighting the challenges in 

industrial recycling (Sun et al. 2016). Integrated approaches must consider ecological 

factors, resource management, mining techniques, production scale, market 

dynamics, and legislation. Waisman et al. (2019) highlighted the importance of 

decarbonization in reducing the consumption of nonrenewable energy usage and 

emissions. The study (Dudley 2018) reveals a rebound efect in REE life cycles, 

indicating that the rapid development of green energy technologies results in an 

unsustainable consumption of REE. Herrington (2021) has proposed the capability of 

replacing REE alternatives and implementing recycling policies to enhance circularity, 

while Golroudbary et al. (2022) observed noted market volatility of RE and the 

replacement of Nd, Fe, and B technology by others with lower demand for REE are 

essential factors. Sustainable methods, both environmentally and socially, must be 

established to acquire the necessary raw materials to meet emission reduction goals. 

Unfortunately, however, there is still no comprehensive analysis of the environmental 

impacts of the green energy value chain, including energy and water consumption in 

all processes related to REEs. Therefore, there is still a need for a comprehensive 

study of the environmental impact of all stages of the supply chain for green energy 

technologies, along with relevant decarbonization measures for the mining and global 

production of REEs, considering a long-term perspective. Studies conducted by (Weng 

et al. 2016) have raised concerns about the mining industry’s sustainability due to the 

production of primary metals. These concerns include declining ore contents, mining 

waste, greenhouse gas emissions, hazardous wastewater disposal, high energy costs, 

irreversible land use, chemical pollution, and resource depletion (Mudd 2010a, 2010b; 

Norgate and Haque 2010). Increasing demand for REE has led to exploration and 



 

 

research of WWT mineral resource extraction capacity across the globe. This paper 

presents life cycle impact assessment (LCIA) data on a “cradle to gate” scale for 26 

selected REO production projects, covering both operational and potential projects 

(Weng et al. 2015, 2013). The research analyzes essential factors in REOs production, 

including mineral deposit type, ore contents, mineralogies (Mudd 2010a; Norgate and 

Haque 2010; Weber and Reisman 2012), REE predominance, production 

configurations, individual concentrations of REE, and environmental impacts such as 

gross energy demand (GER) values and global warming potential (GWP). ALCI 

modeling quantifes interconnections between RE mineral resources, extraction 

technologies, and environmental interactions. The results show that the decrease in 

the contents of total rare earth oxides (TREO) (Weng et al. 2015) results in severe 

environmental consequences, with increased demands for GER and GWP (Weber and 

Reisman 2012; Weng et al. 2013; Wübbeke 2013; Xie et al.  2014; Xue and Lin 2011; 

Yang et al. 2013). 

 

1.2 PRODUCTION OF RARE EARTH OXIDES 

 

According to (Vahidi and Zhao 2017), China produces REE, providing about 

85% of global demand (Duncan et al. 2017). The study (Fig. 1) presents the main 

operational steps involved in producing individual REE, mixed metals, and alloys from 

the reserves of these elements. All the process steps illustrated in Fig. 1 consume 

materials and energy intensively, generating signifcant emissions of air, water, and 

solid waste. While REE are essential for green and high-tech technologies, the 

production of REE themselves has substantial environmental impacts. Therefore, a 

comprehensive sustainability assessment is crucial to reduce the environmental 

impacts related to the production of REE, with LCA being the most commonly used 

method in sustainable product development (Adibi et al. 2014; Evans et al. 2009; 

McLellan et al. 2014).  

 



 

 

FIGURE 1- SCHEMATIC OF HYDROMETALLURGICAL PROCESSES FOR PRODUCING 
INDIVIDUAL RARE EARTH METALS, MIXED METALS, AND ALLOYS 

 

(a)                                                                               (b) 

FONTE: ISO 14040 (2006). 

 

The study (Vahidi and Zhao 2017) addresses limitations and uncertainties in 

Ecoinvent 3 data for REO production, focusing on solvent extraction. The LCA study 

enhances the understanding of the environmental impacts, revealing that solvent 

extraction contributes 35% to the bastnasite/monazite route and 55% to ion adsorption 

clay route environmental impacts. Key chemicals like sodium hydroxide and 

hydrochloric acid require reduction or alternative pH adjustment methods (Sprecher 

et al. 2014a). 

According to (Kanazawa and Kamitani 2006), the extraction of REE mainly 

occurs in China, using diferent methods, such as open-pit mining and leaching of ion 

adsorption clays (Talens Peiró and Villalba Méndez 2013). Specifcally, ion adsorption 

clays have a higher content of heavy REE (HREEs), considered valuable (Vahidi and 

Zhao 2016). Therefore, they are an essential source of REE, especially HREEs 

(Chakhmouradian and Wall 2012; Lusty and Walters 2010). The study (Vahidi and 

Zhao 2016) represents an LCA approach to producing REOs through ion adsorption 

clays through in situ leaching in southern China. Data from the Chinese literature were 

used to evaluate the environmental impacts of producing REOs from ion adsorption 

clays. The functional unit was defned as producing 1 kg of REOs with 92% purity 



 

 

(Duncan et al.  2017). Results showed varying impacts, with ammonium sulfate as a 

major infuencer. In situ, leaching has a more minor impact on acidifcation but a 

signifcantly greater impact on eutrophication. In situ leaching of HREE-rich ion 

adsorption clays reduces environmental impact and constitutes 35% of China’s HREE 

production, emphasizing LCA's role in evaluating tech's eco-efects. Nakamoto et al. 

2012 conducted a study to investigate the extraction of REE as oxides from a 

neodymium-based magnetic sludge, focusing on oxygen affinity for REE. Carbon was 

used as a contact material to efciently separate the Nd, Dy, and Pr and the iron in the 

neodymium magnetic mud (Yoshizuka et al. 2010). Using a carbon crucible made it 

possible to separate the oxygen-containing and metal phases in the magnetic mud. 

The company of carbon creates a partial pressure of oxygen that allows REOs and 

metallic iron to coexist. Meng et al. (2020) introduced a cleaner method for producing 

REOs from RE chloride solutions. The traditional precipitation method (Gupta and 

Krishnamurthy 1992; Huang et al. 2015; LIU et al. 2008) has disadvantages, such as 

the introduction of impurities, excess waste, and greenhouse gas emissions. As an 

alternative, a new method was proposed, based on electrical transformation, 

simulating cationic membrane electrolysis (CME) technology (Savari et al. 2008), to 

obtain a cleaner production of REO. CME ofers advantages like no impurity 

introduction, no waste gases, and valuable by-products. In the study by Carrillo García 

et al.  (2020), they investigated the production of REO from raw ore using a fluidized 

bed reactor. They processed minerals into leachable structures via cooking and 

hydrometallurgical steps, aiming for REO content above 90%. This process involves 

harsh conditions above 200 °C and a high ratio of acid to ore (Gupta and 

Krishnamurthy 1992; Krishnamurthy and Gupta 2004; Kul et al. 2008), such as the use 

of sulfuric acid to treat ore concentrate. An alternative to the hydrometallurgical 

process (cooking+hydrometallurgy) is using a pyrometallurgical process, such as 

calcination, followed by hydrometallurgical separation steps. Calcination, a 

pyrometallurgical alternative, reduces reagent complexity and cost (Criado and Ortega 

1992; Padeste et al. 1991; Viczián, 2013). Combining monazite and calcite improved 

REO production. In another study, an experiment of calcination of a RE ore was carried 

out, focusing on the mineral association, aiming at the production of REO and 

analyzing its impact on the hydrometallurgical steps (Krishnamurthy and Gupta 2004; 

Xing et al. 2010). The researchers closely studied how particles change shape during 

calcination, which is important for selectively separating REE in the leaching step due 



 

 

to friction and particle clumping (Bemrose and Bridgwater 1987). Precipitating agents, 

such as oxalic acid (Rabatho et al. 2013), ammonium, sodium hydroxide, sodium 

sulfate, and hydrogen fluoride (Lyman and Palmer 1993), are commonly used in 

conventional rare earth oxide production processes. However, these agents have been 

problematic, especially HF, which can hinder NdF3 fltration and cause iron 

contamination in the residue. Among the techniques explored for the recovery of REE, 

direct and selective leaching approaches have been proposed (Chung et al. 2022; 

Emil-Kaya et al. 2022; Honshima and Ohashi 1994; Polyakov and Sibilev 2015; Yang 

et al. 2017b). In the study by Emil-Kaya et al., (2022), they proposed a direct and 

selective leaching approach for recycling Nd, Fe, and B magnets, intending to produce 

REO powders through combustion in solution. The recovery of REE from the scrap of 

these magnets presents a prospective resolution to meet the supply challenges of 

these elements due to their high demand in the high-tech industry (Du and Graedel 

2011; Honshima and Ohashi 1994; Thompson 2009). Deng & Kendall (2019) address 

the lack of research on producing medium and heavy rare earth oxides (HREOs) 

production from ion adsorption clays in southern China to develop a new open-source 

LCI and perform a life cycle analysis (Schüler et al. 2011; SCIO 2012; Yang et al. 

2013), with a purity of 90%. Data on HREO highlight the ecological impact, 

emphasizing the role of mining and extraction, with ammonium sulfate as the main 

contributor. Reducing chemical use and extending reaction times help mitigate efects. 

In situ leaching is similar to bastnasite/ monazite processing's environmental impact 

(Deng and Kendall 2019). Schreiber et al. (2021) reviewed LCA studies on REO 

production, addressing overestimation and underestimation of environmental impacts. 

The study was to identify suitable studies for systematic comparison, emphasizing key 

inputs and outputs afecting impact categories and highlighting the often-overlooked 

radioactivity released during REO production. The review revealed controversies in 

LCA studies, with no perfect study covering all necessary data adequately, leading to 

the use of various scenarios, analogous processes, or substitute materials in some 

cases to obtain information. 

 

2 PRODUCTION OF RARE EARTH MAGNETS AND APPLICATION OF LCA AND 
CE 

 



 

 

The work of (Bonfante et al. 2021) analyzed sustainability in the REM (rare earth 

magnets) supply chain and its contribution to the Sustainable Development Goals 

(SDGs). However, REE production involves significant socioenvironmental impacts (Ali 

2014; Weng et al. 2015) due to the use of heavy chemical components, such as sulfuric 

and hydrochloric acid (Tharumarajah and Koltun 2011), and the generation of 

radioactive by-products like thorium and uranium (Weng et al. 2016), during the 

extraction of these elements. A study on the sustainability of the REM using strengths 

and threats (SWOT) analysis explored environmental impacts such as chemical (Marx 

et al. 2018) and energy consumption (Sprecher et al. 2014b), social consequences, 

economic aspects as recycling benefits (Hernandez et al. 2017), and CE. While REM 

sustainability strengths are evident, their implementation in emerging supply chains 

remains recent and uncertain (Arshi et al.  2018; Marx et al. 2018; Nordelöf et al. 2019; 

Schlör et al. 2018; Schreiber et al. 2019; Sprecher et al. 2014b; Wulf et al. 2017). 

Bailey et al. (2020) stress the importance of REE in lowcarbon technologies but 

highlight the generation of toxic waste during permanent magnet production (Bailey 

et al. 2017; Koltun and Tharumarajah 2014). Despite multiple investigations, 

databases lack sufcient REE data (Althaus et al. 2007). In this context, the paper 

analyzes and evaluates 24 LCA studies on the production of REE, specifically 

addressing issues related to the incompatibility of inventory data, as with variable 

impacts noted for REO production from bastnasite ores. Bastnasite/monazite routes 

are similar but difer in waste management, infuenced by mineralogy, ore structure, and 

chemical reagent management, making direct comparisons challenging. According to 

the studies (Langkau and Erdmann 2021), electric vehicles are supported for reducing 

CO2 emissions. However, it will drive demand for lithium, cobalt, and rare earths 

(Deetman et al., 2018; Marscheider-Weidemann et al.  2016). To mitigate future 

environmental impacts (Amnesty International, 2016; Bodenheimer 2014; Bontron 

2012; Walz et al. 2016), the study created scenarios related to the metals neodymium 

(Nd), dysprosium (Dy), praseodymium (Pr), and terbium (Tb). To perform this analysis, 

combined LCA with future demand scenarios for these metals, as proposed by (Van 

der Voet et al. 2019). In conclusion, reduction is possible with eforts like closing illegal 

mines and improving standards. Addressing future demand variations requires 

research on material efciency and alternative approaches for rare earth magnets. 

Schüler et al. (2011) conducted a process-based LCA on molten salt electrolysis for 

RE in China (Adibi et al. 2014; Evans et al. 2009; Golev et al. 2014). They collected 



 

 

energy and material data from rare earth refning facilities (Vahidi and Zhao 2017) to 

develop LCIs (Althaus et al.  2007). According to (Vahidi and Zhao 2018), dysprosium 

fuoride production has the highest environmental impact in all categories of TRACI 

(Toxicological and Environmental Risk Assessment for Impacts on Sustainable 

Systems). Molten salt electrolysis showed variations in life cycle impacts, with mining 

and chemical treatment and solvent extraction steps being signifcant in neodymium 

metal production. Kruse et al. (2017) analyzed the melting characteristics of Nd, Fe, 

and B-based production residues for RE compound recovery. Nd–Fe–B magnets have 

a high concentration in REE, ofer a precise composition, and lack radioactive 

elements. It has been observed by (Kruse et al. 2015) that grinding pastes with over 

7% oxygen content can selfseparate during melting. Low-oxygen waste can undergo 

preliminary heat treatment to separate hydrocarbons, reduce carbon reactivity, and 

adjust oxygen levels, a crucial step for subsequent melting (Raulf 2016). A study 

conducted by Kaya et al. (2021) proposed a CE-focused process for REE recovery 

from used Nd, Fe, and B magnets, involving acid cooking, hydrolysis, and ultrasonic 

spray pyrolysis. This approach enhances resource efciency and produces spherical 

REE oxide particles. The process involved several steps, including cooking with nitric 

acid at 200 °C, leaching with water (Önal et al. 2017), and pyrolysis by ultrasonic spray 

at temperatures between 700 °C and 1000 °C. Higher temperatures increased 

crystallinity and particle size. In this way, he developed an environmentally friendly 

process to recover a mixture of nanometric powders of Nd2O3 and Pr2O3 from used 

magnets and reusing nitric acid. According to Magrini and Jagodzińska (2022), they 

analyzed the recovery of REE from neodymium magnet (NIB) residues. Diferent 

hydrometallurgical methods have been developed as possible alternatives for recycling 

these magnets. However, conventional methods require several steps to increase 

leaching selectivity and are costly due to complex pretreatment techniques and 

signifcant chemical consumption (Karal et al. 2021; Tanaka et al. 2013). An emerging 

approach in the recovery of REE from NIB magnets is bioleaching or 

biohydrometallurgy (Işıldar et al.  2019). It is the frst study (Magrini and Jagodzińska 

2022) that addresses LCA and the cost and material fow analysis (MFCA) of 

bioleaching of NIB magnets on a pilot scale, focusing on the ecological and fnancial 

viability of bioleaching Nd, Dy, and Pr from NIB magnet residues. The study does not 

consider the benefts of recycling other components of data storage devices (Talens 

Peiró et al. 2020), such as printed circuit boards (PCBs) and aluminum. Early-stage 



 

 

LCA results emphasized electricity consumption and oxalic acid production 

environmental impact, with bioreactor costs as a signifcant factor. Government 

subsidies may be necessary for process operation, highlighting the need for further 

research and development to improve this emerging technology. A study by Sprecher 

et al. (2014b) looked at the conditions under which RE metals are produced and 

conducted an LCA to compare the environmental impact of producing 1 kg of 

neodymium magnets from virgin material to recycling. A comprehensive analysis of the 

production chain of Nd, Fe, and B magnets (Binnemans et al. 2013b) revealed that 

most of the impacts are related to energy consumption. Two recycling processes were 

considered, one with manual magnet removal from hard drives and the other involving 

hard drive collection and destruction. Both reduced energy consumption and human 

toxicity but raised concerns about material losses during shredding, questioning the 

feasibility of recycling to address metal scarcity. Studies by Yang et al. (2017a) 

address the sources of permanent magnets at the end of their useful life (EOL), 

discussing their peculiarities, the technical hurdles, and possible methods of physical 

and metallurgical recuperation (Binnemans et al. 2013b; Firdaus et al. 2016; Takeda 

and Okabe 2014; Tanaka et al. 2013), magnets, and associated REE. In addition, the 

study includes an LCA for recycling the magnetic scrap of Nd, Fe, and B. 

Manufacturing permanent magnets from REE involves carefully selecting the starting 

material based on its intrinsic properties. Subsequently, these inherent traits are 

transformed into practical external attributes, including elevated retained 

magnetization and coercive force (Gutfeisch 2000). It is important to note that the 

consumption and annual demand for REE magnets is constantly increasing 

(Binnemans et al.  2018, Nakamura 2017; Sprecher et al. 2014a, b). Recycling these 

magnets is a complementary measure to address longterm supply shortages 

(Rademaker et al. 2013). Nlebedim and King (2018) recycle permanent magnets 

(PMs) and recover REE for resource sustainability and CE. However, challenges such 

as the use of hazardous chemicals, vapor generation, and energy consumption need 

to be addressed (Binnemans et al. 2013b; Vander Hoogerstraete et al. 2014). Tkaczyk 

et al. (2018) emphasize recycling REEcontaining waste like fuorescent powders (Tan 

et al.  2016), catalysts, and PMs. Although scraps, such as fuorescent powders and 

end-of-life fuid catalytic cracking catalysts (FCCC), contain many of these metals, 

sustainability aspects are often overlooked in the search for solutions (Amato et al. 

2019). The study reinforces the potential benefts of producing REE from waste, both 



 

 

in environmental and economic terms (Amato et al. 2016; Cucchiella et al. 2016). They 

highlight the environmental and economic benefts of secondary REE production from 

waste, with costs significantly lower than primary production. Economic feasibility is 

confrmed under the baseline scenarios (Amato et al.  2016, 2017; Amato and Beolchini 

2018; Baxter 2019; De Meester et al. 2019; Fiore et al. 2019; Latunussa et al. 2016; 

Menikpura et al. 2014; Rocchetti et al. 2013; Ruello et al. 2016), but can be afected by 

REE price volatility, energy, and raw material costs in alternative scenarios 

(Geissdoerfer et al. 2017). A study by Ueberschaar and Rotter (2015) aimed to identify 

REE, particularly Nd, Fe, and B magnets, in hard disk drives (HDDs) to promote 

recycling. They categorized information into general, physical, and chemical levels 

(Chancerel and Rotter 2009; Rotter et al. 2013). HDDs contain valuable metals, but 

magnet separation is challenging. It is essential to employ sequential hydro or 

pyrometallurgical recovery techniques needed (Elwert and Goldmann 2014). 

Standardized alloys for magnetic materials could facilitate magnet reclamation. 

Implementing selective collection and treatment systems for laptops and desktop PCs 

is crucial for maximizing magnet and REE recovery. The study of Frost et al. (2020) 

analyzed the relationship between HDDs and RE magnets in transitioning from a linear 

economic model (PwC 2015) to a circular one. Engaged stakeholders formulated the 

problem and developed CE strategies for HDDs. Decision support tools and a 

comprehensive analysis using the PESTEL+structure (Political, Economic, Social, 

Technological, Environmental, Legal+Financial/Organizational) were used to identify 

the barriers and opportunities associated with each circular business model, focusing 

on returns management and supply chain integration. This study ofers a model for 

assessing circular business models in other electronic products. Wang et al. (2022) 

address the rising demand for sintered Nd, Fe, and B magnets in energy and 

environmental protection industries. However, signifcant waste, such as oil mud, 

leftover residual materials, and fawed products, resists efcient recycling. In this sense, 

the study evaluates the potential for environmental improvement by utilizing 

repurposed REE and magnets employed in manufacturing sintered Nd, Fe, and B 

magnets, replacing part of the original materials. The LCA methodology was sintered 

(Curran et al. 2010), showing substituting virgin materials with oil mud and post-

consumer magnets reduces environmental impact, with raw material choices and 

electricity consumption being critical factors (Binnemans et al. 2013b; Jin et al. 2018b, 

a; Schüler et al. 2011). Habib (2019) sought to explore resource circularity options for 



 

 

critical elements, such as Nd and Dy, present in the magnets of Nd, Fe, and B along 

its value chain. A product classification approach has been proposed to understand 

the circularity potential of these features better (Ghisellini et al. 2016; Jawahir and 

Bradley 2016), using Nd, Fe, and B magnets as a case study (Habib 2015; Habib et al. 

2014, 2015, 2016; Habib and Wenzel 2014, 2016). This approach allows you to group 

products according to the most feasible way to achieve resource circularity. The next 

step is to develop a theoretical framework for classifying anthropogenic resources 

(Winterstetter et al. 2016) inspired by the United States Geological Survey's natural 

mineral resources classification system (Gambogi 2016; USGS 1976). This 

classifcation allows you to identify and group products based on the varying economic 

and technical feasibility of recovering resources from them, considering current and 

future conditions. The study by Raspini et al. (2022) provided a sectoral viewpoint 

regarding the factors infuencing and hindering the adoption of CE in Brazil’s Nd, Fe, 

and B industries, particularly within the REM production complex. Identifying these 

drivers and barriers is crucial for fostering circularity in the sector and leading the 

transition to more sustainable production, involving companies (Jin et al.  2018b, a), 

governments, and the scientifc community. The fndings of this study may drive the 

implementation of circular economy practices within the REM sector (Amato et al. 

2019; Diehl et al. 2018; Nlebedim and King 2018; Ueberschaar and Rotter 2015; Xu 

et al. 2019; Zhang et al. 2018) and ofer insights into strategies for resource 

conservation. The main drivers are related to external factors, while the main barriers 

combine internal and external factors (Maqbool et al. 2020). It is important to highlight 

the interconnection and possible interaction efects between drivers (Ritzén and 

Sandström, 2017; Rizos et al. 2016) and barriers (Sharma et al. 2011), improving 

competitive advantage and fnancial proftability (Gue et al. 2020; Gusmerotti et al. 

2019). Diehl et al.  (2018) addressed the recycling of materials for the production of 

magnets to reuse the magnetic alloys in a new manufacturing cycle, highlighting their 

competitive advantages, lower environmental impact, and relevance with the transition 

to a Green Economy. Recycled magnets closely match primary material magnets in 

magnetic properties. However, one of the main challenges is the custom 

manufacturing of reclaimed magnets to meet specifc design and engineering criteria, 

which is a key challenge (Binnemans et al.  2013b; Yoon et al. 2016). Silvestri et al. 

(2021) verifed the circularity potential of REE in the vehicle battery industry, focusing 

on a closed-loop recycling system in Europe. They conducted a comprehensive study 



 

 

involving literature review, policy analysis, and modeling. Results indicate that current 

recycling tech and policies can reduce future REE demand. Still, the risk of scarcity 

remains due to growing green tech adoption, particularly nickel-metal hydride (Ni-MH) 

batteries (Binnemans et al. 2013b), which will lead to a rise in the REE demand. 

Table 1 presents studies that apply the methodology of life cycle assessment and 

circular economy in producing rare earth magnets, from the extraction of raw materials 

to the manufacture, use, fnal disposal, and recycling. It illustrates the interconnection 

between these phases and the diverse environmental and socioeconomic impacts 

associated with each of them. By examining aspects such as energy consumption, 

greenhouse gas emissions, water consumption, and natural resource use throughout 

the life cycle, the framework offers a comprehensive overview of the environmental 

implications of producing rare earth magnets, including recycling and applying circular 

economy models. This holistic analysis serves as the basis for informed decision-

making to minimize negative impacts and promote more sustainable practices in the 

magnet and related materials industry. 
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3 LIFE CYCLE ASSESSMENT AND CIRCULAR ECONOMY APPLICATIONS IN 
MAGNET PRODUCTION 

 

The Science Citation Index Expanded (SCI-E) platform— Clarivate Analytics' 

ISI—Web of Science was used to fnd scientific output to compile the bibliographic 

study. The search was conducted using the advanced search mode and the search 

logic making use of keywords in the feld of rare earth research, namely “rare-earth,” 

“rare earth,” and “lanthanides,” restricting documents that jointly present the keywords 

“life cycle” or “circular economy.” Through the following search logic: “TS=[(“rare-earth” 

OR “rare earth” OR “lanthanides”) AND (“Life cycle” OR “circular economy”)].” The 

search also excluded “Keywords Plus,” which are supplementary keywords 

automatically identifed in an article based on its semantic content during indexing. 

Therefore, the search was confned to information contained in the title, authors, 

source, abstract, and references. Only reviews and articles from the 12 years between 

2010 and 2022 were chosen for data fltering. In total, 294 materials were chosen, of 

which 237 were articles and 57 were reviews (Fig. 2). 

 

FIGURE 2- METHODOLOGICAL STEPS FOR EXECUTING THE BIBLIOMETRIC ANALYSIS 

 



 

 

Data extracted from the selected documents were exported and analyzed using 

the Bibliometrix package in the R programming language in conjunction with the 

VOSviewer software. VOSviewer was employed to ascertain the primary study 

keywords and their clustering, facilitating the constructing a network that elucidated the 

prevalent terminologies employed within the chosen papers. Conversely, Bibliometrix 

was utilized to generate a graphical representation illustrating the temporal evolution 

of scholarly production (citations) by key authors and to construct a thematic map 

classifying primary keywords into three distinct categories: authors, keywords, and 

geographical regions. The primary objective of this comprehensive analysis was to 

gain insight into the signifcance and far-reaching implications of the pivotal publications 

in the realm of life cycle and circular economy within the context of rare earth 

production. Following the well-established framework of Brocke et al., 2009, the 

systematic search aimed to summarize the results within the specifed search flters 

outlined above, which can be outlined as follows: 

 

1. Defnition of review scope: Focused on the rare earth elements área; 

2. Conceptualization of topic: Bounded in searches involving life cycle studies and 

circular economy; 

3. Literature search: Conducted in the Web of Science database; 

4. Literature analysis and synthesis: Utilizing the VOSviewer and Bibliometrix 

tools; 

5. Research agenda: Summarized in Table 2, further detailed descriptions are 

provided in the subsequent sections. 

 
 

TABLE 2:  IDENTIFCATION OF KEYWORD CLUSTERS USING VOSVIEWER SOFTWARE 

Cluster Number of 
items 

Keywords on VOSviewer Network 

1 13 Cobalt, critical materials, hydrometallurgy, lca, 

leaching, life cycle assessment, life cycle 

assessment (lca), life cycle inventory, metals, mining, 

permanent magnet, rare earth elements, and solvent 

extraction. 



 

 

2 11 Adsorption, biosorption, characterization, circular 

economy, critical metals, critical raw material, life 

cycle, phosphogypsum, rare earth element, rare 

earth elements (rees), and recovery. 

3 8 Bioleaching, critical raw materials, e-waste, 

electronic waste, metal recovery, rare-earth 

elements, recycling, and weee; 

4 7 Dysprosium, industrial ecology, material flow 

analysis, molten salt electrolysis, neodymium, rare 

earth, and rare earth metals. 

5 7 Rare earths, red mud, resource recovery, scandium, 

sustainability, urban mining, and valorization. 

6 2 Waste electrical – and - electronic equipment and 

waste management. 

7 1 Supply chain. 

 
 
 
4 BIBLIOMETRIC ANALYSIS OF THE LIFE CYCLE AND CIRCULAR ECONOMY 
WITHIN THE CONTEXT OF RARE EARTH PRODUCTION IN THE LAST 
12 YEARS 

 

4.1 THE DEVELOPMENT OF PUBLICATIONS AND SUBJECT ÁREAS 

 

Figure 3 illustrates the evolution of publications between the years 2010 and 

2022. Initially, it can be observed that among the 10 most relevant felds of study, no 

documents were reported in the year 2010, possibly due to the emerging nature of the 

research segment, which had not yet piqued the interest of the scientifc community. 

The frst signifcant increase in the number of publications began to occur in 2013, with 

a total of 12 documents. Graphically, Table there is evidence of a second phenomenon 

of increased publications in 2018, when 56 documents were recorded. This 

phenomenon indicates a growing interest in studying rare earth related to life cycle 

analysis and circular economy. Regarding the areas of study, certain patterns can be 

inferred. In 2011, when document records within this research feld commenced, the 

most prominent area was not yet present. The records were distributed across the felds 



 

 

of “Materials Science,” “Chemistry,” and “Science Technology Other Topics.” However, 

next year (2012), only one document belonged to the feld of “Environmental Sciences 

Ecology.” At the end of the assessed period in 2022, it can be observed that the 

“Environmental Sciences Ecology” sector represents 31.75% of the documents, 

followed by “Engineering” at 21.43% and “Science Technology Other Topics” at 

14.29%. 

 
FIGURE 3: EVOLUTION OF PUBLICATIONS IN THE LIFE CYCLE AND CIRCULAR ECONOMY 

WITHIN THE CONTEXT OF RARE EARTH FROM 2010 TO 2022 

 
 

 
Analysis of the key terms  

 

In Fig. 4, the author’s most frequently utilized keywords are consolidated into a 

network map comprising seven clusters arranged following their significance and 

relevance, as outlined in Table 3 The 49 keywords were selected based on a minimum 

criterion of 4 occurrences. In Fig. 4A, which presents the term map based on the 

obtained clusters, the keyword “rare earth elements” is closely associated with 

keywords such as “life cycle assessment,” “life cycle inventory,” “mining,” “leaching,” 

and “solvent extraction.” These associations indicate a pronounced interest in studies 

related to life cycle assessments, considering aspects of mining, leaching processes, 

and the solventes used in extraction. Across the other clusters, various trends within 

the research feld can be observed. These trends encompass other terms related to 



 

 

rare earth and associated research domains, including the adoption of processes such 

as “adsorption” and “biosorption,” as well as concerns about environmental impacts 

such as “electronic waste,” “recycling,” “resource recovery,” “sustainability,” “waste 

management,” and “supply chain.” Furthermore, when checking cluster 2 (Table 3), 

which corresponds to the green color in Fig. 4A, the keyword “economic circular” 

exhibits strong correlations with terms related to adsorption processes, recovery, and 

characterization. This suggests the prominence of these terms within the context of 

circular economy studies. In turn, Fig. 4B depicts the usage of keywords over time, 

indicating trends or their decline. In 2018, represented by the blue color, keywords 

such as “metals,” “industrial ecology,” and “life cycle” are already noticeable. Moving 

to 2020, indicated by the green color, we observe a greater prevalence of keywords 

such as “rare earth elements,” “life cycle assessment,” “life cycle inventory,” 

“sustainability,” and “urban mining.” This suggests a continued focus on environmental 

concerns and life cycle studies within the subject area, along with advancements in 

developing new niches and expanding research fields. Finally, in 2021, marked by the 

yellow color, a more in-depth direction is apparent, with keywords like 

“phosphogypsum,” “e-waste,” “leaching,” and “neodymium.” 

 
 

 



 

 

FIGURE 4:  KEYWORD CLUSTERING BY AUTHORS: A MAPPING TERMS INTO DISTINCT 
CLUSTERS; B MAPPING THE AVERAGE YEAR OF TERM USAG 

 
 
 
 

 
TABLE 3: TOP 10 RANKINGS IN THE FELD OF RARE EARTHS RESTRICTED TO THE STUDY OF 
LIFE CYCLE AND ECONOMIC CIRCULAR STUDIES OVER THE LAST 12 YEARS: PUBLICATION 



 

 

AREAS, AFFILIATIONS, COUNTRIES, JOURNALS, AND AUTHORS BASED ON PUBLICATION 
COUNT. 

Ranking Parameters Number % 
Research areas    

1st Environmental sciences ecology 151 51.36 

2nd Engineering 132 44.90 

3rd Science technology other topics 89 30.27 

4th Chemistry 40 13.60 

5th Materials science 25 8.50 

6th Metallurgy metallurgical 

engineering 

20 6.80 

7th Energy fuels 16 5.44 

8th Mining mineral processing 15 5.10 

9th Mineralogy 13 4.42 

10th Physics 10 3.40 

Affiliations    

1st Helmholtz Association 22 7.48 

2nd United States Department of 

Energy Doe 

18 6.12 

3rd Purdue University System 17 5.78 

4th Purdue University West Lafayette 

Campus 

17 5.78 

5th Chinese Academy of Sciences 17 5.78 

6th Research Center Julich 14 4.76 

7th Leiden University 10 3.40 

8th Leiden University Excl. Lumc 9 3.06 

9th Delft University of Technology 9 3.06 

10th Idaho National Laboratory 8 2.72 

Countries    

1st United States of America 61 20.75 

2nd Germany 45 15.31 

3rd China 45 15.31 

4th England 30 10.20 

5th Italy 22 7.48 



 

 

6th Netherlands 22 7.48 

7th France 20 6.80 

8th Finland 17 5.78 

9th Sweden 17 5.78 

10th Canada 16 5.44 

Journals    

1st Resources Conservation and 

Recycling 

26 8.84 

2nd Journal Of Cleaner Production 25 8.59 

3rd ACS Sustainable Chemistry 

Engineering 

15 5.12 

4th Chemosphere 8 2.72 

5th Environmental Science 

Technology 

8 2.72 

6th Waste Management 8 2.72 

7th Journal Of Sustainable 

Metallurgy 

7 2.38 

8th International Journal of Life Cycle 

Assessment 

6 2.04 

9th Science of the Total Environment 6 2.04 

10th Hydrometallurgy 5 1.70 

  
 

 
The keyword analysis enabled us to identify the most commonly used terms 

among authors who have published in this feld. In Fig. 5, we presented the 15 most 

frequently employed keywords and their respective percentage to the entire sample. 

The three keywords that stood out most frequently were “rare earth elements,” “circular 

economy,” and “recycling,” with the first two being selected as keywords during the 

literature search. However, the third suggests studies focused on recycling, which 

correlates with research in the feld of circular economy. Furthermore, a closer 

examination of this keyword group revealed a consistent thematic orientation in 

research publications. Concepts such as “sustainability,” “leaching,” “recovery,” and 

“e-waste,” among others, exhibited notable prominence. This aligned with our earlier 

fndings from network mapping and cluster analysis, reinforcing the signifcance of these 



 

 

topics. Another powerful tool for keyword evaluation is depicted in Fig. 6. By employing 

thematic map assessments, we can gain valuable insights within the research field by 

evaluating the relevance and development of keywords. Keywords such as “rare-earth 

elements,” “recovery,” and “metals” are situated within the basic themes, signifying 

high centrality and low density. These are research areas that, with increased 

occurrences, hold the potential to evolve into motor themes. Conversely, motor 

themes, distinguished by both high centrality and density, encompass keywords that 

already bear established signifcance in the research feld, including “elements,” “life 

cycle assessment,” and “energy.” Within the niche themes, marked by high density but 

low centrality, we encounter topics of importance, albeit confined to specific research 

niches. These encompass “removal,” “behavior,” and “waste water,” signifying the 

research domain related to wastewater treatment, with a specifc focus on techniques 

and processes for removing pollutants and wastewater residues. Finally, the emerging 

or declining themes, characterized by low centrality and density, constitute a group of 

keywords that may follow two scenarios. They either have such low occurrence that 

their utilization might diminish or represent a burgeoning feld of study that could 

potentially increase in frequency over the years. Keywords in this category encompass 

“printed-circuit boards,” “copper,” and “electronic waste.” 

 

 

FIGURE 5:  20 MOST FREQUENT FELD KEYWORDS RANKED BY OCCURRENCE 

 
 



 

 

FIGURE 6: THEMATIC MAP ILLUSTRATING THE MOST COMMONLY UTILIZED KEYWORDS 

 
 

4.2 INVESTIGATIVE ANALYSIS OF BIBLIOMETRIC METRICS RELATED 

TO SUBJECT AREAS 

 

4.2.1 Institutional afliations, countries, journals, and authors 

 

The list of key research areas, afliations, countries, and journals is presented in 

Table 4. Concerning the research feld in which the works are being published, 

“Environmental Sciences Ecology” dominates, representing more than half of the 

publications at 51.36%. Following closely is “Engineering,” at 44.90%, and in third 

place is “Science Technology Other Topics,” at 30.27%. It is important to note that the 

percentages do not add up to 100%, as depending on the publication journal, works 

may encompass more than one area of concentration. The institution with the largest 

research hub on the subject is the Helmholtz Association, located in Germany, leading 

with 7.48% of publications in the feld. However, the country with the highest number 

of publications is the USA, at 20.75% of the records. Germany and China share the 

second position at 15.31%, followed by England at 10.20%. Regarding the journals 

where the works are published, “Resources Conservation and Recycling” accounts for 

8.84% of the publications, closely followed by the “Journal of Cleaner Production,” with 

only a one-publication diference. In sequence, the journal “ACS Sustainable Chemistry 



 

 

Engineering” represents 5.12% of the publications. From a general perspective, the 

journals that concentrate on these publications focus on environmental themes, 

sustainability, recycling, and the conservation of natural resources. Furthermore, many 

of them emphasize environmental chemistry and sustainable engineering topics. 

 

TABLE 4: SUMMARY TABLE OF THE MAIN INFORMATION FROM THE BIBLIOMETRIC STUDY OF 
RARE EARTHS FOCUSED ON LIFE CYCLE AND CIRCULAR ECONOMY 

Development of Publications There was a notable increase in 

publications, particularly in 2013 and 

2018. 

Analysis of Key Terms The most frequently used keywords 

are life cycle assessment, mining, 

and recycling. The increase in 

interest in environmental issues is 

noticeable. 

Key Research Areas Environmental Sciences Ecology 

(51.36%), Engineering (44.90%), 

Science Technology Other Topics 

(30.27%). 

Leading Institution Helmholtz Association (7.48% of 

publications). 

Top Countries USA (20.75%), Germany and China 

(15.31% each), England (10.20%). 

Dominant Journals Resources Conservation and 

Recycling, Journal of Cleaner 

Production, and ACS Sustainable 

Chemistry Engineering. 

High Centrality, Low Density 
Themes 

Rare-earth elements, recovery, 

metals. 

High Centrality, High Density 
Themes 

Elements, life-cycle assessment, 

energy. 

High Density, Low Centrality 
Themes 

Removal, behavior, waste-water. 



 

 

Low Centrality, Low Density 
Themes 

Printed-circuit boards, copper, 

electronic waste. 

 

 

 

5 CONCLUSION 
 

The study addressed the critical role of mining and production of rare earth 

elements in the propulsion of various emerging technologies, along with their 

corresponding environmental and socioeconomic impacts. Among these impacts, we 

highlight the emission of greenhouse gases, waste generation, high energy 

consumption, and the social risks inherent to this industry. It was found that 

implementing strategies to mitigate these impacts, including optimizing extraction and 

processing processes, exploring alternative production methods, and applying life 

cycle assessment and circular economy techniques, is imperative. These practices can 

provide a more integrated approach to the production and use of REE magnets, 

ensuring sustainability. The potential of recycling and recovering metals from electronic 

waste to mitigate environmental impacts and ensure a sustainable supply of REE 

magnets has also been recognized. The Science Citation Index Expanded (SCI-E) 

platform (Clarivate Analytics' ISI and Web of Science) showed that the words “rare 

earth elements” are closely associated with “mining,” “leaching,” and “solvente 

extraction.” These associations indicate a pronounced interest in studies related to life 

cycle assessments, considering aspects of mining, leaching processes, and the 

solvents used in extraction. The areas “rare earth elements,” “recovery,” and “metals” 

are situated within the basic themes but also are motor themes, distinguished by both 

high centrality and density, including “elements,” “life cycle assessment,” and “energy.” 

In summary, bibliometric analysis provided valuable insights into the current state of 

research, technological developments, environmental impacts, supply chains, and 

barriers related to rare earth magnet production. By leveraging this information, 

stakeholders can make informed decisions and implement strategies to improve LCA 

and circular economy practices in this critical industry. However, it becomes necessary 

to investigate along this line of research, which will be advantageous to ofer more 

elaborate suggestions for future research, including potential methodologies, specifc 

areas within rare earth element production necessitating additional exploration, or 



 

 

emerging technologies pertinent to this feld. Given the abundance of research in this 

realm yielding diverse conclusions, it is imperative that conclusions be better structured 

and substantiated with coherent logic and evidence. This study provided a basis for 

future research and development of CE and LCA studies in the rare earth magnet 

production chain. 
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                                                                                                        CHAPTER II 
 
Life cycle assessment of Nd-Fe-B rare earth magnet production  
 

ABSTRACT 

Rare earth elements (REE) are strategic for Brazilian industry, particularly in renewable 
energy, electronics, and electric mobility. Growing demand drives the need for a 
sustainable and efficient supply, considering their environmental and economic 
impacts. These materials are widely used in the production of neodymium-iron-boron 
(Nd-Fe-B) permanent magnets, whose production chain has significant environmental 
impacts, from mining to final manufacturing. This study assesses the life cycle (LCA) 
of Nd-Fe-B magnets in the Brazilian context, following ISO 14040 and ISO 14044 
guidelines. The modeling was conducted using Sankey software, and environmental 
impacts were quantified in SimaPro 9.1, incorporating data from the EcoInvent 
database and literature sources to ensure a robust methodological approach aligned 
with international best practices. The results indicate that mining has a high 
environmental impact, especially compared to secondary sources such as recycling. 
The exploitation of lower-grade deposits increases energy and water consumption, 
highlighting the need for more efficient technologies. The roasting stage stands out 
due to high energy consumption and emissions of particulate matter and greenhouse 
gases. In oxide production, leaching and pre-separation are the most critical stages, 
with intensive use of chemical reagents like hydrochloric acid, contributing to marine 
eutrophication and ionizing radiation. In magnet manufacturing, machining is the most 
impactful stage, significantly contributing to global warming, ozone layer depletion, and 
high water consumption. Given these impacts, the study reinforces the need for 
mitigation measures, including environmental regulations for REE mining, incentives 
for the circular economy, and the adoption of emerging technologies, such as more 
efficient hydrometallurgical processes and advanced magnet recycling techniques. 
Additionally, using renewable energy sources can significantly reduce the carbon 
footprint of these materials, promoting more sustainable resource consumption. 
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1 INTRODUCTION 
 

Rare earth elements (REE) are mainly composed of lanthanides and have 

similar physical and chemical properties, which make them essential for various 

technological and industrial applications. These elements play a key role in the 

transition to clean energy and are widely used in the manufacture of wind turbines, 

solar panels and electric vehicle engines [1-4]. REE are classified into two categories: 

light rare earths (cerium, lanthanum, praseodymium, neodymium, promethium, 

europium, gadolinium and samarium) and heavy rare earths (dysprosium, yttrium, 

terbium, holmium, erbium, thulium, ytterbium and lutetium) [5]. 

The growing demand for REE is directly related to its use in advanced 

technology products, mainly in the production of neodymium-iron-boron (Nd-Fe-B) 

permanent magnets [6,7]. These magnets are significantly stronger than traditional 

magnets, making it possible to reduce the size of devices without compromising 

performance. Currently, the demand for Nd-Fe-B represents around 20% of the total 

REE consumed globally [8]. However, worldwide dependence on these elements is a 

critical factor, since the European Union classifies them as strategic raw materials due 

to their high economic importance and the risk of supply [9,10]. Although global 

production of REE is concentrated in China, the lack of production capacity in other 

countries results in a strong dependence on imports, limiting the progress of various 

renewable energy technologies [7]. In view of this restriction, it is essential to explore 

new sources of REE and develop innovative methods for its extraction from 

unconventional materials [11]. 

The global dependence on China for the supply of REE represents a strategic 

and economic challenge for several countries, especially those seeking to expand their 

clean technology industries. Despite holding less than 40% of global reserves, China 

meets more than 60% of international demand for these elements, consolidating its 

dominance in the production chain [12]. 

The growing scarcity of rare earths on the international market has encouraged 

countries such as Uganda, Australia, Brazil and Chile to intensify their prospecting and 

exploration activities for these ores, also driving scientific and technological advances 

aimed at making more efficient use of these resources [13]. 

In addition, diversification of the supply chain is essential to reduce dependence 

on China, either by exploring new deposits or by developing recycling technologies. 



 

 

The growth of the global rare earths market, driven by the energy transition and digital 

transformation, reinforces the need for more responsible and sustainable mining 

practices, with the implementation of technologies that increase process efficiency and 

minimize environmental impacts [14]. 

The production chain for rare earth magnets (REM) involves multiple stages, 

from ore extraction to final manufacture, and is characterized by significant 

environmental impacts. Although REE are available in greater quantities than other 

industrial metals, their uneven geological distribution and low concentration in 

economically viable deposits make their utilization an environmental and technological 

challenge [11]. Furthermore, the increase in demand for Nd and dysprosium (Dy), 

which are essential for the production of Nd-Fe-B permanent magnets, reinforces the 

need for sustainable strategies for their extraction and reuse [15,16]. It is estimated 

that by 2050 the demand for these elements will increase by 9 to 35 times in relation 

to the volumes currently extracted, making it essential to adopt a circular economy 

model to ensure the sustainability of the supply of these strategic elements for the 

energy transition [17-19]. 

REE extraction presents considerable environmental and social challenges. 

Conventional mining techniques, such as open-pit and underground mining, demand 

large amounts of energy, water and chemicals, contributing to soil degradation, water 

pollution and significant atmospheric emissions [20-22]. The environmental impacts 

associated with mining include climate change, eutrophication of water bodies, 

freshwater ecotoxicity, depletion of fossil resources, ionizing radiation, soil 

acidification, formation of photochemical oxidants, ozone layer degradation, human 

toxicity and terrestrial ecotoxicity [23,24]. During the ore processing, extraction and 

separation phase, radionuclides such as uranium and thorium are released, increasing 

the environmental risk and the challenges of waste management [21,22,25;26].  

Mining and refining operations require high energy consumption and generate 

greenhouse gas (GHG) emissions [27-29]. In some operations, the uranium and 

thorium present in these tailings can be used as by-products for nuclear power 

generation, reducing the need for primary mining of these elements and contributing 

to a low-carbon energy model [30-32]. 

Given this scenario, life cycle assessment (LCA) has emerged as an essential 

tool for quantifying the environmental impacts of ETRs and proposing mitigation 

strategies. Standardized by ISO 14040 and ISO 14044, LCA allows the identification 



 

 

of the main critical points in the production cycle, from the extraction of raw materials 

to final disposal, providing subsidies for the adoption of more sustainable practices 

[33,34]. The recycling of rare earth permanent magnets has been considered a viable 

alternative for minimizing environmental impacts and reducing dependence on primary 

extraction [35]. In addition, the circular economy has gained prominence as a 

production model that seeks to reduce material waste and encourage the reuse and 

recycling of these elements [19]. 

The LCA of rare earth mining indicates that energy consumption varies between 

0.2 and 1 GJ/t of rare earth oxides (REO), while water use can reach between 0.3 and 

1.8 ML/t REO [36]. In addition, the environmental impact in terms of GHG emissions is 

significant, with the process resulting in 1.4 kg CO -eq/kg REO produced. The main 

source of emissions is the use of hydrochloric acid, responsible for around 38% of total 

emissions, followed by steam consumption (32%) and electricity (12%). Studies 

indicate that 51% of GHG are due to the use of energy in various forms, such as diesel, 

steam, fuel oil and electricity. These figures demonstrate the need to reduce 

dependence on high-emitting inputs in order to make r eproduction more sustainable 

[36]. 

The use of alternative techniques, such as in situ leaching, has been studied as 

an option for reducing environmental damage [21,22,37-39]. Studies indicate that 

environmental impacts vary according to the reagent used, with ammonium sulphate 

being one of the main contributors to the impacts of the process. Although in situ 

leaching has less influence on acidification, it contributes significantly to eutrophication. 

However, this technique, applied to the extraction of clays rich in heavy rare earth 

elements (HREE), reduces environmental impacts and accounts for approximately 

35% of the production of these elements in China [39]. 

Converting the extracted ore into REO involves physical and chemical 

processes with a high environmental impact. Minerals such as bastnasite, monazite 

and xenotime are the main sources of these oxides, and their processing includes 

stages of milling, physical beneficiation, chemical separation and hydrometallurgy 

[36,38,40,41]. The hydrometallurgy part of oxides requires large volumes of strong 

acids, resulting in potentially toxic liquid and solid waste [40,38]. Depending on the 

method used, the environmental impacts vary considerably. The production of REO 

from bastnasite/monazite represents around 35% of the total environmental impacts of 



 

 

the production chain, while extraction based on ion adsorption clays can reach up to 

55% of these impacts [42]. 

Studies indicate that the production of one ton of REO can result in the emission 

of 60,000 m³ of exhaust gases, which is nothing more than the burning of fuel, as well 

as 200 m³ of acidic wastewater and 1.4 tons of radioactive waste [43]. Among the most 

significant environmental impacts associated with the production of REE is the global 

warming potential (GWP). The GWP of neodymium (Nd) and dysprosium (Dy) is 

significantly high, reaching values of 17.6 and 59.6 kg CO2-eq/kg, respectively, 

compared to just 1.5 kg CO2-eq/kg for iron [44].  

Nd-Fe-B magnets are essential for various technologies, made up of 

approximately 29-32% Nd, 1-2% B and 64-68.5% Fe, standing out for their superior 

magnetic properties and high efficiency in applications such as electric motors and 

wind turbines [45]. However, their production involves significant environmental 

challenges, since the extraction and magnetization stages consume large amounts of 

energy and result in the emission of atmospheric pollutants [46-48]. The durability of 

magnets varies depending on the application, and can be as little as 2 to 3 years in 

consumer electronics, while in wind turbines it can reach 20 to 30 years [49-51]. 

As demand grows, the generation of waste in the production and disposal of 

magnets has become a critical problem. During manufacture, around 20-30% of the 

metal alloy is converted into scrap, which reinforces the need for effective recycling 

processes [52,53]. Despite this, global recovery rates for rare earths from end-of-life 

products are less than 1% [35,51]. The development of new recycling processes is key 

to minimizing environmental impacts and reducing dependence on primary mining 

[54,55]. 

The production chain for rare earth magnets (REM) presents significant 

environmental challenges, from mining to final manufacture. The high demand for Nd 

and Dy drives the need for a sustainable production model that minimizes 

environmental impacts and guarantees the supply of these essential elements for the 

global energy transition. LCA is an essential tool for identifying and mitigating impacts 

throughout the life cycle of REE, providing support for the implementation of more 

sustainable strategies, such as recycling and the adoption of the circular economy. 

The aim of this study is to evaluate the life cycle of Nd-Fe-B magnet production 

in Brazil, taking into account the specificities of the country's energy and transportation 

sectors. Based on this analysis, mitigating measures will be proposed to reduce the 



 

 

environmental impacts associated with its production, contributing to a more 

sustainable development model in the rare earths sector. 

 

2 METHODOLOGY 
 

The methodology of this research is structured in three stages, as illustrated in 

Figure 1. The first stage, of a conceptual nature, involves a bibliographical survey, 

drawing up the research protocol (form) and pre-testing it, resulting in the definition of 

the research model. The second stage, of practical application, involves technical visits 

and data collection at different stages of the production process. Finally, the third stage, 

of direct application, involves modeling the system and carrying out the LCA stages 

[33,34]. 

Among the methodologies used, LCA stands out for its systemic and 

comprehensive approach. It is a methodology that is widely used to assess the 

environmental performance of systems, processes or products, considering all the 

stages of the life cycle and the respective consumption of resources and associated 

emissions [56]. Its systemic approach makes it possible to avoid transferring impacts 

between different life cycle stages, geographical regions or environmental impact 

categories, providing a more comprehensive and accurate analysis of environmental 

effects [57]. 

 

FIGURE 1- STRUCTURE OF THE STUDY METHODOLOGY 

SOURCE:  [14]. 
 



 

 

The third stage of this research will be structured on the basis of [58] and the 

ISO 14040 and ISO 14044 guidelines [33,34]. To carry out the LCA, four sub-steps will 

be considered: defining the objective and scope, analyzing the inventory, assessing 

the impacts and interpreting the results. The first sub-stage will establish the purpose 

of the study and the delimitation of the production chain, defining the limits of the 

system and its application in the context analyzed. Next, the life cycle inventory (LCI) 

analysis will quantify the inputs and outputs of materials and energy throughout the 

different phases of the production process, from mining to REM production. This 

modeling will be carried out with SimaPro software, using data from the literature and 

the EcoInvent database, adapted to the Brazilian reality. The structure of the material 

flows will be represented graphically in the E! Sankey software. 

 

2.1 DEFINING THE SCOPE AND OBJECTIVE 

 

The aim of this study is to evaluate the life cycle of REM production, composed 

of Nd, Fe and B, considering the Brazilian reality. The main focus is on analyzing the 

LCI, quantifying the environmental impacts at each stage of the production process. 

To this end, a production system flow was structured, highlighting the identification of 

resource inputs and outputs, as well as the associated environmental impacts, from 

mining to the manufacture of rare earth magnets, as illustrated in Figure 2. 

FIGURE 2- SYSTEM FLOW 

 

SOURCE:  [59]. 



 

 

 

The analysis considers aspects such as climate change, toxicity and energy 

consumption to assess the environmental impacts of magnet manufacturing in Brazil. 

Defining system boundaries is essential in LCA, as it determines the processes and 

flows of materials and energy that will be included in the analysis. In the Brazilian 

context, these boundaries cover everything from the extraction of raw materials to the 

manufacture of magnets, including the mining phase, the oxide production phase and 

the magnet production phase and, optionally, the distribution or disposal of final 

products. The inventories that precede them were adjusted to reflect the national 

reality, taking into account energy sources and fuels. This delimitation made it possible 

to quantify the flows at each stage, enabling a detailed assessment of environmental 

impacts and opportunities for improvement throughout the life cycle. 

 

2.1.1 Functional unit 

 

The functional unit adopted for the evaluation corresponds to the production of 

1 kg of rare earth magnets. In order to better represent the Brazilian reality, the analysis 

was adjusted based on a production plant design of 100 tons, considering the inputs 

and outputs of the system in a laboratory-factory located in the Southeast region of 

Brazil. 

 

2.1.2 System modeling 

 

The system was modeled on the basis of a blueprint, allowing data to be entered 

into the E! Sankey software. This process made it possible to build process flow 

diagrams that represent all the production stages, from mining to magnet production, 

reflecting the particularities of national production. Based on this, the modeling uses 

arrows with dimensions proportional to the amount of flow, making it easier to see the 

transfer of materials, energy consumption and costs between processes.  

Figure 3 represents the modeling of the system covering all the phases of the 

production process, including mining and each stage within this phase, followed by the 

production of rare earth oxides and their stage and, consequently, the production of 

rare earth magnets and all their comprehensive stages. The modeling of the mining 

system presents a detailed flow of the main stages of the process, from the input of 



 

 

inputs, such as energy, explosive materials and transport, to the final leaching. The 

resources used include water, electricity, chemicals and metals, while the outputs 

reflect the generation of solid waste, dust, gases and tailings. The connections 

between the stages - mining, crushing and milling, flotation, roasting and leaching - 

show the continuous flow of material, in which each stage receives inputs and 

generates by-products that can be reused or discarded. In addition, the modeling 

highlights significant environmental concerns, such as emissions of radioactive dust, 

sulfur dioxide and carbon dioxide, reinforcing the need for mitigation strategies. In the 

mining process, land use represented in purple has a significant impact, followed by 

water consumption in orange. In addition, the high demand for primary energy in gray 

and transportation in blue highlight the intensity of energy consumption in this phase. 
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The extraction and calcination of REO involves various inputs, such as 

electricity, hydrochloric acid (HCl), ammonium hydroxide and rare earth fractions 

classified as medium, heavy, lanthanum and cerium. The separation of these elements 

occurs through chemical and physical characteristics, allowing important products to 

be obtained for use in green technologies. The modeling of the system highlights the 

importance of energy and chemical reagents as essential inputs in this process. The 

environmental impact is mainly influenced by the use of HCl in pink, followed by 

ammonium hydroxide in light purple and electricity in gray, which are critical inputs for 

the production of rare earth oxides. 

In the modeling of the REM (rare earth magnets) production system, the phases 

from material preparation to final magnetization are detailed. The process begins with 

electrolysis, where oxides of didymium, fluorides and lime are used to produce Nd-Pr-

Fe-B alloys, generating outputs such as gases and liquid waste. Next, the manufacture 

of the alloy involves melting and mixing the metallic materials, followed by the 

preparation of the powder by grinding and refining, ensuring the proper distribution of 

the particles. The powder is compacted and aligned to ensure that the particles are 

oriented correctly, optimizing the magnetic properties of the final magnet. This is 

followed by sintering and heat treatment, consolidating the powder into a solid block, 

which is then shaped in the machining stage. The magnet is coated with nickel and 

copper to protect against corrosion before undergoing the final magnetization process, 

activating its magnetic properties. 

 

2.2 LIFE CYCLE INVENTORY ANALYSIS 

 

The LCI consists of identifying and quantifying the resources used in the 

production of a product, including energy, water, raw materials and processed 

materials, as well as the emissions and waste released into the environment, including 

atmospheric pollutants, discharges into soil and water, and the losses incurred during 

the production process [60]. Data for this study was collected from primary and 

secondary sources. The primary sources included direct measurements and 

information obtained from the stakeholders of the system analyzed, while the 

secondary sources consisted of existing databases and scientific literature. 

After validation, the data was entered into the SimaPro 9.1 software, where 

mass and energy balancing was carried out. Inventory modeling enabled the 



 

 

integration of input and output flows for each unit process, providing a detailed view of 

the system's environmental profile. In addition, a critical analysis of the LCI was 

conducted to identify possible sources of uncertainty and data limitations. 

In the context of this research, the LCI for Nd-Fe-B magnets took into account 

factors such as the energy matrix and transportation logistics. This approach will make 

it possible to propose strategies to mitigate environmental impacts throughout the 

production chain. In order to validate the system's data, meetings and technical visits 

were made to the factory laboratory, allowing for a detailed description of the processes 

and verification of the mass balances. The modeling of the system was improved 

based on the inventory data, using the EcoInvent database and complementing the 

information with references from the literature, ensuring an inventory in line with the 

Brazilian reality. 

The research is part of the project “Sustainability in the production chain and 

technologies for manufacturing magnets based on rare earth elements”, managed by 

Regina I (Rare Earth Global Industry and New Applications) and the Laboratory for 

Waste Management and Sustainable Technologies - LabGerts at UFPR - Jandaia do 

Sul Advanced Campus, and some of the information in the Life Cycle Inventory - LCI 

is confidential. 

 

2.3 LIFE CYCLE IMPACT ASSESSMENT  

 

To assess environmental impacts, the SimaPro software was used in 

conjunction with the Ecoinvent data library and the ReCiPe method, developed by 

RIVM, Radboud University, CML and Pré Consultants [61]. 

The methodology adopted sought to harmonize the environmental impacts in 

the models, considering both the midpoint categories, which analyse factors such as 

global warming, acidification and eutrophication, and the endpoint categories, which 

assess the final impacts on human health, ecosystems and natural resources. The 

ReCiPe method quantifies environmental impacts throughout the life cycle of a product 

or process, covering 17 categories, including global warming, stratospheric ozone 

depletion, ionizing radiation, ozone formation, form of particulate matter, ozone 

formation, terrestrial acidification, freshwater eutrophication, marine eutrophication, 

terrestrial ecotoxicity, freshwater ecotoxicity, marine ecotoxicity, human carcinogenic, 

human non-carcinogenic, land use, scarcity of mineral resources, scarcity of fossil 



 

 

resources, water consumption, allowing a comprehensive assessment of 

environmental effects, human health and resource consumption. 

In addition to ReCiPe, a second impact assessment was carried out using the 

method of the Intergovernmental Panel on Climate Change (IPCC), which 

complements the analysis by considering specific indicators, such as the GWP for a 

100-year horizon, the consumption of non-renewable fossil energy and the full set of 

ReCiPe endpoint indicators (Hierarchist). This approach provides a more detailed view 

of climate change, identifying its causes, effects and risks for humanity and the 

environment, contributing to a broader understanding of the environmental impacts of 

the system assessed. 

 

3 PRESENTATION OF RESULTS AND DISCUSSION 
 

This study addresses the characterization and normalization of environmental 

impacts using the ReCiPe and IPCC methods, highlighting the main environmental 

indicators identified in the results.  

 

3.1 CHARACTERIZATION IN THE MINING PHASE 

 

The LCA provides a detailed understanding of the environmental impacts 

associated with mining up to the production of rare earth magnets, identifying the most 

critical stages of the production system. As shown in Figure 4 for the characterization 

part of the mining of 1 kg of Nd-Fe-B magnets using the ReCiPe methodology.  
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In the particulate matter category, the mining phase exhibited an emission 

equivalent to 0.368 kg PM 2.5 eq., indicating a significant potential for fine particle 

emissions into the atmosphere. These emissions can directly impact air quality and 

pose health risks, particularly in regions near extraction sites. Water consumption was 

quantified at 1.53 m³, highlighting the mining process's dependence on water 

resources. The high demand for water can lead to reduced availability for other uses 

and contribute to alterations in the local aquatic ecosystem. Regarding global warming 

potential, the mining phase contributed 0.172 kg CO  eq., reflecting greenhouse gas 

emissions associated with extraction activities and energy consumption. Although 

relatively low compared to other life cycle stages, this impact underscores the need to 

assess alternatives for reducing carbon emissions in the mining sector. 

The results obtained in this study align with the findings of [62], which indicate 

that rare earth mining can generate significant environmental impacts due to high 

energy consumption, particulate matter emissions, and the need for large volumes of 

chemical reagents. According to the authors, rare earth extraction primarily occurs in 

carbonatite deposits, ion-adsorption clays, and alkaline rocks, involving energy-

intensive processes and generating radioactive waste. In Brazil, REE mining 

predominantly takes place through open-pit operations, which, while reducing 

operational costs compared to underground mining, present environmental challenges 

related to deforestation and intensive water and electricity consumption. Furthermore, 

the literature highlights that the carbon footprint of rare earth mining can vary 

significantly, with projects in shale deposit formations reaching a GWP of up to 229 t 

CO eq/t-TREO. 

Another relevant aspect of the analysis is the comparison with the studies by 

[64], which evaluated the extraction of REO from ion-adsorption clays. The authors 

highlight that the production of 1 kg of HREOs can result in emissions ranging from 

258 to 408 kg CO -eq., in addition to requiring between 270 and 443 MJ of primary 

energy. The mining and extraction phase is the primary contributor to environmental 

impacts due to the intensive use of ammonium sulfate for leaching and the high 

electricity demand. Ammonium sulfate stands out as one of the major contributors to 

impact categories such as terrestrial acidification and eutrophication, reinforcing the 

need for strategies to minimize its use in the process. Furthermore, the reliance on 

China's coal-based energy matrix increases emissions associated with electricity 



 

 

consumption, highlighting the importance of developing more efficient and sustainable 

methods for rare earth mining. 

 

3.2 CHARACTERIZATION OF THE RARE EARTH OXIDE PRODUCTION PHASE 

 

For the characterization of the oxide production phase, Figure 5 was 

developed to illustrate the impact categories and identify the stages that contribute the 

most to environmental impacts. 
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These results align with the findings of [62], which emphasize that oxide refining 

is the most impactful phase of the production chain, primarily due to the intensive use 

of electricity and chemical reagents.  

Similarly, [64] analyzed CO -eq emissions throughout the REE production 

chain, from mining to electrolytic refining. The study revealed that, in the solvent 

extraction and electrolytic refining stages, chemical reagents such as neodymium 

fluoride, lithium fluoride, and electricity become the main contributors to environmental 

impact. These observations highlight the need to optimize input usage and adopt 

lower-impact technologies in REO production. The solvent extraction method, widely 

used for rare earth element separation, presents challenges due to its high demand for 

solvents and strong acids, which can contaminate water resources and generate large 

volumes of chemical waste. 

 

3.3 CHARACTERIZATION OF THE RARE EARTH MAGNET PRODUCTION PHASE 

 

For the Nd-Fe-B magnet manufacturing phase, graphical representations were 

created to show the categories and environmental impacts associated with the 

process. Figure 6 illustrates the characterization of environmental impacts throughout 

the different production phases, from the mining of rare earth magnets to the magnet 

production stage. 
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The results of this research are in line with the findings of [64], who analyzed 

the CO -eq emission network throughout the manufacturing and recycling of Nd-Fe-B 

permanent magnets. The study identified that Nd-Fe-B magnets, steel, and ferroboron 

showed the highest dependence on CO -eq emission flows, while recycled REE and 

glucose had less influence on the propagation of these emissions. Additionally, the Nd-

Pr alloy, electricity, and steel were identified as critical in magnet manufacturing, while 

glucose, diesel, and electricity were more central in the recycling of these materials. 

Regarding the global warming potential, magnet manufacturing resulted in 212 

kg CO  eq. This result highlights the significance of greenhouse gas emissions 

associated with rare earth processing, reinforcing the need to evaluate alternatives for 

carbon emission reduction in the sector. In the aquatic ecotoxicity category, copper 

sulfate contributed 16.3% to freshwater ecotoxicity and 15.8% to marine ecotoxicity. 

Nickel sulfate, in turn, contributed 34.9% to the mineral resource scarcity category, 

highlighting its influence on the availability of essential metals. Furthermore, rare earth 

magnet manufacturing resulted in an emission of 11.3 kg 1,4-DCB (Brazilian common 

name) in the marine ecotoxicity category, illustrating the environmental impact 

associated with the release of toxic substances during the industrial process. 

The literature emphasizes that Nd-Fe-B magnet production is a process highly 

intensive in energy and chemical inputs. According to [62], the energy consumption in 

REE metallurgy surpasses that of conventional metals such as copper and aluminum 

due to the complexity of the purification processes. In addition to atmospheric 

emissions associated with fossil fuel combustion, there are additional environmental 

risks related to chemical contamination from solvents used in metal separation. 

 

3.4 NORMALIZATION OF THE PRODUCTION OF 1 KG OF ND-FE-B MAGNETS
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These data highlight the need for control and optimization measures in 

machining to minimize its influence on the life cycle of REM. The results indicate the 

significance of the mining, oxide production, and rare earth magnet manufacturing 

stages in generating environmental impacts and emphasize the importance of 

mitigation strategies, such as the adoption of cleaner technologies, water reuse, and 

process optimization. Future studies could explore measures to reduce the 

environmental footprint through alternative sustainable production scenarios. 

 

3.5 ND-FE-B MAGNET PRODUCTION USING THE IPCC METHOD 

 
 Fossil Biogenic Land transformation 

GWP 207 kg CO  eq. 0,211 kg CO  eq. 0,134 kg CO  eq. 

 

Regarding the results considering the IPCC, rare earth magnet production 

showed an impact of 207 kg CO  eq. in the fossil GWP category, 0.211 kg CO  eq. in 

the biogenic GWP category, and 0.133 kg CO  eq. in the land transformation category. 

These data reinforce the need for strategies to mitigate the environmental impact in 

magnet manufacturing, aiming to reduce carbon emissions and minimize land 

occupation impact. 

 

3.6 TOXICITY OF ELEMENTS IN RARE EARTH MAGNET PRODUCTION AND 

THEIR IMPACTS ON HUMAN HEALTH 

 

Rare earth magnet production involves several stages, from mining to final 

manufacturing, requiring the extraction and processing of a wide range of minerals and 

heavy metals. Many of these elements have adverse effects on human health, 

depending on the form of exposure, concentration, and duration of contact. Workers 

involved in this production cycle are particularly susceptible to occupational hazards, 

while the release of these metals into the environment can pose a long-term public 

health problem. 

This section will present a table outlining the presence of inputs throughout the 

rare earth magnet production cycle, from ore extraction to final manufacturing. 

Additionally, inventory data will be compared with three recent studies analyzing the 

toxicity of these elements and their impacts on the human body. This approach will 



 

 

allow a detailed assessment of the risks associated with each stage of the production 

process, reinforcing the need for environmental and occupational mitigation strategies. 

 

TABLE 2- CHEMICAL ELEMENTS 

Minerals Air 
emissions 

Water 
emissions 

Soil 
emissions 

Raw 
materials 

Arsenic 96,4 mg 439 mg 787μg  
Tin 81 μg 1,56 mg 4,38 μg 354 mg 
Scandium 916 μg 630 μg 135 μg 263 μg 
Lanthanium-
140 

464 μBq 17,3 mBq  592 g 

Cerium-141  6,44 mBq 1,32 mBq  
Copper    220g 
Nickel    99,8 g 
Dysprosium    25,7 g 
Neodymium    437 g 
Praseodymium    116 g 
Samarium    77,2 g 

 

Recent studies highlight the relevance of metal and REE toxicity to human 

health. The study [65] investigated the presence of metals and REE in healthy and 

tumor tissues from the mammary glands of dogs, used as a model for human impacts. 

The results indicated that metals such as copper (Cu) and molybdenum (Mo) showed 

high concentrations in tumor tissues, being associated with oxidative stress and 

inflammatory processes related to cancer development. Furthermore, lead (Pb), 

thallium (Tl), arsenic (As), and mercury (Hg) were identified as neurotoxic and 

carcinogenic, in addition to being linked to kidney and cardiovascular diseases. REE, 

on the other hand, were found more frequently in healthy tissues than in tumor tissues, 

suggesting a possible protective relationship or influence on tumor progression. 

In the study [66], the environmental and human health impacts of mining and 

processing critical minerals in Indonesia were analyzed, including nickel (Ni), gold (Au), 

copper (Cu), tin (Sn), and bauxite (Al O ). Ni was associated with respiratory diseases 

such as asthma and bronchitis, as well as potential carcinogenic effects. Au, Sn, and 

Cu were identified as metals with hepatic and neurological toxicity, while aluminum (Al) 

was linked to respiratory and neurological diseases. Furthermore, elements such as 

Pb, Hg, As, and chromium (Cr) were associated with elevated risks of cancer, kidney 

damage, and neurotoxicity. 

On the other hand, the study [67] reviewed toxicological studies on the impacts 

of rare earth elements on occupational health, covering workers exposed to mining, 



 

 

transportation, and manufacturing of materials containing these elements. The results 

indicate that scandium (Sc), yttrium (Y), lanthanum (La), cerium (Ce), and Nd tend to 

cause pulmonary and hepatic toxicity. In contrast, praseodymium (Pr), samarium (Sm), 

europium (Eu), and gadolinium (Gd) may have toxic effects on the kidneys. Elements 

such as terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), 

ytterbium (Yb), and lutetium (Lu) show potential for metabolic and respiratory impacts, 

although they are still poorly studied. 

The data analysis highlights the significant presence of heavy metals and rare 

earth elements in various industrial and environmental contexts, with adverse impacts 

on human health, including lung diseases, cancer, and neurological and kidney 

disorders. Occupational exposure to these elements requires stringent safety 

measures to reduce health risks for workers, while the release of these compounds 

into the environment remains a critical challenge for public health and environmental 

sustainability. 

 

3.7 LIMITATIONS OF THE PRESENT STUDY 

 

This study has some limitations inherent to the methodology used and the 

availability of data, which may influence the accuracy of the results. One of the main 

restrictions is related to the scarcity of detailed primary data on rare earth magnet 

production in Brazil. As a result, it was necessary to rely on secondary data sources 

and information from international studies, which may limit the representativeness of 

the environmental impacts specific to the national context. 

Furthermore, the adaptation of LCA inventories to reflect the Brazilian reality 

required the use of estimates and approximations, particularly regarding energy 

consumption and chemical inputs. The lack of a robust national LCA database limits 

the accuracy of process modeling, as impact coefficients may not fully reflect local 

conditions. 

Another limitation concerns the scope of the study, which considered stages 

from mining to magnet manufacturing but did not include aspects such as distribution, 

use, and final disposal. While the focus was on production, the life cycle analysis could 

be expanded to assess impacts over a broader horizon, considering the circular 

economy and the recycling potential of Nd-Fe-B magnets. 



 

 

Finally, the uncertainties associated with environmental impact assessment 

methodologies should also be highlighted. The choice of the ReCiPe method and the 

EcoInvent database provides a detailed analysis but may not fully capture all regional 

variables and specific dynamics of the rare earth magnet production sector in Brazil. 

Therefore, future research could aim to enhance national databases, integrate new 

impact assessment methodologies, and include additional stages of the production 

chain for a more comprehensive view of the sustainability of these materials. 

 

4 FINAL CONSIDERATIONS 
 

This study analyzed the life cycle of Nd-Fe-B magnet production, covering the 

stages of mining, oxide production, and magnet manufacturing, with a focus on the 

Brazilian reality. The results obtained highlight that each phase of the production 

process generates significant environmental impacts, requiring mitigation measures to 

enable more sustainable production. 

Mining proved to be a highly impactful stage, particularly due to the high 

consumption of energy and water, in addition to fine particulate emissions and toxic 

waste. The roasting process, essential for rare earth element extraction, contributed 

significantly to the global environmental impact, standing out in the categories of 

particulate emissions and water resource consumption. 

In the oxide production stage, leaching and pre-separation were the most 

impactful phases, with high water consumption and intensive use of chemical reagents 

such as hydrochloric acid. This process resulted in significant contributions to marine 

eutrophication and ionizing radiation, emphasizing the need for strategies to reduce 

the use of aggressive chemicals and minimize the waste generated. 

The magnet manufacturing phase presented considerable impacts, with 

machining standing out as a major contributor to global warming, ozone layer 

depletion, and high water consumption. Machining and coating applications also 

pointed to the need for more sustainable solutions, such as material reuse and the use 

of recycling technologies. 

 

 

 

 



 

 

5 FUTURE PERSPECTIVES 
 

Based on the findings, several recommendations are suggested for future 

research: 

 Optimization of water and energy consumption: Develop more efficient 

techniques for the mining and refining of rare earth elements, minimizing 

the use of natural resources and reducing associated environmental 

impacts; 

 Recycling and material reuse: Investigate innovative processes for 

recovering rare earths from industrial scrap and end-of-life products, 

promoting the circular economy; 

 Environmental impact assessment of renewable energy use: Analyze the 

feasibility of using solar, wind, and other sustainable energy sources to 

reduce the carbon footprint of the Nd-Fe-B magnet production chain; 

 Comparison between different LCA methodologies: Investigate the 

robustness of the results obtained through different approaches and 

databases, ensuring greater reliability in environmental analyses; 

 Public policies for a sustainable rare earth sector: Evaluate the role of 

government incentives and environmental regulations in the transition to 

cleaner and more efficient production. 

The production of REM is a strategic sector for energy transition and 

technological advancements, but it requires an increasing commitment to 

sustainability. The results of this study highlight the importance of proper 

environmental planning, promoting solutions that balance the demand for these 

essential materials with the minimization of environmental impacts associated with 

their production.  
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