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1 INNLEDNING 

Det vises til stevning 23. mai, forkynt for staten 24. mai, med tilsvarsfrist 28. juni. Saken 
gjelder gyldigheten av beslutning av 12. april 2024 fra Kongen i statsråd om åpning av 
område på norsk kontinentalsokkel for mineralvirksomhet. Etter statens syn hefter det ingen 
feil ved åpningsbeslutningen som kan lede til ugyldighet. Staten vil derfor legge ned 
påstand om frifinnelse og at staten tilkjennes sakskostnader. 

Krav om ugyldighet av beslutninger om «åpning» av områder fattet etter lover som gir 
anvisning på åpningsprosesser er, så vidt staten kan se, tidligere ikke reist. Beslutningen er 
ikke vedtak etter forvaltningsloven § 2 bokstav a til c, og spørsmålet om kravet omfattes av 
søksmålsadgangen i tvisteloven §§ 1-3 og 1-4 er kommentert nedenfor i punkt 4.2.   

2 SAKENS BAKGRUNN OG KONTEKST 

2.1 Oversikt over konsesjonssystemet i havbunnsmineralloven 

Lov 22. mars 2019 nr. 7 om mineralvirksomhet på kontinentalsokkelen 
(havbunnsmineralloven) regulerer mineralvirksomhet på havbunnen innenfor norsk 
jurisdiksjon. Med «mineralvirksomhet» menes all virksomhet knyttet til undersøkelse og 
utvinning av mineralforekomster på havbunnen og grunnen under havbunnen, jf. lovens § 1-
5 bokstav a, jf. § 1-2 første ledd.  

Havbunnsmineralloven § 1-1 fastslår at lovens formål er å legge til rette for undersøkelse og 
utvinning av mineralforekomster på kontinentalsokkelen i samsvar med samfunnsmessige 
målsettinger, slik at hensynet til verdiskaping, miljø, sikkerhet ved virksomheten, øvrig 
næringsvirksomhet og andre interesser blir ivaretatt. I loven § 1-7 om krav til forsvarlig 
virksomhet fremgår det at mineralvirksomhet skal foregå på en forsvarlig måte og ivareta 
hensynet til sikkerhet for personell, miljø og de økonomiske verdiene innretninger og 
fartøyer representerer. 

Havbunnsmineralloven bygger på en suksessiv beslutningsprosess etter modell fra 
petroleumsloven. Systemet kjennetegnes ved at viktige beslutninger ikke tas før det er 
nødvendig: Vilkårene for fremtidig virksomhet utformes innen rammen av tidligere 
beslutninger, men slik at valg som kan utstå, utsettes, se Knut Kaasen, «Petroleumsretten» i 
Knophs oversikt over Norges rett, Harald Irgens-Jensen (red.), 15. utgave, Universitetsforlaget 
2019, s. 373. 

Første skritt er at områder må åpnes for havbunnsmineralvirksomhet. Det gjøres ved at det 
fattes en beslutning av Kongen i statsråd om å åpne et nærmere avgrenset område på norsk 
kontinentalsokkel for mineralvirksomhet, jf. havbunnsmineralloven § 2-1 første ledd. Før et 
område kan åpnes, skal departementet gjennomføre en konsekvensutredning, jf. § 2-1 andre 
ledd, jf. § 2-2 første ledd. Konsekvensutredningen skal bidra til å belyse de ulike interessene 
som gjør seg gjeldende på det aktuelle området. Videre skal konsekvensutredningen belyse 
hvilke virkninger en eventuell åpning kan få for miljøet og antatte næringsrelaterte, 
økonomiske og sosiale virkninger, jf. § 2-2 andre ledd. Konsekvensutredningen skal sendes 
på høring sammen med et utkast til beslutning om åpning. I forarbeidene er det lagt til 
grunn at det avhengig av blant annet størrelsen på området som åpnes vil kunne være 
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naturlig å forelegge saken for Stortinget før Kongen i statsråd tar beslutning om åpning, jf. 
Prop. 106 L (2017–2018) s. 36. Åpningsbeslutningen er ikke bestemmende for rettigheter 
eller plikter til private, jf. forvaltningsloven § 2 første ledd bokstav a, og er derfor ikke et 
vedtak i forvaltningslovens forstand, se til sammenligning HR-2020-2472-P avsnitt 180.  

Åpning av områder betyr ikke at mineralvirksomhet kan settes i gang. Før et område åpnes, 
er det kun staten som kan drive mineralvirksomhet, herunder gjennomføre undersøkelser 
etter mineraler, jf. havbunnsmineralloven § 1-6. Åpning innebærer at myndighetene kan 
tildele kvalifiserte søkere tillatelse til mineralvirksomhet innenfor det området 
åpningsbeslutningen omfatter, jf. havbunnsmineralloven § 2-3 første ledd. For å lete etter 
mineraler må selskapene først søke om undersøkelsestillatelse (§ 3-1) eller 
utvinningstillatelse (§ 4-2). Etter søknad kan hhv. departementet og Kongen i statsråd tildele 
tillatelse (§§ 3-1 og 4-1). For utvinningstillatelser kan myndighetene sette vilkår om et 
arbeidsprogram som rettighetshaver skal gjennomføre frem til innsendelse av plan for 
utvinning, jf. havbunnsmineralloven § 4-3. Tildeling av undersøkelses- og utvinningstillatelser 
er enkeltvedtak etter forvaltningsloven. 

Tildeling av utvinningstillatelse gir ingen ubetinget rett til å sette i gang med å utvinne 
mineraler. Før utvinning iverksettes må rettighetshaver forelegge for departementet til 
godkjennelse en plan for utvinning av mineralforekomsten, jf. havbunnsmineralloven § 4-4. 
Utvinningsplanen skal bl.a. inneholde en prosjektspesifikk konsekvensutredning, jf. andre 
ledd. Både forslag til utredningsprogram og konsekvensutredningen sendes på offentlig 
høring. Departementet skal i et eget dokument redegjøre for og begrunne vedtaket om å 
godkjenne eller ikke godkjenne en plan for utvinning, jf. syvende ledd. De første planene for 
utvinning skal forelegges Stortinget før en eventuell godkjenning, se nærmere i punkt 3.6 og 
3.7. 

2.2  Etterspørselen etter mineraler 

Befolkningsvekst, velstandsøkning, økt digitalisering og overgangen til et lavutslippssamfunn 
er forventet å føre til en betydelig økning i etterspørselen etter mineraler og metaller. Blant 
annet vil fornybar energiproduksjon og økende grad av elektrifisering kreve ulike metalliske 
grunnstoff. Det internasjonale energibyrået (International Energy Agency, IEA) la i mai frem 
deres årlige rapport for markedet for kritiske mineraler, «Global Critical Minerals Outlook 
2024». Ifølge byrået vil det økende tempoet i det grønne skiftet og overgangen til fornybare 
energikilder føre til en betydelig økning i mineraletterspørsel. Byrået har vurdert fremtidig 
mineraletterspørsel i tre ulike scenarioer for fremtidig politikkutvikling. I to av scenarioene vil 
etterspørselen etter mineraler i lavutslippsteknologier dobles mellom i dag og 2030, mens 
den vokser nesten tre ganger i det tredje scenarioet. Ser man til 2050 vil etterspørselen 
tredobles eller vokse over 3.5 ganger i to av scenarioene. Spesielt øker etterspørselen som 
følge av voksende utrulling av el-biler og behov for batterier og lagring. Kobber, grafitt, 
nikkel, mangan og litium er de mineralene som spesielt trekkes frem. På tvers av mineralene 
er det ifølge rapporten lavutslippsteknologier som vil være den største bidragsyteren i den 
betydelig økte etterspørselen sammenlignet med dagens nivå. 

Bilag 1: Global Critical Minerals Outlook 2024, International Energy Agency. 
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Utvinning av havbunnsmineraler har derfor potensial til å bli en ny og viktig havnæring i 
Norge som kan bidra til verdiskaping og sysselsetting, og samtidig være med på å sikre 
forsyningen av viktige mineraler i fremtiden. 

Produksjonskjedene for flere sentrale mineraler og metaller er i dag dominert av land 
utenfor Vesten. Høy grad av geografisk konsentrasjon blant produsentland kan gi 
utfordringer for forsyningssikkerheten. Samtidig vil som påpekt blant annet overgangen til 
et lavutslippssamfunn føre til en betydelig økning i etterspørselen etter mineraler og 
metaller. 

2.3 Kort om mineralvirksomhet på havbunnen i dag 

Som nevnt i punkt 3.2 i stevningen, foregår det ikke kommersiell utvinning av 
havbunnsmineraler på dypt vann i verden i dag. Mineralvirksomhet i form av leting etter 
mineraler på havbunnen har imidlertid pågått i lang tid. Dette er nærmere omtalt i Meld. St. 
25 (2022–2023) s. 16–19 (stevningen bilag 41). 

I Norge har staten v/Sokkeldirektoratet siden 2011 gjennomført datainnsamling i 
dyphavsområdene i Norskehavet og Grønlandshavet, og i de senere år kartlagt 
ressurspotensialet for havbunnsmineraler på norsk kontinentalsokkel (stevningen bilag 41, 
s. 19). Andre stater som Japan, Kina, Papua Ny-Guinea og USA har også gjennomført 
leteaktiviteter og kartlagt områder innenfor nasjonal jurisdiksjon. Ulike prosjekter for testing 
av utvinningsteknologi er også gjennomført. Cookøyene i Stillehavet har i tillegg åpnet for 
kommersiell leteaktivitet innenfor sine områder, og tildelte i februar 2022 tre letetillatelser. 
Leting etter havbunnsmineraler foregår også utenfor nasjonal jurisdiksjon i både statlig og 
privat regi (stevningen bilag 41, s. 16–19). 

Utenfor nasjonal jurisdiksjon er det under FNs havrettskonvensjon opprettet en internasjonal 
havbunnsmyndighet (The International Seabed Authority (ISA)) for å regulere 
mineralvirksomhet utenfor nasjonal jurisdiksjon, det såkalte «Området». I 
konsekvensutredningen på s. 21 (stevningens bilag 20) er aktiviteten i ISA oppsummert slik: 

«Det er så langt utarbeidet et regelverk for undersøkelsesaktivitet. Det er tildelt om lag 30 
kontrakter (tillatelser) for leting i Området, og innsamling av data foretatt av 
kontraktørene har pågått i over tyve år. Det pågår nå et arbeid i ISA for å utvikle et 
regelverk for utvinning av havbunnsmineraler i Området.» 

For å få en letekontrakt må søkeren ha formell støtte fra en stat som garanterer at søkeren er 
under effektiv kontroll av denne staten (omtalt som «sponsorstat»). De fleste kontraktørene 
som driver aktivitet innenfor Området, er statsinstitusjoner og statseide selskap, mens 
mindretallet er private selskap. Land som Frankrike, Tyskland, Storbritannia, Belgia, India, Brasil, 
Polen, Russland, Kina, Sør-Korea, Nauru, Tonga, Kiribati, Singapore, Cookøyane og Jamaica er 
sponsorstater (stevningen bilag 41, s. 17). 

2.4 Kort om området som er åpnet for mineralvirksomhet og ressurspotensialet 

Området på norsk kontinentalsokkel som er besluttet åpnet for mineralvirksomhet er 
beskrevet i punkt 5 i kongelig resolusjon 12. april 2024 (stevningen bilag 1), og omtalt i 
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stevningen punkt 3.1. Det er tale om et område på 281 200 kvadratkilometer i Norskehavet 
og Grønlandshavet. Som påpekt i punkt 3.1 i stevningen overlapper deler av 
åpningsområdet med områder definert som særlig verdifulle og sårbare områder (SVO-
områder). SVO-områder har ikke direkte virkninger i form av begrensninger for 
næringsvirksomhet, men signaliserer viktigheten av å vise særlig aktsomhet i disse 
områdene, jf. Meld. St. 21 (2023–2024) (stevningen bilag 4, s. 50). Forholdet til SVOene ble 
omtalt i konsekvensutredningen (stevningen bilag 20, s. 72). 

Det er påvist flermetalliske manganskorper og sulfider i åpningsområdet. Analyser viser at 
mineralprøver som er samlet inn inneholder metaller som bl.a. kobber, sink og kobolt. I 
ressursvurderingen av 27. januar 2023 vurderer Sokkeldirektoratet (tidligere Oljedirektoratet) 
at forventede tilstedeværende ressurser på norsk kontinentalsokkel er betydelige (s. 3). 

Bilag 2: Ressursvurdering havbunnsmineraler av 27. januar 2023 

Mineralvirksomhet på havbunnen kan på sikt bidra til å diversifisere og sikre forsyningen av 
viktige mineraler og metaller. Selv om omfanget av disse ressursene foreløpig i begrenset 
grad er kartlagt, er det potensielt tale om betydelige verdier. Det forventes derfor økt 
interesse for undersøkelse etter og utvinning av mineralforekomster til havs både globalt og 
på norsk kontinentalsokkel. 

3 SAKENS FAKTISKE SIDE 

3.1 Innledning 

Åpningsprosessen ble satt i gang i 2020 av daværende Olje- og energidepartementet (nå 
Energidepartementet), og er sammensatt av to hoveddeler; en konsekvensvurdering av 27. 
oktober 2022 og en ressursvurdering av 27. januar 2023. I stevningen punkt 4 er det 
redegjort for åpningsprosessen med fokus på konsekvensutredningen. Staten er enig i 
kronologien i saksøkers redegjørelse. Etter statens syn gir imidlertid redegjørelsen et 
misvisende og skjevt bilde av selve prosessen. Den kan derfor ikke legges til grunn som 
omforent. I det følgende redegjøres det for statens syn på de faktiske forholdene. 

Det bemerkes innledningsvis at havbunnsmineralloven ikke har egne bestemmelser om 
prosessen for konsekvensutredning på åpningsstadiet. Lovens § 2-2 tredje ledd gir hjemmel 
til å regulere dette nærmere i forskrift. Forskriftshjemmelen er foreløpig ikke benyttet. I 
konsekvensutredningsprosessen har departementet derfor sett hen til mer detaljerte regler 
for konsekvensutredning ved åpning av nye områder for andre havnæringer, som reglene i 
petroleumsforskriften kapittel 2a. Forskriften gjennomfører konsekvensutredningsreglene i 
EUs plandirektiv (2001/42/EF), som departementet også har sett hen til. Dette fremgår av 
konsekvensutredningen (stevningen bilag 20, s. 27). 

Energidepartementet var ansvarlig for å gjennomføre konsekvensutredningen. 
Departementet ba daværende Oljedirektoratet (nå Sokkeldirektoratet) om å bistå i 
gjennomføringen av konsekvensutredningsprosessen, herunder koordinere det faglige 
utredningsarbeidet. Sokkeldirektoratet konsulterte øvrige relevante statlige etater, herunder 
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Miljødirektoratet, angående definisjon av relevante utredningstema og vurdering av 
utredninger innenfor deres ansvarsområde (stevningen bilag 20, s. 28). 

3.2 Forslag til program for konsekvensutredning 

Første steg i konsekvensutredningsprosessen er å utarbeide et forslag til program for 
konsekvensutredningen. Departementet utarbeidet med bistand fra Sokkeldirektoratet et 
forslag til konsekvensutredningsprogram som ble sendt på offentlig høring 12. januar 2021 
med en høringsfrist på tre måneder (stevningen bilag 5). Som påpekt ovenfor i punkt 3.1 
var også Miljødirektoratet involvert i utarbeidelsen. Programforslaget ble sendt til om lag 
150 mottakere fordelt på departementer og statlige etater, fylkeskommuner, statsforvaltere, 
forskningsinstitusjoner, selskaper og interesseorganisasjoner. 

Forslaget til konsekvensutredningsprogram inneholdt blant annet forslag til 
utredningsområde og problemstillinger og temaer for konsekvensutredningen. Formålet var 
å invitere til tidlig involvering av interesserte aktører og berørte myndigheter for å sikre at 
konsekvensutredningen dekker de forhold som er relevante for spørsmålet om åpning av 
områder for mineralvirksomhet på havbunnen (stevningen bilag 5, s. 6). 

Departementet mottok til sammen 53 høringsinnspill til programforslaget fra ulike 
høringsinstanser, herunder både støtte og kritikk. Departementet vurderte innkomne 
høringsinnspill i et eget dokument som ble lagt ut på regjeringens nettsider (stevningen 
bilag 8, uriktig kalt «Oljedirektoratets gjennomgang» i stevningen). Departementets 
vurdering av høringsuttalelsene var basert på daværende Oljedirektoratets faglige 
gjennomgang av høringsuttalelsene. 

Høringsinnspill av mer prinsipiell karakter og med lignende innhold fra flere høringsinstanser 
ble behandlet samlet innledningsvis i dokumentet. Blant disse var innspill knyttet til mangel 
på kunnskap om miljøforhold i foreslått utredningsområde, behov for mer kartlegging og at 
tidsplanen var for stram for å samle inn tilstrekkelig kunnskap. I tillegg ble de detaljerte 
kommentarene i samtlige høringsinnspill behandlet enkeltvis.  

På basis av høringsforslaget og innkomne høringsinnspill ble programmet for 
konsekvensutredningen fastsatt av departementet 10. september 2021 (stevningen bilag 9). 
Det fastsatte programmet bestod av forslaget til utredningsprogram og departementets 
vurdering av innkomne høringsinnspill. Fastsatt program ble sendt til dem som hadde avgitt 
uttalelse til forslaget til program. 

Bilag 3: Brev fra departementet 13. september 2023 om fastsetting av 
konsekvensutredningsprogram for mineralvirksomhet på norsk 
kontinentalsokkel 

3.3 Konsekvensutredningen, inkludert underlagsrapporter 

Konsekvensutredningen ble gjennomført på basis av det fastsatte utredningsprogrammet 
(stevningen bilag 20). Utredningsområdet som dannet grunnlaget for 
konsekvensutredningen, dekket et område på ca. 592 500 kvadratkilometer mellom 
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yttergrensen for kontinentalsokkelen/avtalt avgrensningslinje sør og sørøst for Jan Mayen 
og Svalbard og omfatter områder fra 100 til 4000 meters havdyp. 

Konsekvensutredningen gir et oppdatert og sammenstilt kunnskapsgrunnlag basert på 
eksisterende kunnskap knyttet til eventuell fremtidig havbunnsmineralaktivitet på norsk 
kontinentalsokkel. Kunnskapen er fremskaffet gjennom faglige grunnlagsstudier og 
virkningsstudier utarbeidet av aktuelle fagmiljøer, herunder statlige etater og institutter, 
universiteter og andre kompetansemiljøer. Det ble utarbeidet totalt ni grunnlags- og 
virkningsrapporter for å sammenfatte kunnskap om relevante forhold og utrede mulige 
virkninger av havbunnsmineralvirksomhet. 

Det er i tråd med havbunnsmineralloven § 2-2 og i henhold til utredningsprogrammet ikke 
gjort vurderinger av spesifikke prosjekter eller scenarier. Vurderingene er gjennomført 
tematisk og overordnet for å kunne avdekke hvilke typer av virkninger som er de mest 
vesentlige og hvilke som eventuelt har mindre virkningspotensial. Dette dekker alle de tema 
som er angitt i konsekvensutredningsprogrammet. Tilgjengelig kunnskap er lagt til grunn og 
kunnskapsmangler er påpekt. 

Konsekvensutredningen inneholder heller ikke detaljerte vurderinger knyttet til mulige, 
fremtidige konkrete utvinningsprosjekter, og dette er heller ikke et krav verken etter EUs 
plandirektiv eller etter havbunnsmineralloven. I henhold til havbunnsmineralloven vil 
utredning av alle relevante forhold ved slike prosjekter skje i tilknytning til eventuelle 
fremtidige søknader fra industriaktører om godkjenning av en plan for utvinning av konkrete 
mineralforekomster, jf. havbunnsmineralloven § 4-4. 

Åpningsprosessen omhandler en ny næring med liten grad av teknologisk modenhet, særlig 
når det gjelder utvinningsteknologier. Det er ingen faktisk kunnskap eller erfaring fra 
tilsvarende virksomhet. Vurderingen av virkninger er derfor, i tillegg til den kunnskap som 
finnes fra relevant internasjonal forskning og annen sammenlignbar virksomhet, basert på 
ulike faglige forutsetninger og antagelser, inkludert modelleringer og målinger fra tester. 
Formålet har vært å gi et konservativt, men mest mulig riktig, overordnet bilde av type av 
virkninger og omfang av disse generelt og eksemplifisert for ett prosjekt av hver ressurstype. 
Konsekvensutredningen peker på ulike teknologier som kan være aktuelle og identifiserer 
forhold som kan kreve avbøtende tiltak for å tilfredsstille krav til en miljømessig forsvarlig 
aktivitet. 

Som del av utredningsarbeidet bestilte direktoratet flere grunnlags- og virkningsstudier. Det 
ble innhentet totalt seks grunnlagsstudier, og tre virkningsstudier for å avklare virkningene 
av undersøkelse og utvinning av havbunnsmineralvirksomhet, inkludert virkninger for miljø 
(stevningen bilag 20, s. 29–30). Rapportene sammenstiller all den kunnskap som er 
opparbeidet gjennom mange tiår, med henvisning til at biologiske undersøkelser i norske 
havområder går tilbake helt til 1870-tallet. Denne kunnskapen er langt fra fullstendig, men er 
samtidig grunnleggende for forståelsen av områdene og har vært sentral for 
konsekvensutredningen. 

Det er riktig som påpekt av saksøkerne at grunnlagsstudiene påpekte kunnskapsmangel. Å 
beskrive kunnskapsmangler var en del av utredningsprogrammet (stevningen bilag 5, s. 30). 
For de relevante grunnlagsstudiene ba departementet i tillegg spesifikt om at 
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kunnskapsmangler påpekes og beskrives. Det fremgår av bestillingen til 
Havforskningsinstituttet at: 

«Det er viktig at det tydelig kommer fram hva vi har kunnskap om og hva vi ikke har 
kunnskap om innenfor utredningsområdet, og i hvilke geografiske områder vi har 
kunnskap og hvor vi evt. mangler kunnskap. Rapporten skal derfor angi en vurdering av 
kvaliteten på tilgjengelig kunnskap (både hos HI og basert på gjennomgang av litteratur) 
og, som relevant, beskrive ytterligere kunnskap som vurderes som nyttig knyttet til 
eventuelle fremtidige prosjekter for utvinning av havbunnsmineraler i området.» 

Bilag 4: Arbeidsbeskrivelse for grunnlagsstudie om pelagisk økosystem, 
Havforskningsinstituttet 

Tilsvarende tok også Universitetet i Bergen sikte på å adressere usikkerhet og kunnskapshull 
i sin grunnlagsstudie:  

«Beskrivelse av usikkerhet og kunnskapshull vil utgjøre en viktig del av faktagrunnlaget. 
Dette vil bli fremhevet under hvert tema, og det vil også bli behandlet overordnet som et 
eget tema. En gjennomgang av metodikken vil også være en viktig del av 
faktagrunnlaget.» 

Bilag 5: Forslag til utredning i regi av Universitetet i Bergen om landskapstrekk, 
naturtyper og bentiske økosystemer. 

Også arbeidsbeskrivelsen til grunnlagsstudien om sjøfugl ber om at kunnskapsmangler 
adresseres: 

«Vurdering av virkninger på naturressurser og miljø krever kunnskap om miljøtilstand og 
naturforhold innenfor område med mulig virksomhet og tilhørende influensområde. I 
tillegg er det viktig å ha oversikt over mangler og usikkerhet i kunnskapsgrunnlaget og 
fremtidig kunnskapsbehov.» 

Bilag 6: Arbeidsbeskrivelse for grunnlagsstudie om sjøfugl, Norsk polarinstitutt 
i samarbeid med NINA og Akvaplan-NIVA. 

Når det gjelder grunnlagsstudien til Fiskeridirektoratet som påpekte begrenset kunnskap om 
internasjonale fiskeriaktiviteter i området, gjøres det oppmerksom på at rapporten kun 
beskrev norsk og utenlandsk fiskeriaktivitet i de deler av utredningsområdet som er 
underlagt norsk fiskerijurisdiksjon. Utenlandsk aktivitet i de delene av utredningsområdet 
som er internasjonalt farvann og som forvaltes av kyststatene via NEAFC1 ble ikke beskrevet 
da Fiskeridirektoratet ikke hadde oversikt over denne aktiviteten. Senere ble det derfor sendt 
en forespørsel via ICES2 om utlevering av sammenholdte sporingsdata og fangstatistikk for 
utenlandske fartøy i delene av utredningsområdet som er internasjonalt farvann. 

 

 

1 Den Nordøstatlantiske fiskerikommisjonen (North East Atlantic Fisheries Commission). 
2 International Council for the Exploration of the Sea. 
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Fiskeridirektoratet fikk oversendt data for perioden 2013-2019 i slutten av 2022 og 
utarbeidet et vedlegg til grunnlagsrapporten som ble publisert på regjeringens nettsider. 

Bilag 7: Rapportvedlegg til grunnlagsrapport om fiskeriaktiviteten i 
utredningsområdet, Fiskeridirektoratet 

Departementet innhentet også en miljøvirkningsstudie fra Akvaplan-niva og IKM Acona. Det 
er riktig at det i rapporten ble lagt til grunn antakelser om tilstedeværelse av miljøverdier og 
sårbarhet. Staten vil imidlertid fremheve at det nettopp på grunn av begrenset kunnskap ble 
lagt til grunn konservative antakelser3:  

«Siden utredninger er gjort på generelt grunnlag for et stort utredningsområde, der 
bunnfauna i stor grad ikke er kartlagt, er det lagt til grunn konservative antakelser om 
tilstedeværelse av typisk sårbar fauna ved sjøfjell og aktive sulfidforekomster.» 
(stevningen bilag 17, s. 61) 

Videre fremgår det av rapporten at: 

«Det innebærer at vurderingene er konservative og at prosjektspesifikke 
konsekvensvurderinger senere kan konkludere med lavere konsekvensnivå basert på 
stedsspesifikke kartlegginger og registreringer.» (stevningen bilag 17, s. 22) 

For ytterligere beskrivelse av metodikken vises det til rapporten s. 17–22. 

I stevningen punkt 4.3 hevder saksøker at vurderingen i rapporten om at leteaktivitet har 
liten miljøpåvirkning ikke støttes av uavhengige forskningsmiljøer. Dette er ikke riktig. Staten 
viser til Senter for dyphavsforskning ved Universitetet i Bergen sitt høringsinnspill til 
konsekvensutredningen der det uttales: 

«Slik vi ser det, er dagens faktagrunnlag tilstrekkelig til å starte en letefase under et 
juridisk rammeverk (se spesifikke kommentarer nedenfor). Vi deler utredningens 
vurdering av at leteaktivitet vil ha liten miljøpåvirkning, forutsatt at den baserer seg på 
metodikk tilsvarende den som har vært benyttet i forbindelse med forskning og offentlig 
utredningsarbeid.» (stevningen bilag 27, s. 1) 

Som saksøker påpeker ga Nærings- og fiskeridepartementet (NFD) Havforskningsinstituttet 
en frist på to og en halv virkedag (som senere ble utvidet til omtrent tre virkedager) til 
gjennomgang av rapporten fra Akvaplan-Niva og IKM Acona. Isolert sett kan det fremstå 
som en svært kort frist. Her er det imidlertid viktig å fremheve at denne gjennomgangen 
ikke var ment å være en fullstendig kvalitetssikring av rapporten. Formålet med denne 
gjennomgangen var utelukkende å se om det var noe i utkastet til konsekvensutredning (kalt 
sammenstillingsrapporten i bestillingen) «som avviker fra omtalen i fagrapportene som 
sammenstillingsrapporten bygger på» (stevningen bilag 18).  

 

 
3 «Konservativt» innebærer i denne sammenhengen at det benyttes sikkerhetsmargin når det gjelder 
vurderingen av miljøkonsekvenser av aktivitet. 
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Henvendelsen fra NFD til Havforskningsinstituttet hvor det ble anmodet om innspill var for 
øvrig ikke en del av den ordinære høringsprosessen av konsekvensutredningen, men noe 
Nærings- og fiskeridepartementet valgte å gjøre som del av regjeringens interne behandling 
av konsekvensutredningen og forberedelse til høringen av denne. Da 
konsekvensutredningen etter denne interne behandlingen i regjeringen ble sendt på høring, 
var Havforskningsinstituttet på ordinært vis en høringsinstans , og kom med sine innspill til 
underlagsrapportene og konsekvensutredningen i den forbindelse. Foreleggelsen til 
instituttet i forkant av høringsrunden var altså ikke en saksbehandling som var påkrevd etter 
loven, men et ledd i en intern arbeidsprosess mellom Nærings- og fiskeridepartementet og 
Havforskningsinstituttet som departementets underliggende etat.  

I god tid før fristen utløp ga Havforskningsinstituttet overordnede kommentarer der 
instituttet særlig understreker behovet for mer kunnskap om naturforhold i 
utredningsområdet for å vurdere miljøverdienes sårbarhet for påvirkning fra 
mineralutvinning. Staten viser her til redegjørelsen nedenfor i punkt 3.6 der regjeringens 
strategi for videre kunnskapsinnhenting omtales. 

I tilbakemeldingen til NFD pekte Havforskningsinstituttet også på mangel på kunnskap om 
strømforhold i området og at konsekvensene av dette ikke blir reflektert tilstrekkelig i det 
videre arbeidet i rapporten. På basis av innspill fra Havforskningsinstituttet har regjeringen 
lagt en plan for innsamling av denne type data, jf. Meld. St. 25 (2022-2023) der det 
fremkommer at regjeringen vil: 

«[G]i Havforskningsinstituttet eit oppdrag om å auke kunnskapen om regionale og lokale 
havstraumar i dei ulike djupa i Norskehavet og Grønlandshavet.» (stevningen bilag 41, 
s. 9) 

I punkt 4.4 i stevningen hevdes det at konsekvensutredningen i det vesentligste var basert 
på rapporten fra Akvaplan-niva og IKM Acona. Til dette vil staten påpeke at 
konsekvensutredningen var basert på samtlige grunnlagsstudier og virkningsrapporter. Det 
er summen av faggrunnlaget som oppsummeres i konsekvensutredningen. 

3.4 Høringsinnspill til konsekvensutredningen 

Sammen med et utkast til beslutning om å åpne et område for mineralvirksomhet, ble 
konsekvensutredningen sendt på offentlig høring 27. oktober 2022 med tre måneders 
høringsfrist til 27. januar 2023. Utkast til beslutning med forslag til åpningsområde fulgte 
som vedlegg til høringsbrevet. Det foreslåtte åpningsområdet var betydelig redusert 
sammenlignet med utredningsområdet. 

Bilag 8: Kart over forslag til åpningsområde. 

En rekke høringsinstanser, hovedsakelig bestående av næringsaktører og lokale og regionale 
myndigheter, uttrykte støtte til konsekvensutredningen og den foreslåtte prosessen med 
åpning av areal. Faktorer som vektlegges av de som støtter åpning er blant annet mulighet 
for verdiskaping og teknologioverføring fra eksisterende industrier. Kommuner peker på 
muligheter for ringvirkninger på land i form av tilgjengelige baser, verft, prosesseringsanlegg 
etc. Det vises til betydelig fremtidig mineraletterspørsel. Havbunnsmineraler som en mulig 
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ny forsyningskilde fremheves som positivt for å styrke forsyningssikkerheten. 
Sirkulærøkonomien fremheves som viktig, men med bred enighet om at det ikke er en 
tilstrekkelig kilde til mineraler. Det vises til departementets gjennomgang av innkomne 
høringsinnspill i Meld. St. 25 (2022–2023) punkt 4.3.8.1 (stevningen bilag 41, s. 70). 

Andre høringsinstanser kritiserte konsekvensutredningen, blant annet på grunn av begrenset 
kunnskap om dyphavet. Som nevnt ble innspillene, inkludert Miljødirektoratets, vurdert i 
Meld. St. 25 (2022–2023) punkt 4.3 (stevningen bilag 41, s. 54–71). Til de høringsinnspillene 
som saksøker fremhever i stevningen punkt 4.5 vil staten påpeke følgende: 

 NGU skriver i sin høringsuttalelse at de er enig i behovet for en konsekvensutredning 
og enig i at private aktører bør få utføre kartlegging, leting og undersøkelser av 
mineralressurser på havbunnen. Uttalelsen om at konsekvensutredningen vurderes 
som «misvisende og tendensiøs» knytter seg til ressursgrunnlaget, og ikke til 
vurderingene av miljøvirkninger (stevningen bilag 26). Staten viser her til at NGUs 
merknad er basert på omtalen av ressursgrunnlaget i konsekvensutredningen, og 
ikke Sokkeldirektoratets ressursvurdering som ble lagt frem i januar 2023. Flere 
forhold som NGU påpeker i høringsuttalelsen er utdypet og forklart i 
ressursrapporten. 

 Fiskeridirektoratet ga ikke uttrykk for bekymring i sin høringsuttalelse slik saksøker 
påstår. I høringsuttalelsen har ikke Fiskeridirektoratet innvendinger til funnet i 
konsekvensutredningen om at havbunnsmineralvirksomhet har «ingen/ubetydelige» 
konsekvenser for fiskeriene. Direktoratet viser bl.a. til at reglene som forbyr fiske 
med bunnberørende redskap i store deler av utredningsområdet gjør området 
mindre interessant for store deler av flåten (stevningen bilag 29). 

 Når det gjelder høringsuttalelsen fra Senter for dyphavsforskning ved Universitetet i 
Bergen (stevningen bilag 27), støtter den som alt nevnt vurderingen i 
konsekvensutredningen om at leteaktivitet har små miljøpåvirkninger, jf. ovenfor i 
punkt 3.3. 

3.5 Høringsinnspill fra notifiserte naboland 

Siden havbunnsmineralvirksomhet er en ny næring og området som ble sendt på høring 
grenset opp til andre lands kontinentalsokler, sendte Energidepartementet forslaget til 
beslutning om åpning av område på norsk kontinentalsokkel for mineralvirksomhet og 
konsekvensutredningen til Island og Danmark. Island svarte i form av note (stevningen 
bilag 40). Danmark oversendte sine innspill til konsekvensutredningen (stevningen bilag 
39) og ga uttrykk for at de behandlet dette som en høring under Espoo-konvensjonen. Reelt 
sett er kravene i Espoo-konvensjonen derfor tilfredsstilt.  

3.6 Meld. St. 25 (2022–2023) med forslag om åpning av område for 
mineralvirksomhet 

På bakgrunn av ressursvurderingen, konsekvensutredningen og innkomne høringsinnspill 
utarbeidet departementet en stortingsmelding med forslag om åpning av område på norsk 
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kontinentalsokkel for mineralvirksomhet. Meld. St. 25 (2022–2023) ble fremmet i statsråd 20. 
juni 2023 (stevningen bilag 41). 

Regjeringen vurderte på bakgrunn av kunnskapsgrunnlaget som ble fremskaffet gjennom 
åpningsprosessen at det var grunnlag for å anbefale åpning av det området som ble sendt 
på høring i utkastet til åpningsbeslutning (se ovenfor i punkt 3.3), med unntak av et område 
i sør som ble tatt ut av hensyn til fiskeriaktiviteten som pågår i området. Området som ble 
foreslått åpnet i stortingsmeldingen var på 281 200 kvadratkilometer og 53 prosent mindre 
enn utredningsområdet (stevningen bilag 41, s. 75). 

Basert på funnene i konsekvensutredningen og innkomne høringsinnspill fant 
departementet behov for å beskytte aktive hydrotermale strukturer. Dette er strukturer som 
kjennes igjen ved at de er assosiert med utstrømming av varm væske, oppreiste skorsteiner 
og ofte kolonisert av biosamfunn som er avhengig av hydrotermale væsker, se 
konsekvensutredningen (stevningen bilag 20, s. 23). I stortingsmeldingen satte derfor 
regjeringen som vilkår for åpning at utvinning av aktive hydrotermale strukturer ikke skal 
være tillatt, og at slike strukturer skal beskyttes slik at de heller ikke blir skadet av virksomhet 
i tilgrensende områder. En utvinningsplan vil bare bli godkjent dersom det kan godtgjøres at 
utvinning kan gjennomføres slik at det ikke medfører vesentlige negative virkninger for 
naturmangfoldet knyttet til de aktive strukturene (stevningen bilag 41, s. 73 og 77).  

I stortingsmeldingen pekes det på begrenset kunnskap om miljøforhold i dyphavet og at det 
må samles inn mer kunnskap før utvinning kan settes i verk. Det ble vektlagt at en åpning er 
nødvendig for at private aktører skal kunne bidra til kartlegging av ressurspotensialet og 
miljøverdiene, og til å øke kunnskapen om miljøvirkningene av en eventuell framtidig 
havbunnsmineralvirksomhet. Aktivitet knyttet til leting er i konsekvensutredningen generelt 
funnet å gi små miljømessige virkninger. I utvinningstillatelsene vil det bli fastsatt et 
arbeidsprogram, jf. havbunnsmineralloven § 4-3, som forplikter rettighetshaverne til å samle 
inn ressurs- og miljødata i området for tillatelsen. Slike data skal deles med myndighetene. 
Dette sikrer at det bygges mer kunnskap om både våre havbunnsmineralressurser og om 
naturmiljøet på dyphavet. Samtidig vil videre kunnskapsinnhenting i statlig regi fortsette. 
Havbunnsminerallovens skrittvise system innebærer at utvinning ikke settes i verk før det 
kan godtgjøres at det kan skje på en bærekraftig og forsvarlig måte. Sammen med 
regjeringens strategi for å øke kunnskapen om dyphavet og mineralressursene på norsk 
sokkel, sikrer dette at beslutningene som treffes, tillatelsene som tildeles og aktivitetene som 
utøves hele tiden er tilpasset kunnskapsgrunnlaget. 

Meldingen ble behandlet i Stortingets energi- og miljøkomite som ga sin innstilling 19. 
desember 2023 (stevningen bilag 44). Komiteens flertall ga med noen tilleggsmerknader 
sin tilslutning til regjeringens forslag om åpningsområde og regjeringens strategi for 
forvaltningen av havbunnsmineraler, herunder forutsetningen om ikke å tillate utvinning av 
aktive hydrotermale strukturer. 

I lys av den begrensede kunnskapen om natur- og miljøforhold i dyphavet som ble 
identifisert i åpningsprosessen, fremmet komiteens flertall forslag om at de første planene 
for utvinning av havbunnsmineraler forelegges for Stortinget som proposisjon før 
departementet godkjenner utvinningsplanen etter havbunnsmineralloven § 4-4. Videre 
foreslo flertallet å tydeliggjøre at hensynet til nasjonal sikkerhet vil være et kriterium ved 
tildeling av utvinningstillatelser. I tillegg foreslo flertallet at Sokkeldirektoratet skal innhente 
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innspill fra øvrige berørte statlige etater, herunder Miljødirektoratet og 
Havforskningsinstituttet, i forbindelse med utarbeidelse av sitt forslag til arbeidsprogram til 
departementet. 

Et mindretall i komiteen ga ikke sin tilslutning og fremmet forslag om at stortingsmeldingen 
sendes tilbake til regjeringen for mer kunnskapsinnhenting. 

Stortinget behandlet regjeringens forslag 9. januar 2024. Et flertall på 79 mot 20 stemmer 
sluttet seg til komitéflertallets innstilling. Stortingsmeldingen ble deretter vedlagt 
protokollen.   

3.7 Åpningsbeslutningen 

Den 12. april 2024 besluttet Kongen i statsråd å åpne et område på norsk kontinentalsokkel 
for mineralvirksomhet i tråd med stortingsbehandlingen av Meld. St. 25 (2022–2023) 
(stevningen bilag 1). Beslutningen betyr ikke at utvinning kan settes i verk slik saksøker 
antyder i stevningen punkt 4.9. Det vises til redegjørelsen ovenfor i punkt 2.1. 

Området som er åpnet er redusert med 53 prosent sammenlignet med utredningsområdet. 
Beslutningen legger til grunn regjeringens strategi for videre kunnskapsinnhenting som 
beskrevet i stortingsmeldingen, og som Stortinget har sluttet seg til. Utvinningstillatelser vil 
bli gitt med et konkret arbeidsprogram som stiller krav om gjennomføring av leteaktivitet 
som første steg. Gjennom de arbeidsprogrammene som blir fastsatt, og den tilhørende 
leteaktiviteten, vil myndighetene få mer datainnsamling og mer omfattende 
kunnskapsinnhenting, både om ressurser og miljøforhold. Dette vil bidra til viktig 
kunnskapsoppbygging. Parallelt vil videre kunnskapsinnhenting i statlig regi fortsette. 

Videre fremgår det av beslutningen av myndighetene kun vil godkjenne en utvinningsplan 
dersom planen med tilhørende konsekvensutredning godtgjør at utvinningen kan skje på 
bærekraftig og forsvarlig vis, slik at hensynet til miljø, sikkerhet og sameksistensen med ev. 
fiskeri- og annen virksomhet til havs i det aktuelle området er godt ivaretatt. I tråd med 
føringene fra stortingsbehandlingen av Meld. St. 25 (2022–2023) vil departementet før 
godkjenning av de første utvinningsplanene forelegge dem for Stortinget.  

3.8 Høring av arealforslag til første konsesjonsrunde  

For fullstendighetens skyld kommenteres her også prosessen som etterfølger 
åpningsbeslutningen.   

Energidepartementet sendte 26. juni 2024 forslag til områder for første konsesjonsrunde for 
havbunnsmineraler på offentlig høring. Høringsfristen er satt til 26. september 2024. I 
forslaget foreslås det å lyse ut deler av åpningsområdet for søknader om 
utvinningstillatelser. Et utarbeidet kart viser områdene som foreslås utlyst. 

Bilag 9: Kart: Første konsesjonsrunde – forslag til utlysning 

Høringsrunden er en del av første konsesjonsrunde for mineralvirksomhet på norsk 
kontinentalsokkel. Etter høringen vil departementet gjennomgå høringsinnspillene. Deretter 
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vil konsesjonsrunden bli utlyst. Utlysningen vil blant annet inneholde en søknadsfrist for 
selskapene, og opplysninger om krav og vilkår som vil pålegges søkere knyttet til blant 
annet miljø. Som en del av søknadene, vil selskapene også bli bedt om å inkludere et forslag 
til arbeidsprogram for arealet de søker på. Den enkelte utvinningstillatelse som tildeles vil 
omfatte et geografisk avgrenset område innenfor arealet som er utlyst. En ev. senere 
utvinningsplan vil igjen gjelde for et enda snevrere område innenfor den aktuelle 
utvinningstillatelsen. 

Bilag 10: Høring av arealforslag – Utlysning av områder for mineralvirksomhet 
på havbunnen. Høringsbrev datert 26. juni 2024 

Bilag 11: Pressemeldingen «Høring av første konsesjonsrunde for 
havbunnsmineraler», datert 26. juni 2024 

4 STATENS SYN PÅ SAKEN 

4.1 Overordnet om statens syn 

Det anføres i stevningen at åpningsbeslutningen lider av saksbehandlingsfeil som følge av at 
konsekvensutredningsplikten er brutt. Anførselen synes å være konsekvensutredningen er 
for overordnet og generell og bygger på et for svakt kunnskapsgrunnlag til å oppfylle 
innholdsmessige minstekrav etter havbunnsmineralloven § 2-2, lest i lys av Grunnloven § 112 
andre ledd og Norges folkerettslige forpliktelser. Videre anføres det at beslutningen bygger 
på faktiske feil. 

Denne side vil anføre at Kongen i statsråds beslutning 12. april 2024 er gyldig. Etter statens 
syn hefter det ingen saksbehandlingsfeil på ovennevnte grunnlag som kan lede til at 
åpningsbeslutningen er ugyldig. Etter statens syn er saksøkers anførsler lite konkrete. Med 
unntak av noen få forhold (se nedenfor i punkt 4.5 og 4.6), fremkommer det ikke klart av 
stevningen hvilke ytterligere utredninger saksøker mener er påkrevd for å oppfylle lovens 
krav. 

4.2 Søksmålsadgangen 

Inngangsvilkåret for søksmål er at saken gjelder et «rettskrav», jf. tvisteloven § 1-3 første 
ledd. Dette gjelder også ved søksmål anlagt av organisasjoner etter tvl § 1-4. Spørsmålet her 
blir først og fremst hvorvidt et krav om at en beslutning om åpning er ugyldig er et 
«rettskrav». Spørsmålet skal avgjøres av domstolene ex officio. 

Åpningsbeslutninger er ikke «vedtak» etter forvaltningsloven § 2 bokstav a, jf. HR-2020-
2472-P avsnitt 180. Dette trekker i retning av at krav om ugyldighet av avgjørelsen heller 
ikke er et «rettskrav».   

Domstolene løser konkrete tvister, men det finnes samtidig noen spredte eksempler på at 
også søksmål av mer generell karakter fremmes etter en helhetsvurdering. I HR-2021-417-P 
Acer heter det om dette fra flertallet i avsnitt 172: 
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"Ved den helhetsvurderingen som må foretas, vil en rekke momenter kunne inngå, 
avhengig av de nærmere omstendighetene. Blant disse nevner jeg: Reiser søksmålet 
uavklarte rettsspørsmål av prinsipiell rekkevidde? Er det vanskelig eller klart 
uhensiktsmessig å få grunnlovsspørsmålet prøvd på en mer konkret måte? Vil spørsmålet 
bli godt nok opplyst ved å tillate søksmålet nå og i denne formen, eller vil domstolene få 
et bedre grunnlag for å avgjøre saken dersom den fremmes i en mindre generell form? 
Hvor generelt er det kravet som gjøres gjeldende – knytter det seg til et konkret og 
avgrenset faktum?" 

Saksøkers innsigelser til beslutningens gyldighet er lite konkrete, og det er av den grunn 
vanskelig å konkludere etter en helhetsvurdering. Det er eksempelvis varslet vitneførsel fra 
marinbiologer om dyphavet, men det er vanskelig å se om partene har en konkret faktisk 
uenighet om biologien i åpningsområdet. Åpningsbeslutninger er politiske og 
prosessledende beslutninger som ikke reiser uavklarte rettsspørsmål. Prosessuelle krav kan 
prøves når og hvis det fattes konkrete vedtak, slik det ble gjort i klimasaken i HR-2020-2472-
P. Slike vedtak vil gjelde langt mindre geografiske områder, og søksmål vil da ha mer preg 
av konkret rettstvist enn hva tilfellet er i saken her. 

Lignende hjemler for åpning som i havbunnsmineralloven finnes i petroleumsloven og 
havenergilova. Så vidt staten er kjent med er det tidligere ikke reist søksmål om «åpning». 
Kommer retten til at ugyldighetskravet ikke kan anses som «rettskrav» og/eller at saken 
mangler aktuell interesse, skal søksmålet avvises. Staten har ikke innvendinger til at rettens 
vurdering av spørsmålet om søksmålsadgang i denne saken behandles og avgjøres som 
ledd i hovedforhandlingen, jf. tvl § 9-6 (3) annen setning.   

4.3 Domstolskontroll 

I stevningen på s. 10 anføres det at «Domstolskontrollen skal i dette tilfellet være 
inngående», og det vises til at «Åpningsvedtaket har utvilsomt store konsekvenser». Etter 
statens syn er det ikke grunnlag for å oppstille plikt til en særlig streng kontroll fra 
domstolenes side. 

Domstolenes kontroll må her som ellers ta utgangspunkt i lovgivningen. 
Havbunnsmineralloven § 2-2 fastsetter at konsekvensutredningen skal «belyse» interesser og 
virkninger. Prop.106 L (2017–2018) s. 36 benytter begrep som «en viss oversikt over [..] de 
miljømessige forholdene, mulige farer for forurensing, samt antatte [..] virkninger.» Loven 
legger mao. ikke opp til at konsekvensutredningen skal «avklare» interesser og virkninger, 
og etter statens syn er det da ikke grunnlag for noen særlig inngående kontroll. 

Premisset om at beslutningen om åpning «har utvilsomt store konsekvenser», er ikke 
treffende. I havbunnsminerallovens system er funksjonen til beslutning om «åpning» at 
myndighetene gis adgang til å tillate leting i regi av kommersielle aktører, slik at andre enn 
staten kan bidra med videre kunnskapsinnhenting ved siden av slik innhenting i offentlig 
regi. Konsekvensen av «åpning» er ikke at drift nødvendigvis vil bli igangsatt. En eventuell 
drift vil under enhver omstendighet ligge lenger frem i tid.  
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4.4 Konsekvensutredningen er utarbeidet i samsvar med krav stilt i norsk rett 

4.4.1 Kravene til konsekvensutredningens innhold, jf. havbunnsmineralloven § 2-2 
andre ledd 

Kravene til konsekvensutredningens innhold på åpningsstadiet er gitt i 
havbunnsmineralloven § 2-2 andre ledd, som lyder: 

«Konsekvensutredningen skal bidra til å belyse de ulike interessene som gjør seg 
gjeldende på det aktuelle området, slik at dette kan ligge til grunn når det skal tas stilling 
til om, og eventuelt på hvilke vilkår, området kan åpnes for mineralvirksomhet. 
Konsekvensutredningen skal belyse hvilke virkninger en eventuell åpning kan få for 
miljøet og antatte næringsrelaterte, økonomiske og sosiale virkninger.» (uth. her) 

Bestemmelsen angir hvilke temaer konsekvensutredningen skal belyse. Det følger av 
forarbeidene at det nærmere innholdet i konsekvensutredningsprogrammet må besluttes 
konkret for det enkelte området, jf. Prop. 106 L (2017–2018) s. 35, der det fremgår at: 

«Typiske elementer vil være å belyse de ulike interessene som gjør seg gjeldende på det 
aktuelle området, en viss oversikt over hvilke mineralressurser som kan være aktuelle og 
hvor de befinner seg, de miljømessige forholdene, mulige farer for forurensing, samt 
antatte næringsmessige, økonomiske og sosiale virkninger. 
Konsekvensutredningsprogrammet kan også vise behov for ytterligere vitenskapelige 
studier i området som må iverksettes før konsekvensutredningen kan avsluttes og 
eventuell åpning besluttes.» (uth. her) 

Lest i sammenheng med forarbeidene stilles det krav om en konsekvensutredning som på 
overordnet nivå belyser de angitte temaene i havbunnsmineralloven § 2-2 andre ledd, jf. 
uttrykket «en viss oversikt» i forarbeidene. At det er virkningene en eventuell åpning «kan 
få» som skal belyses tyder på at vurderingene kan være usikre. Etter statens syn gir verken 
lovens ordlyd eller forarbeider støtte for de krav til kunnskapsgrunnlag som saksøker 
oppstiller. Uttalelsen i forarbeidene om behov for ytterligere vitenskapelige studier er et 
eksempel på hva et konsekvensutredningsprogram kan inneholde. Uttalelsen gir ikke 
grunnlag for et forbud mot åpning når konsekvensutredningen identifiserer og drøfter 
begrensninger i kunnskapsgrunnlaget, slik saksøker synes å anføre i stevningen punkt 
5.2.1.1. Saksøker har heller ikke angitt hvilke «ytterligere vitenskapelige studier» som 
departementet skulle sørget for gjennomføring av før åpning kunne vært besluttet. 

I denne saken er det utarbeidet en konsekvensutredning som belyser de ulike interessene i 
utredningsområdet og hvilke virkninger en åpning kan få for miljøet og antatte 
næringsrelaterte, økonomiske og sosiale virkninger. For temaer og spørsmål der det er 
identifisert begrenset kunnskap eller er usikkerhet knyttet til vurderingene, er dette opplyst 
om i konsekvensvurderingen og tatt i betraktning i interesseavveiningen ved beslutning om 
åpning. Regjeringen vurderte kunnskapsgrunnlaget som tilstrekkelig til å anbefale åpning – 
med de virkninger selve åpningsbeslutningen vil ha, jf. over og Meld. St. 25 (2022–2023) 
(stevningen bilag 41, s. 75). Stortinget behandlet stortingsmeldingen 9. januar 2024 og 
støttet regjeringens anbefaling med noen tilleggspunkter, se ovenfor i punkt 3.7. I tråd med 
havbunnsminerallovens skrittvise system er det lagt en strategi for videre 
kunnskapsinnhenting. 
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4.4.2 Grunnloven § 112 stiller ikke ytterligere krav 

Grunnloven § 112 andre ledd gir borgerne «rett til kunnskap om naturmiljøets tilstand og 
om virkningene av planlagte og iverksatte inngrep i naturen», for at de skal kunne ivareta sin 
rett etter første ledd til «et miljø som sikrer helsen, og til en natur der produksjonsevne og 
mangfold bevares». Det er uklart for staten om saksøker hevder bestemmelsen oppstiller 
utredningskrav ut over det som følger av havbunnsminerallovens ordlyd. Staten vil uansett 
påpeke at bestemmelsen ikke legger konkrete føringer for hvordan myndighetene innhenter 
og tilgjengeliggjør miljøinformasjon, men overlater til myndighetene å treffe de tiltak som er 
nødvendige, jf. § 112 tredje ledd. I praksis ivaretas retten til informasjon om miljøet gjennom 
saksbehandlingskrav på det enkelte område. I denne saken er det havbunnsmineralloven. 

Staten kan heller ikke se at HR-2020-2472-P gir holdepunkter for å anta at 
konsekvensutredningsplikten er brutt. Saksøkers anførsel om at det ikke er foretatt en 
«grundig» avklaring av fordelene og ulempene ved åpning, jf. HR-2020-2472-P avsnitt 184, 
er ikke nærmere underbygget.  

Det tilføyes at passusen i avsnitt 184 i plenumsdommen om «fordelane og ulempene ved 
opninga» (uth. her), må leses i lys av dommen for øvrig, særlig avsnitt 217-223. «Åpning» 
etter havbunnsmineralloven gir ikke kommersielle aktører rettskrav på utvinning av ev. 
drivverdige funn. Konsekvensene av åpning er i første omgang kun at det åpnes for 
ytterligere undersøkelser, som igjen har som konsekvens at kunnskapsgrunnlaget øker.     

4.4.3 Prinsippene i naturmangfoldloven § 7, jf. §§ 8–10 er hensyntatt 

Staten bestrider at prinsippene i naturmangfoldloven § 7, jf. §§ 8–10 er brutt. Saksøkers 
anførsler knyttet til disse bestemmelsene synes å bygge på en forutsetning om at 
åpningsbeslutningen i seg selv har store konsekvenser, jf. også stevningen punkt 5.1. Det 
medfører ikke riktighet. Åpning betyr ikke at mineralvirksomhet kan iverksettes, men 
beslutningen innebærer at konsesjonsmyndighetene kan sette i gang en prosess for tildeling 
av tillatelser i området som er åpnet. I første omgang gir tillatelser rett til leting, jf. ovenfor i 
punkt 2.1. Ved anvendelsen av prinsippene i naturmangfoldloven §§ 8–10 må det tas 
utgangspunkt i den konkrete beslutningen som er gjenstand for gyldighetskontroll, jf. også 
HR-2020-2472-P avsnitt 148. 

Det fremgår av Meld. St. 25 (2022–2023) at prinsippene i naturmangfoldloven § 7, jf. §§ 8-10 
er lagt til grunn som retningslinjer for åpningsprosessen (stevningen bilag 41, s. 57). 
Gjennom konsekvensutredningen er det utarbeidet et oppdatert og sammenstilt 
kunnskapsgrunnlag basert på eksisterende kunnskap knyttet til eventuell fremtidig 
havbunnsmineralaktivitet på norsk kontinentalsokkelen. Kunnskapen er fremskaffet gjennom 
faglige grunnlagsstudier og virkningsstudier utarbeidet av aktuelle fagmiljøer, herunder 
statlige etater og institutter, universiteter og andre kompetansemiljøer. Tilgjengelig 
kunnskap er lagt til grunn og kunnskapsmangler er påpekt. På denne måten er det best 
mulige kunnskapsgrunnlaget fremskaffet, slik naturmangfoldloven § 8 foreskriver. 

Det er ikke riktig som saksøker hevder i stevningen punkt 5.2.2 at konsekvensutredningen 
avstår fra å vurdere samlet belastning. Dette er vurdert i punkt 8.5 i konsekvensutredningen i 
tråd med naturmangfoldloven § 10: 
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«Basert på vurderinger av konsekvensene for ulike påvirkninger som er aktuelle i 
utredningsområdet, er det gjort en vurdering av samlede forventede påvirkninger på 
økosystemene i utredningsområdet fra en ev. havbunnsmineralvirksomhet, andre 
relevante sektorer i området og globale virkninger som klimaendringer 
(temperaturendringer, forsuring, endring i strømmønster, osv.) og forurensninger (se f.eks. 
Faglig Forum, 2019).» (stevningen bilag 20, s. 110) 

Som følge av åpningen kan private selskaper tildeles tillatelse til å lete etter mineraler på 
havbunnen. I konsekvensutredningen er leteaktivitet vurdert å ha små miljøvirkninger. I en 
utvinningsfase er konsekvensene i dag lite kjent fordi det hittil ikke har vært noen slik 
aktivitet. Selskaper med utvinningstillatelse vil derfor bli pålagt å samle inn data om 
miljøforhold i de områdene de undersøker i tillatelsens første fase. Denne kunnskapen vil 
sammen med ytterligere kunnskap som erverves fra myndighetenes side bli lagt til grunn 
ved behandling av eventuelle utvinningsplaner. Dette, sammen med en skrittvis tilnærming 
til aktivitet i området som åpnes, vil sørge for en føre-var-tilnærming, jf. naturmangfoldloven 
§ 9. 

Når det gjelder høyesterettsavgjørelsen fra New Zealand som saksøker viser til i stevningen 
punkt 5.2.1.5, fremstår ikke den som relevant for spørsmålene i denne saken. Avgjørelsen fra 
New Zealand gjaldt gyldigheten av en tillatelse til å utvinne mineraler på havbunnen. 
Saksforholdet er dermed ikke sammenlignbart. Det tilføyes at det i norsk rett ikke kan 
iverksettes utvinning uten godkjent plan for utvinning, som også skal inneholde en 
prosjektspesifikk konsekvensutredning, jf. havbunnsmineralloven § 4-4. 

4.5 Konsekvensutredningen oppfyller folkerettslige krav 

Konsekvensutredningen er utarbeidet og gjennomført i samsvar med gjeldende 
folkerettslige krav. Saksøker har i stevningen vist til seks folkerettslige kilder med til dels 
overlappende krav om konsekvensutredning og anført generelt at: 

«Konsekvensutredningen identifiserer, beskriver eller evaluerer ikke potensielle 
miljøvirkninger. Konsekvensutredningen er overordnet, og bærer preg av omfattende 
mangel på kunnskap om de miljømessige virkningene av åpning for mineralvirksomhet 
på havbunnen.» (stevningen punkt 5.3.2) 

Staten kan ikke se at anførselen er nærmere underbygget i stevningen. Det er ikke 
konkretisert hvilke miljøvurderinger konsekvensutredningen mangler. Anførselen om at 
konsekvensutredningen er for overordnet og generell savner rettslig forankring, da det 
heller ikke er konkretisert hvilke spesifikke utredningskrav som eventuelt skulle følge av 
folkerettslige forpliktelser. 

Hva gjelder plandirektivet, viser staten til redegjørelsen ovenfor i punkt 3.1 der det fremgår 
at det generelt har blitt sett hen til direktivets krav i åpningsprosessen. 

For EMK artikkel 2 og 8 har saksøker konkretisert anførslene til manglende utredning av 
konsekvenser for klima og havforsuring ved potensiell oppvirvling av karbon fra havbunnen 
og påvirkning av karbonsyklusen i dyphavet. 
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Det er riktig at dette ikke er utredet i konsekvensutredningen. Spørsmålet er ikke ansett som 
relevant for havbunnsmineralvirksomhet på norsk kontinentalsokkel, fordi mengden karbon i 
sedimentene er for små til å ha negative konsekvenser for klima og havforsuring. Organisk 
karbon avsatt i dyphavet har sitt opphav i de øverste 200m av vannsøylen. Herfra “regner” 
algerester og mikrofauna som beiter på algerester, nedover i vannsøylen og blir til en 
komponent av «marin snø». Mesteparten av organisk karbon er allerede oksydert til 
karbondioksid før partiklene når havbunnen (Passow & Weber 2023, s. 2–4 og 11).   

Bilag 12: Passow, U. & Weber, T., The biological carbon pump, i Treatise on 
Geochemistry, 3. utgave, Elsevier, 2023. 

Dette er en av grunnene til at dyphavssedimenter inneholder lite karbon og få 
næringsstoffer. Derfor er dyphavssedimenter preget av lavt artsmangfold. Målinger av 
organisk karbon i områder som er aktuelle for mineralutvinning bekrefter at det organiske 
karboninnholdet (TOC) i sedimentene er svært lavt, som oftest mellom 0,1 og 1 prosent, 
med medianverdi = 0,4 prosent (Jørgensen, S.L. et al. 2012). 

Bilag 13: Jørgensen, S.L., Hannisdal, B., Lanzén, A., Baumberger, T., Flesland, K., 
Fonseca, R., Øvreås, L., Steen, H.A., Thorseth, I.H., Pedersen, R.B., & 
Schleper, C. Correlating microbial community profiles with geochemical 
data in highly stratified sediments from the Arctic Mid-Ocean Ridge. 
Proceedings of the National Academy of Sciences. Vol. 109, No. 42 
(2012).  

I tillegg er sedimentlagene tynne i de aktuelle områdene. Dette indikerer at oppvirvling av 
karbon fra havbunnen ikke vil ha negative konsekvenser for klima og havforsuring. 

Staten er derfor ikke enig med saksøkerne i at det utgjør en saksbehandlingsfeil som leder til 
ugyldighet at potensiell oppvirvling av karbon fra havbunnen og påvirkning på 
karbonsyklusen i dyphavet ikke er vurdert i konsekvensutredningen. 

4.6 Beslutningen bygger ikke på mangelfull konsekvensutredning eller uriktige 
faktiske antakelser om virkningene av leting 

Det bestrides at åpningsbeslutningen bygger på mangelfull konsekvensutredning eller 
uriktige faktiske antakelser om virkningene av leteaktivitet. 

Leting etter mineraler på havbunnen foregår ved innsamling av data fra overflatefartøy 
og/eller undervannsfarkoster (passive undersøkelser), samt innsamling av geologiske prøver 
på og under havbunnen (aktiv prøvetaking). Teknologien for leting og kartlegging kan ikke 
anses som umoden slik saksøker hevder. Det vises til at Sokkeldirektoratet har samlet inn 
dyphavsdata i over 25 år (bilag 2, s. 13–21), og at det internasjonale vitenskapelige 
konsortiumet International Ocean Discovery Program (IODP, tidligere DSDP og ODP) i mer 
enn 50 år har utført store boreoperasjoner i dyphavet i alle verdenshav. Flere tusen borehull 
er boret, og boreoperasjonene har tilført mye kunnskap om undergrunnen i dyphavet og 
nærliggende miljø. 

Bilag 14: Utskrift fra Om IODPs historie (nettside) 

https://iodp.org/about-iodp/history
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Bildet nedenfor viser boreoperasjoner foretatt av IODP: 

 
Kilde: Combined IODP2 (pink), IODP (red), ODP (blue), and DSDP (green) drill sites 
(tamu.edu) 

Ifølge saksøker bygger konsekvensutredningen på en uriktig faktisk antakelse når den finner 
at leteaktivitet vil ha små miljøvirkninger grunnet kort varighet og lite berørt område. Denne 
side kan ikke se at det i stevningen fremkommer opplysninger som tilsier at 
konsekvensutredningens funn er uriktig. Saksøker støtter anførselen på NGUs 
høringsuttalelse til konsekvensutredningen, som lyder: 

«Leting og undersøkelser er ikke kortvarige, men har begrenset lokal påvirkning.» 
(stevningen bilag 26) 

NGU er altså enig i at leting og undersøkelser har begrenset lokal påvirkning (lite berørt 
område). Uttalelsen om varighet må antas å sikte til aktivitet over lengre tid. Aktivitetene 
som inngår i letefasen vil gjerne spres på flere, ofte sesongavhengige, tokt. De enkelte 
aktivitetene vil derfor hver for seg være kortvarige og medføre små fysiske inngrep, selv om 
aktivitetene samlet sett kan foregå over noen år. 

I stevningen anføres det videre at vurderingen i konsekvensutredningen om at omfanget av 
kjerneboring under leting vil være begrenset i forhold til utvinning, er uriktig. I de relevante 
avsnittene i konsekvensutredningen heter det om dette: 

https://iodp.tamu.edu/scienceops/maps/iodp_odp_dsdp.pdf
https://iodp.tamu.edu/scienceops/maps/iodp_odp_dsdp.pdf
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«Undervannsfarkostene vil ha ulike typer utstyr for passiv undersøkelse eller aktiv 
prøvetaking, herunder ulike former for sonar og ekkolodd samt spesifikt tilpassende 
sensorer, kamera, osv. Fysiske prøver (stein) kan bli tatt med gripeklo som mindre 
kjerneboringsprøver eller skjæres ved motorsaglignende verktøy. Slike inngrep er generelt 
av lite omfang. 

For bedre å avgrense utstrekningen av en påvist forekomst, kan mer omfattende 
kjerneboring være aktuelt. Omfangsmessig vil dette være begrenset i forhold til 
utvinning.» (stevningen bilag 20, s. 46) 

Ifølge saksøker er vurderingen i siste avsnitt tilbakevist av NGU, som i sin høringsuttalelse 
skriver: 

«Dette må bero på en misforståelse. Å påvise, avgrense og karakterisere en 
mineralforekomst er finansielt krevende og en utfordring for de fleste landbaserte lete- og 
utviklingsprosjekter. Det stilles krav til hvordan av forekomster dokumenteres, og 
børsnoterte selskap må benytte rigide rutiner definert ved ulike CRIRSCO-systemer som 
JORC, PERC, NI43-101 når de oppgir ressurser og reserver. Karakterisering og 
avgrensning krever omfattende boring og tillater ikke ekstrapolasjon. På dette punktet vil 
ikke havbunnsmineraler stå i en særstilling i forhold til landbaserte forekomster.» 
(stevningen bilag 26) 

Slik staten forstår høringsuttalelsen, viser NGU her til at fastsetting av en mineralforekomsts 
ressurser og reserver for innrapportering til børsen vil kunne kreve et omfattende 
boreprogram, og synes å mene at dette er det viktigste i letingen etter havbunnsmineraler. 
Det er det ikke. Det viktigste er å finne forekomstene først og vektlegge de aktivitetene 
dette omfatter. Som vist til i konsekvensutredningen består disse aktivitetene av passive 
undersøkelser og aktiv prøvetaking med ROV og begrenset kjerneboring. Slik kjerneboring 
vil bli foretatt med små borerigger på havbunnen (stevningen bilag 20, s. 46–48). 

At leteaktivitet vil ha liten miljøpåvirkning støttes også av uavhengige forskningsmiljøer. 
Senter for dyphavsforskning ved Universitetet i Bergen skriver i sin høringsuttalelse til 
konsekvensutredningen at de anser dagens faktagrunnlag som tilstrekkelig til å starte en 
letefase og at de «deler utredningens vurdering av at leteaktivitet vil ha liten miljøpåvirkning, 
forutsatt at den baserer seg på metodikk tilsvarende den som har vært benyttet i forbindelse 
med forskning og offentlig utredningsarbeid» (stevningen bilag 27, s. 1). 

Saksøker knytter anførselen om mangelfull utredning til 1) virkningene av støy, vibrasjon og 
kunstig lys under leting, samt 2) risikoen for å innføre fremmede arter i økosystemene 
tilknyttet hydrotermale strukturer under henvisning til lite kontakt (konnektivitet) mellom 
ulike lokaliteter. Staten viser til at begge forholdene er utredet som ledd i 
konsekvensutredningsprosessen. 

Virkninger av lyd, vibrasjoner og kunstig lys er behandlet i punkt 8.2.5 i 
konsekvensutredningen (stevningen bilag 20) og punkt 3.7 i virkningsstudien fra Akvaplan-
Niva og IKM Acona, som inngikk i utredningsarbeidet og ble vedlagt 
konsekvensutredningen (stevningen bilag 17). Generelt kunnskapsnivå om påvirkning for 
marine organismer er gjennomgått og presentert i studien. Konsekvenser for fisk, marine 
pattedyr og sjøfugl er vurdert særskilt. Studien konkluderer ut fra de nivåene som forventes 
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av støy og lys fra havbunnsmineralutvinning at dette vil medføre et konsekvensnivå fra 
«ingen» til «liten» konsekvens for fisk, sjøfugl eller hval i utredningsområdet (stevningen 
bilag 17, s. 51). Vurderingen gjelder også for leting, der alle miljøpåvirkninger er vurdert til 
konsekvensnivå «liten» i konsekvensutredningen (stevningen bilag 20, s. 104). 

Risiko for innføring av fremmede arter er behandlet på side 104 i konsekvensutredningen, 
med utgangspunkt i vurderingen i punkt 3.8 i virkningsstudien fra Akvaplan-niva og IKM 
Acona. Konsekvensen av å innføre fremmede arter er vurdert som betydelig. Utstyr som 
benyttes på havbunnen vil imidlertid tas til overflaten etter bruk og eventuelle fastsittende 
organismer ventes ikke å overleve transport, eksponering mot luft og utsetting på ny 
lokalitet. Sannsynligheten for introduksjon av fremmede arter via ballastvann eller påvekst 
på skip/utstyr som benyttes i havbunnsmineralvirksomhet i Norskehavet vurderes som svært 
liten, og risikoen for slik etablering er vurdert som lav (stevningen bilag 20, s. 104). 

Spørsmålet om konnektivet (i vannmasser og langs havbunnen) er dessuten behandlet flere 
steder i kapittel 8 i konsekvensutredningen. I denne sammenheng vil staten fremheve at de 
kjente, aktive hydrotermale strukturene i spredningsgrøften langs Mohnsryggen og 
Knipovitsjryggen allerede er studert av akademia ved gjentatte besøk og fysiske 
undersøkelser, uten at det er rapportert om innføring av arter mellom disse lokalitetene. 

Staten kan på denne bakgrunn ikke se at det fremkommer opplysninger i stevningen som 
underbygger saksøkers anførsler om mangelfull utredning og uriktige faktiske antakelser. 
Det bemerkes for øvrig at anførselen om mangelfull utredning er lite konkret. Det er uklart 
for staten hvilke utredninger saksøker mener er påkrevd. 

4.7 Eventuelle feil medfører uansett ikke ugyldighet 

Denne side vil anføre at mangler ved konsekvensutredningen uansett ikke har virket inn på 
åpningsbeslutningens innhold, jf. prinsippet i forvaltningsloven § 41 om gyldigheten av 
enkeltvedtak. Forslag til utredningsprogram og konsekvensutredningen har vært på høring 
der samtlige av svakhetene saksøker anfører ble påpekt. Begrensningene i 
kunnskapsgrunnlaget og høringsinnspillene er også gjort rede for i Meld. St. 25 (2022–2023). 
Regjeringen og Stortinget var godt kjent med dette og andre kritiske merknader da de fattet 
sine beslutninger om åpning. Et bredt stortingsflertall sluttet seg til regjeringens 
åpningsforslag, med 79 mot 20 stemmer. 

Etter statens syn tilsier ikke konstitusjonelle og folkerettslige føringer en strengere norm 
som leder til ugyldighet i dette tilfellet. Plandirektivet gjelder i utgangspunktet ikke på 
sokkelen, men departementet valgte å se hen til direktivets mer detaljerte krav som er 
vedtatt gjennom petroleumsforskriften. Uansett er det etter EU-domstolens praksis ingen 
automatikk i at ethvert brudd på konsekvensutredningsplikten leder til ugyldighet. For 
tilfeller der det er identifisert mangler ved en gjennomført konsekvensutredning, åpner 
praksisen for en vurdering av feilens innvirkning på avgjørelsen innhold, der også feilens 
grovhet hensyntas, jf. for eksempel sakene C-72/12 avsnitt 49–54 og C-137/14 avsnitt 59–61. 
Det vises også til Commission Notice on access to justice in environmental matters (2017/C 
275/01), avsnitt 4.2. Åpningsbeslutningen vil etter en slik vurdering uansett være gyldig. 
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5 ANNET 

Etter statens syn er det behov for avklaring av hvilke innsigelser saksøker har til 
konsekvensutredningen med underlagsrapporter. Selve utredningen (stevningens bilag 20) 
er et omfattende og grundig arbeid, og det stemmer ikke at utredningen verken 
«identifiserer, beskriver eller evaluerer» potensielle miljøvirkninger slik saksøker anfører i 
punkt 5.3.2. Bare utredningen, uten underlag, er på 115 sider hvor store deler er knyttet til 
miljø og miljøvirkninger av mineralaktivitet. Det bes opplyst: 

1) Hva i konsekvensutredningen, eventuelt underlagene, anfører saksøke at er uriktig? 

2) Er det andre tema enn karbon og havforsuring saksøker mener skulle vært inkludert i 
utredningen, men som er utelatt? 

3) Hvilke tilleggsundersøkelser er det saksøker mener skulle vært foretatt før 
åpningsbeslutningen for å redusere kunnskapsmangel?  

Staten vil komme tilbake til vitner det er aktuelt å føre. 

Som representanter fra staten v/Energidepartementet møter førstekonsulent Sebastian 
Mydland Langbakk og fagsjef Cecilie Myklatun.   

Saken er berammet til 5 rettsdager, noe som etter statens vurdering fremstår som 
tilstrekkelig. 

6 PÅSTAND 

1. Staten v/Energidepartementet frifinnes. 

2. Staten v/Energidepartementet tilkjennes sakskostnader. 

• • • 

 
Oslo, 28.06.2024 

REGJERINGSADVOKATEN 
 
Karen Mellingen 
advokat 
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Abstract 

Abstract

Critical minerals, which are essential for a range of clean energy 
technologies, have risen up the policy agenda in recent years due to 
increasing demand, volatile price movements, supply chain 
bottlenecks and geopolitical concerns. The dynamic nature of the 
market necessitates greater transparency and reliable information to 
facilitate informed decision-making, as underscored by the request 
from Group of Seven (G7) ministers for the IEA to produce medium- 
and long-term outlooks for critical minerals. 

The Global Critical Minerals Outlook 2024 follows the IEA’s inaugural 
review of the market last year. It provides a snapshot of industry 
developments in 2023 and early 2024 and offers medium- and long-
term outlooks for the demand and supply of key energy transition 
minerals based on the latest technology and policy trends. 

The report also assesses key risks to the reliability, sustainability and 
diversity of critical mineral supply chains and analyses the 
consequences for policy and industry stakeholders. It will be 
accompanied by an updated version of the Critical Minerals Data 
Explorer, an interactive online tool that allows users to explore the 
latest IEA projections. 
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Executive summary 

Executive summary

Fast-growing critical minerals markets remain turbulent, with 
prices falling sharply in 2023 following two years of dramatic 
increases. Battery materials saw particularly large declines with 
lithium spot prices plummeting by 75% and cobalt, nickel, and 
graphite prices dropping by 30-45%. The IEA Energy Transition 
Mineral Price Index, which tracks a basket price of copper, major 
battery metals and rare earth elements, tripled in the two years 
following January 2020, but relinquished most of the increase by the 
end of 2023 – although copper prices remained at elevated levels.  

Demand growth has remained robust. Demand for critical minerals 
experienced strong growth in 2023, with lithium demand rising by 
30%, while demand for nickel, cobalt, graphite and rare earth 
elements all saw increases ranging from 8% to 15%. Clean energy 
applications have become the main driver of demand growth for a 
range of critical minerals. Electric vehicles (EVs) consolidated their 
position as the largest-consuming segment for lithium, and increased 
their share considerably in the demand for nickel, cobalt and graphite. 

The main reason for price declines has been a strong increase 
in supply and ample inventories of technologies made with 
critical minerals. From Africa to Indonesia and the People’s 
Republic of China (hereafter “China”), the ramp-up of new supply 
outpaced demand growth over the past two years. Together with an 
inventory overhang in the downstream sector (e.g. battery cells, 

cathodes) and a correction of overly steep price rises in 2021-2022, 
this produced downward pressure on prices. 

Clean energy deployment continues to advance in all our 
scenarios for the future, including a strong growth story for EVs. 
Following the 75% growth in deployment in 2023, solar PV and wind 
account for the majority of capacity additions in every region in all IEA 
scenarios. This is accompanied by a substantial expansion of 
electricity networks, pushing up demand for copper and aluminium. 
Electric car sales neared 14 million in 2023, a 35% year-on-year 
increase, and continued growth is projected as major markets 
progress and adoption increases in emerging economies. In a 
scenario that limits global warming to 1.5 °C (the Net Zero Emissions 
by 2050 [NZE] Scenario), the sales share of electric cars rises from 
18% today to 65% in 2030, pushing up demand for batteries by a 
factor of seven to 6 TWh in 2030. Electric cars are the major source 
of demand for batteries, but battery storage for the power sector 
exhibits faster growth. 

Today’s well-supplied market may not be a good guide for the 
future, as demand for critical minerals continues to rise. Just as 
clean energy deployment expands, so too does demand for critical 
minerals. Mineral demand for clean energy technologies doubles 
between today and 2030 in a scenario that reflects today’s policy 
settings, the Stated Policies Scenario (STEPS). It is even higher in a 
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scenario that meets all national energy and climate goals in full, the 
Announced Pledges Scenario (APS), and it almost triples by 2030 
and quadruples by 2040 in the NZE Scenario, reaching nearly 40 Mt. 
Lithium sees the most rapid growth in demand, due to rising EV 
battery needs. In the NZE Scenario, for example, it increases by a 
factor of nine to 2040. In terms of production volume, copper – which 
connects a more electrified energy system – has by far the largest 
increase. Graphite demand almost quadruples by 2040 in the NZE 
Scenario, while demand for nickel, cobalt and rare earth elements 
doubles. 

Strong growth in demand produces a major uptick in the overall 
value of critical minerals markets. The combined market value of 
key energy transition minerals – copper, lithium, nickel, cobalt, 
graphite and rare earth elements – more than doubles to reach USD 
770 billion by 2040 in the NZE Scenario. At around USD 325 billion, 
today’s aggregate market value of key energy transition minerals 
aligns broadly with that of iron ore. By 2040, copper on its own attains 
that scale. 

The benefits of market expansion are shared across different 
regions, especially for mining. Latin America captures the largest 
amount of market value for mined output with around USD 120 billion 
by 2030. Indonesia sees the fastest growth, doubling its market value 
by 2030 due to its burgeoning nickel production. Africa witnesses a 
65% increase in market value by 2030. Nearly 50% of the market 
value from refining is concentrated in China by 2030. China also sees 

a rise in market value for mined materials with its growing copper and 
lithium production. 

The recent fall in prices has affected investments in new mineral 
supply, but they are still growing. Increases in 2023 were smaller 
than those seen in 2022, but investment in critical mineral mining 
nonetheless grew by 10%. Investment by lithium specialists saw a 
sharp rise of 60%, despite weak prices. Exploration spending also 
rose by 15%, driven by Canada and Australia. Venture capital 
spending increased by 30%, with significant growth in battery 
recycling offsetting reduced investment in mining and refining start-
ups. China’s spending on and acquisition of overseas mines has 
grown significantly in the past ten years reaching record levels of 
USD 10 billion in the first half of 2023 with a particular focus on 
battery metals such as lithium, nickel and cobalt. 

Our projections show a mixed picture for future supply-demand 
balances. Based on a detailed review of all announced projects, we 
have constructed two supply scenarios. The base case includes 
production from existing assets and those under construction, along 
with projects that have a high chance of moving ahead. The high 
production case adds in projects, which are at a reasonably 
advanced stage of development, seeking financing and/or permits. 
Using the APS as a benchmark, the situation in 2035 looks as follows: 

• There is a significant gap between prospective supply and 
demand for copper and lithium: Anticipated mine supply from 
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announced projects meets only 70% of copper and 50% of lithium 
requirements.  

• Balances for nickel and cobalt look tight relative to confirmed 
projects, but better if prospective projects are included (our high 
production case). 

• Graphite and rare earth elements may not face supply volume 
issues but are among the most problematic in terms of market 
concentration: over 90% of battery-grade graphite and 77% of 
refined rare earths in 2030 originate from China.  

The NZE Scenario necessitates further project developments across 
most minerals. 

Our analysis of announced projects shows limited progress in 
diversifying supply. The geographical concentration of mining 
operations is set to rise further or remain high over the projection 
period in the base case. The situation improves somewhat in the high 
production case, indicating that many potential projects being 
developed in geographically diverse regions are not among the front-
runners for development. For refined materials, the shares of the top 
three producing nations have all increased since 2020, with the trend 
most pronounced for nickel and cobalt. Announced projects indicate 
that refined material production is set to remain highly concentrated 
in a few countries. Between now and 2030, some 70-75% of 
projected supply growth for refined lithium, nickel, cobalt and rare 
earth elements comes from today’s top three producers. For battery-

grade spherical and synthetic graphite, almost 95% of growth comes 
from China. These high levels of supply concentration represent a 
risk for the speed of energy transitions, as it makes supply chains and 
routes more vulnerable to disruption, whether from extreme weather, 
trade disputes or geopolitics. 

Analysis based on asset ownership reveals a slightly different 
picture. The concentration in the mining sector looks different if 
viewed through the lens of asset ownership, with US and European 
companies playing a major role for copper and lithium supplies 
whereas Chinese companies have a greater role for nickel and cobalt 
production, despite these minerals being mined elsewhere (e.g. 
Indonesia for nickel and the Democratic Republic of the Congo for 
cobalt). 

High market concentration means there is a risk of significant 
shortfalls in supply if, for any reason, supply from the largest 
producing country is interrupted. This “N-1” analysis is a typical 
measure of the resilience of any system and reveals significant 
vulnerabilities. If the largest supplier and its demand is excluded, then 
available ”N-1” supply of all key energy transition minerals would fall 
significantly below material requirements. The situation is most 
pronounced for graphite where the available “N-1” supply covers only 
10% of the N-1 material requirements – significantly below the 
minimum non-single-origin threshold of 35% proposed in the EU 
Critical Raw Materials Act. This indicates that without urgent efforts 
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to expedite the development of projects, achieving announced 
diversification goals will be highly challenging. 

Today’s price declines are a double-edged sword – a boon for 
clean energy deployment but a bane for critical mineral 
investment and diversification. Lower prices have been good news 
for consumers and for affordability, bringing clean technology costs 
back on a downward trajectory, including the 14% reduction in battery 
prices in 2023. However, falling prices also make spending to ensure 
reliable and diversified supply less appealing to investors. This price 
effect has had the biggest consequences in new and emerging 
resource holders; in the case of nickel, three-quarters of operating or 
potential projects that are at risk are outside the top three producers. 

Our first-of-its-kind risk assessment reveals potential areas of 
weakness for each mineral in supporting energy transition 
goals. The Outlook includes a new risk assessment framework for 
key energy transition minerals, across four major dimensions – 
supply risks, geopolitical risks, barriers to respond to supply 
disruptions, and exposure to environmental, social and governance 
(ESG) and climate risks. Overall, lithium and graphite show the 
highest risk scores. Lithium and copper are more exposed to supply 
and volume risks whereas graphite, cobalt, rare earths and nickel 
face more substantial geopolitical risks. Most minerals are exposed 
to high environmental risks. For example, today’s refining operations 
occur in places where grids tend to have a higher carbon intensity, 
relying mostly on coal-based electricity. 

Some USD 800 billion of investment in mining is required to get 
on track for a 1.5 °C scenario to 2040. In the APS, approximately 
USD 590 billion is required over the same period. These increases 
need to be made in a way that fosters a more diversified array of 
supply sources in the future. Financing diversified critical mineral 
supply chains faces numerous challenges, such as cost inflation, 
long-term price uncertainty and limited value placed on diversification 
by consumers. This requires specific policy measures to reinforce the 
investment case for supply chain diversification. Enhancing market 
transparency can also help, from pricing – with benefits to be drawn 
from efficient price discovery mechanisms and financial tools to 
hedge risks – to information, with a strong need for increasing the 
availability of reliable data on consumption, supply and trade. 

Stepping up efforts to recycle, innovate and encourage 
behavioural change is vital to ease potential strains on supply. 
In the case of lithium, the combination of right sizing EV batteries, 
alternative chemistries and recycling could reduce demand by 25% 
in 2030 in the NZE Scenario, saving an amount roughly equivalent to 
today’s production. Recycling rates for many materials have exhibited 
limited growth in the past. In the NZE Scenario, however, this needs 
to change, with growing policy attention to stepping up rates of 
collection and reprocessing. Recycled quantities of copper and cobalt 
could reduce 2040 primary supply requirements by 30%, and 15% for 
lithium and nickel. Without the uptake of recycling and reuse, mining 
capital requirements would need to be one-third higher. 
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New supplies must not come at the cost of local communities or 
the environment. Our systematic ESG performance tracking paints 
a mixed picture. The industry is making progress on worker safety, 
gender balance, community investment and renewable energy uses, 
but the same cannot be said for waste generation, emissions and 
water consumption and discharge, suggesting ample scope for 

improvement. The benefits associated with mineral production, such 
as revenue and jobs, have to be felt by producer countries and 
communities. Voluntary sustainability standards can help actors 
improve ESG performance, but greater transparency, due dilligence, 
harmonised approaches to credibility and appropriate incentives are 
needed to tap their full potential.
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Introduction 

Introduction

After the relentless surge in prices since 2021, the critical minerals 
market underwent another tumultuous year in 2023. Prices for most 
materials experienced a significant decline, relinquishing most of the 
increases accumulated over the past two years. Prices for battery 
metals saw particularly steep reductions due to an inventory 
overhang in the downstream sector, a slight easing in the pace of 
demand growth and an increase in overall supply. 

While immediate concerns appear to have eased, the risks of market 
tightness and price volatility remain ever-present as countries pursue 
decarbonisation goals. Moreover, the geopolitical context is 
increasingly complex, highlighted by a series of trade restriction 
measures in 2023, including gallium, germanium, graphite and 
technologies related to rare earth elements. Low material prices 
helped to put the costs of clean energy technologies back on a 
downward trajectory, but they present a challenge for efforts to 
diversify supply, given the financial difficulties that they pose for new 
and emerging producers. The imperative to bolster the diversity and 
resilience of critical mineral supplies remains at the top of the policy 
agenda. 

In line with new mandates approved by the 2024 Ministerial meeting, 
the IEA has been working together with countries and industry to 
address these emerging challenges and ensure reliable and 

sustainable supplies of critical minerals. On 28 September 2023, the 
IEA hosted the first-ever Critical Minerals and Clean Energy Summit 
at the IEA headquarters in Paris. Almost 50 countries, including key 
producing and consuming nations around the world, came together 
with around 40 business leaders, investors, heads of international 
organisations and civil society organisations to share their 
experiences and discuss effective courses of action to ensure rapid 
and secure energy transitions. Chief among various desired actions 
was the need for robust market monitoring and outlooks that can help 
bring a clear understanding of today’s market situation and anticipate 
potential risks in the medium to long term. 

Earlier in 2023, the Group of Seven (G7) ministers asked the IEA to 
play a strengthened role in safeguarding minerals security in its G7 
Five-Point Plan, through producing medium- and long-term outlooks 
for critical minerals and introducing the IEA Voluntary Critical 
Minerals Security Programme. 

This report, following the inaugural Critical Minerals Market Review 
2023, responds to these growing needs for enhanced market 
transparency by reviewing latest market movements, examining the 
prospects for future mineral demand and supply, and assessing 
potential risks along the supply chain of key commodities. 
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Prices for minerals and metals experienced a widespread decline in 2023, with battery metals 
experiencing particularly sharp reductions 

Change in selected commodity prices in 2023 

 
IEA. CC BY 4.0. 

Notes: REE = rare earth elements; Dy-Tb = dysprosium and terbium; Nd-Pr = neodymium and praseodymium. Change in prices between December 2022 and 
December 2023.  
Sources: IEA analysis based on Bloomberg and S&P Global.
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Scope of the analyses and scenarios

The report considers a wide range of “critical minerals” that play a 
vital role in clean energy applications, as indicated in the Annex. The 
main focus is on “key energy transition minerals” (also referred to as 
“focus minerals”) such as copper, lithium, nickel, cobalt, graphite 
and rare earth elements. However, the report also discusses trends 
for other important materials such as aluminium, manganese, 
phosphate, platinum group metals and uranium as relevant. 

Our assessment of mineral demand in the clean energy sector 
includes demand for low-emissions power generation (solar PV, 
wind, hydro, nuclear and other renewables), electric vehicle batteries 
and battery storage, grid networks (transmission, distribution and 
transformer), and hydrogen (fuel cells and electrolyser) technologies. 

Our forward-looking analysis is based on the three main IEA 
scenarios included in the World Energy Outlook 2023, updated for 
the latest data points. 

• The Stated Policies Scenario (STEPS) provides a sense of the 
prevailing direction of travel for the energy system, based today’s 
policy settings. The STEPS is associated with a temperature rise 
of 2.4 °C in 2100 (with a 50% probability). 

• The Announced Pledges Scenario (APS) assumes that 
governments will meet, in full and on time, all of the climate‐

related commitments that they have announced, including longer 
term net zero emissions targets and pledges in nationally 
determined contributions (NDCs). The APS is associated with a 
temperature rise of 1.7 °C in 2100 (with a 50% probability). 

• The Net Zero Emissions by 2050 (NZE) Scenario charts a 
pathway for the global energy sector to achieve net zero CO2 
emissions by 2050 and limit the global temperature rise to 1.5 °C 
above pre-industrial levels in 2100 (with at least a 50% 
probability) with limited overshoot. The NZE Scenario also meets 
the key energy‐related UN Sustainable Development Goals 
(SDGs) such as universal access to reliable modern energy 
services and major improvements in air quality. 

Alongside the main scenarios, we explore some alternative cases 
reflecting key technological and behavioural uncertainties that could 
affect future material demand (see Annex). 

Chapter 1 (Market review) offers a snapshot of industry 
developments in 2023 and early 2024. It describes the trends of 
clean energy technology deployment that drives the demand 
growth for critical minerals and reviews major production, 
investment and price trends. The chapter also discusses the 
latest policy developments and insights based on systematic 
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tracking of the industry’s environmental, social and governance 
(ESG) performance. 

Chapter 2 (Demand and supply outlook for key energy transition 
minerals) provides an outlook for demand and supply of key 
individual minerals and related market and policy issues. 
Following a brief review of mineral demand for clean energy 
technologies, the chapter provides projections for focus minerals 
including copper, lithium, nickel, cobalt, graphite and rare earth 
elements. It also reviews key trends for other important materials.  

Chapter 3 (Clean energy transition risk assessment) contains 
structured “clean energy transition risk assessments” for the six 

focus minerals that cover supply risks, geopolitical risks, barriers 
to respond to disruptions, and exposure to ESG and climate risks.  

Chapter 4 (Implications) presents the strategic implications of the 
scenario projections for policy and industry stakeholders seeking 
to promote reliable, sustainable and diversified supplies of critical 
minerals. The chapter considers four major issues such as i) 
investment in diversified supply; ii) recycling, innovation and 
behavioural change; iii) market transparency; and iv) sustainable 
and responsible supplies. 
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Clean energy deployment trends 
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Global clean energy deployment climbed to new heights in 2023  

Annual capacity additions for selected clean energy technologies 
 

  
IEA. CC BY 4.0. 

Sources: IEA (2024), Clean Energy Market Monitor – March 2024, and IEA (2024), Global EV Outlook 2024.
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Clean energy deployment continues to soar, with China the main driving force

Global clean energy deployment scaled new heights in 2023, with 
annual additions of solar PV growing 85% and wind turbines growing 
60%. The growth in clean energy deployment, however, remains 
concentrated in advanced economies and the People’s Republic of 
China (hereafter "China"), with most developing economies lagging 
behind. 

Solar PV 
Global solar PV capacity additions for electricity generation broke a 
new record, reaching 420 GW in 2023. Solar PV alone accounted for 
three-quarters of renewable capacity additions worldwide. China 
alone accounted for 62% of the increase in global solar PV capacity. 
Despite the phase out of central government subsidies, the country 
commissioned as much solar PV in 2023 as the entire world did in 
2022.  

In the European Union (EU), annual solar PV additions rose by a 
quarter and reached a record level 52 GW in 2023. Following the 
Russian Federation’s (hereafter “Russia”) invasion of Ukraine, the EU 
member states improved the policy environment to accelerate 
renewables deployment, in part to help bring down natural gas 
consumption. This has led annual solar PV additions to double since 
2021. In the United States (US), solar PV capacity additions 
increased 50% year-on-year following the easing of supply chain 

issues that slowed deployment in 2022. Federal tax incentives and 
state-level support have continued to drive both utility-scale and 
rooftop solar PV applications. India added only 12 GW of solar PV in 
2023, one-third lower than in 2022. Nevertheless, in 2023 the 
government unveiled an objective to conduct annual auctions for 50 
GW of renewable energy capacity that promises to accelerate 
deployment significantly. 

Wind 
Global wind capacity additions jumped by 60% in 2023 to break the 
record seen in 2020. Onshore wind projects accounted for over 85% 
of global wind deployment in 2023. China accounted for more than 
60% of global wind expansion as the country almost doubled its 
additions compared with 2022.  

In the European Union, wind additions increased by less than 10% in 
2023, with onshore wind deployment slowing down. Developers have 
been facing multiple challenges, including rising equipment costs, 
inflation, and supply chain constraints, which have made them less 
eager to participate in competitive auctions. Most countries in Europe 
have introduced policies to address the challenges posed by slow 
and complex permitting procedures for wind projects. However, the 
impact of these policies will take time to be visible in deployment 
trends. In the United States, wind additions declined by more than a 
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quarter in 2023. This was mainly due to prior uncertainty over the 
future of tax credits, prior to the adoption of the Inflation Reduction 
Act (IRA). Wind capacity additions are expected to increase 
significantly in the coming years thanks to the policy visibility provided 
by the IRA. In India, a larger number of projects awarded in previous 
years led annual deployment to increase by almost 50% in 2023. 

Offshore wind growth has recovered from a major drop seen in 
annual additions in 2022. However, the offshore industry outside of 
China is facing challenges with investment costs today more than 
20% higher than a few years ago. In 2023, developers cancelled or 
postponed 15 GW of offshore wind projects in the United States and 
the United Kingdom because pricing for previously awarded capacity 
no longer reflected prevailing project development costs. 

Overall, the world is poised for a signficant acceleration in renewable 
capacity in the coming years driven by supportive policies in more 
than 130 countries. Renewables are expected to surpass coal to 
become the largest source of electricity generation by the mid-2020s. 
Substantial demand for materials such as copper, silicon and rare 
earth elements will be required to support the rapid deployment of 
renewable generation capacity. However, challenges such as high 
interest rates and low profitability persist. Policymakers need to 
address issues related to permitting and grid expansion to achieve 
the target of tripling global renewable capacity by 2030 that was 
agreed at the 28th Conference of the Parties (COP28). 

Electrolysers 
The growing markets for eletrolysers could push up demand for nickel, 
platinum group metals, zirconium and other minerals depending on 
the specific technology deployed. In 2023, global installed capacity of 
electrolysers for hydrogen production reached 1.3 GW, underpinned 
by a surge in annual additions to 600 MW. However, this is still far 
from the annual multi-gigawatt additions required to keep global 
climate goals within reach.  

From less than 10% of global installed capacity in 2020, China has 
emerged as the leading region since 2021, reaching an installed 
capacity of more than 650 MW by the end of 2023. China now 
represents close to half of the global installed capacity. This 
transformation has been fuelled by the scaling up of project sizes by 
Chinese developers, with several projects now exceeding 100 MW in 
capacity. Consequently, China now hosts six of the world's largest 
operational electrolysis projects. The European Union accounted for 
around a third of global installed capacity in 2020, but has now ceded 
its leading position, with additions of around 70 MW in 2023. The 
United States emerged as the third-largest market, with additions 
exceeding 30 MW.  

Demand uncertainty and lack of regulatory clarity, coupled with 
recent challenges such as inflation and slow implementation of 
support mechanisms are hindering faster adoption of electrolysers in 
other regions.
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The growth story continued in 2023 for EVs 

Electric car sales by mode and region  

 
IEA. CC BY 4.0. 

Note: BEV = Battery electric vehicle; PHEV = Plug-in hybrid electric vehicle. 
Source: IEA (2024), Global EV Outlook 2024.
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Growth in electric car sales remains robust as major markets progress and emerging 
economies ramp up 

Electric car sales neared 14 million in 2023, a 35% year-on-year 
increase, and more than six times higher than five years earlier in 
2018. Electric cars accounted for 18% of all car sales in 2023 up from 
14% in 2022 and only 2% five years earlier, and nearly 95% of all 
sales were in China, Europe and the United States. These trends 
demonstrate robust growth in electric car markets as they become 
more mature, even if the growth in global electric car sales slowed 
somewhat compared with the 60% seen in 2022. 

China is the world's largest electric car market with 8.1 million electric 
car sales and 60% of the global total in 2023, a share that has been 
increasing, up from 50% five years earlier in 2018. In 2023 more than 
one in three new car registrations in China was electric. The growth 
rate of electric car sales in China more than halved in 2023 to 35% 
from 80% in 2022. One of the critical reasons for this is that 2023 was 
the first year that the government provided no purchase subsidies for 
electric cars, with their phase-out in 2022. Therefore, a slowdown of 
electric car sales was expected. This is also coupled with relatively 
weak consumer sentiment. As the Chinese market matures, the 
industry is entering a phase of price competition and consolidation. 
To mitigate lower domestic demand, China exported 1.2 million 
electric vehicles (EVs) in 2023, an 80% increase from the previous 
year, with primary export markets being Europe and the Asia Pacific 

region including Thailand and Australia. In April, China removed 
down payment requirements for new car loans in an effort to stimulate 
consumer demand. In the first quarter of 2024 the year-on-year 
electric car sales growth rate in China increased to 36% compared 
with 27% in the same period last year. It is estimated that around 45% 
of all cars sold in China in 2024 could be electric. 

Europe is the second-largest electric car market with almost 25% of 
global sales in 2023, reaching 3.2 million electric car sales. This year 
more than one in five cars sold in Europe was electric. Unlike China, 
Europe did not experience a slowdown as the growth rate of electric 
car sales slightly accelerated in 2023 to 20%, up from 15% in 2022. 
However, sales trends differed by country. In Germany the electric 
car sales share fell from 30% in 2022 to 25% in 2023 due to the 
sudden end of all EV subsidies in 2023, which were originally 
intended to apply until the end of 2024. Nevertheless, in the rest of 
Europe electric car sales shares increased, with the Netherlands 
reaching 30%, the United Kingdom and France 25%, and Sweden 
60%. 

In the United States electric car sales grew to 1.4 million in 2023, 
increasing by 40% compared with 2022, the fastest growth rate of the 
three largest regions, though the sales share of electric cars reached 
only 10%. The United States experienced a slight slowdown 
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compared with the 55% rise in 2022, but growth in sales remained 
strong, with the IRA having supported sales despite some concerns 
about domestic component requirements hindering deployment. The 
revision of eligibility criteria for IRA tax credits in 2023 meant several 
popular vehicles were covered, and the Tesla Model Y increased its 
sales by 50% year-on-year. In 2024 new guidance significantly 
reduced the number of eligible vehicles for tax credits. 

In the rest of the world, total electric car sales grew by 70% and sales 
almost reached 1 million electric cars. India experienced 70% year-
on-year growth, with sales of 80 000 vehicles, compared with just 
10% growth for total car sales. In Thailand electric car sales 
increased more than fourfold, reaching 90 000 vehicles and a 10% 
market share, a particularly impressive achievement given that total 
car sales decreased from 2022 to 2023. Subsidies in both regions 
have facilitated demand growth though India is anticipated to reduce 
subsidy levels in 2024. 

In both China and the United States, sales of plug-in hybrid electric 
vehicles (PHEVs) grew significantly faster than battery electric 
vehicles (BEVs) (55% against 40% for the United States and a 
remarkable 80% against 20% in China). As a result, the share of 
PHEVs in EV sales reached 33% in China, up from 25% in 2022, and 
20% in the United States. Concerns about driving range and lack of 
sufficient charging infrastructure for BEVs appear to be the driving 

force. In China, this surge in PHEV demand suggest that the growing 
middle-class appear to be more concerned about range going 
forward, marking a break from the past where relatively low-range 
BEVs were popular. The average battery size for PHEVs in China is 
around 50% higher than in Europe. A recent trend in China has been 
towards extended-range EVs (EREVs), which have an electric 
powertrain but also have a combustion engine able to recharge the 
battery. EREVs have a battery around twice the size of a typical 
PHEV, enabling real-world electric range of around 150 km, more 
than double that of conventional PHEVs. In 2023 EREVs accounted 
for a quarter of Chinese PHEV sales, a 10% increase from 2022, 
although EREVs have a negligible sale share outside of China. 
Europe, however, saw significantly higher growth in BEV sales with 
over 30% growth year-on-year compared with a small drop in PHEV 
sales in 2023.  

Although growth rates in EV sales are slowing, early signs from 2024 
indicated that sales remain generally strong. As the market matures 
and subsidies are phased out, growth rates may decrease somewhat. 
However, robust growth in EV sales is still expected to continue in 
the near and long term, supported by ongoing policy momentum, 
major increases in manufacturing capacity, cost declines and 
expanded adoption in developing economies.
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Battery demand is dominated by electric cars, although storage is the fastest growing source of 
demand 

EV and storage battery demand by mode and region, 2018-2023  

 
IEA. CC BY 4.0. 

Note: LDVs = light-duty vehicles. 
Source: IEA analysis based on EV Volumes.
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The market share of LFP chemistries rose to 40% of electric car sales while silicon is gaining 
ground in graphite anodes 

Electric car battery cathode and anode chemistries sales share, 2018-2023 

 
IEA. CC BY 4.0. 

Notes: NMC = lithium nickel manganese cobalt oxide. Low-nickel includes: NMC333 and NMC532. High-nickel includes: NMC622, NMC721, NMC811, NCA and 
NMCA. LFP = lithium iron phosphate; Si-Gr = Silicon-doped graphite with % of silicon content. Sales share is based on capacity. 
Source: IEA analysis based on EV Volumes and BloombergNEF.
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Battery pack prices have dropped with falling critical minerals prices 

Average lithium-ion battery pack price and share of cathode raw material cost, 2013-2023 

 
IEA. CC BY 4.0. 

Notes: Cathode material costs include lithium, nickel, cobalt and manganese. Other cell costs include costs for anode, electrolytes, separator and other components 
as well as costs associated with labour, manufacturing and capital depreciation. Percentages on bars show year-on-year total pack price change. Analysis includes 
all cathode chemistries and global chemistry sales shares. 
Source: IEA analysis based on BloombergNEF (2024).
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Batteries: The rise and rise of LFP

In 2023, global battery demand from EVs and storage reached 
865 GWh in 2023, a 45% year-on-year increase. This was primarily 
driven by sales of electric cars, which were responsible for 85% of 
global demand. The annual growth rate for battery demand from 
electric cars, buses and trucks slowed in 2023 to 40%, compared with 
75% in 2022, in line with broader sales trends, although annual 
demand growth from two- or three-wheelers increased. Battery 
storage demand experienced the most impressive rise, more than 
doubling from the 2022 level, bringing its share in total EV and 
storage demand up to 10%. Given that growth rates for battery 
storage had almost doubled in 2021, this represents a remarkable 
surge in utility-scale and behind-the-metre storage deployment. 

China was the largest source of battery demand in 2023 with 55% of 
the global total, followed by Europe with around a quarter and the 
United States with 15%, in each case dominated by EV sales. Battery 
demand in China grew by over 40% in 2023; this was half the rate 
seen in 2023 despite a threefold rise in demand for storage 
deployment. Battery demand in Europe and the United States both 
grew by 45%, a higher rate than for electric car sales due to a 
combination of larger vehicle and battery sizes and higher rates of 
storage deployment. 

Average passenger BEV battery size, 2017-2023  

 

IEA. CC BY 4.0. 

Alongside sales, the rise in battery sizes for EVs is a critical driver of 
growth in demand for batteries and for critical minerals. In most regions 
the average battery size for passenger BEVs has been increasing 
year-on-year, with the global average increasing more than 60% since 
2017. The trend towards an increasing share of sport utility vehicles 
(SUVs) found in conventional car markets is being replicated in the EV 
market. Automakers are focusing on larger vehicles, which are 
typically more profitable, and consumers appear to have a strong 
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appetite for larger vehicles and ranges, even if they are often beyond 
their requirements. All regions follow the same overall trend for 
increased battery sizes, but there are significant regional variations in 
absolute values. The average battery size in the United States is 30% 
larger than the global average, Europe is 10% larger while China is 
10% smaller. This mirrors size trends in conventional vehicle sectors, 
and also shows the greater preference from consumers in the United 
States and Europe for higher range EVs.  

Battery pack price trends 
In 2023 average battery pack prices dropped 14% to a record low of 
USD 139/kWh. This was the largest price decrease since 2018, driven 
primarily by the fall in critical minerals prices, in combination with a 
surge in battery production capacity and slightly weaker demand than 
expected. This reinstates the trend of declining battery prices that was 
temporarily reversed in 2022 due to the exceptionally high prices of 
battery critical minerals. Cells now account for 80% of the total pack 
price, an increasing ratio partly due to the cell-to-pack (CTP) design 
innovation reducing dead weight in the pack and pack costs.  

With decreasing manufacturing costs from economies of scale and 
innovation, critical minerals have been a growing share of the battery 
pack cost, leaving the battery pack price more susceptible to mineral 
price volatility. This was seen clearly in 2022 when cathode raw 
materials peaked at 30% of the total pack price before falling back to 
to 25% in 2023.  

Battery chemistry trends 
One of the most remarkable developments in the global battery 
sector in the last five years has been the resurgence of the lithium 
iron phosphate (LFP) cathode chemistry. With a lower energy density 
but more stable and lower-cost chemistry compared to the nickel-
based chemistries, LFP was being phased out in favour of the 
significantly higher energy density nickel-based cathode chemistries. 
However, there has been a remarkable reversal of fortune since 
2019. The fact that LFP contains no nickel or cobalt became an 
important asset that helped reduced exposure to high commodity 
prices. In addition, the emergence of CTP technology eliminated 
dead weight in the battery pack and enhanced the energy density of 
LFP. CTP was pioneered by BYD with the Blade battery. LFP has 
now become a major chemistry in 2023 with around 40% of electric 
car battery sales by capacity. Due to favourable patent agreements 
China had been the only country producing LFP batteries after 2010. 
However, the patents expired in 2022, which kick-started production 
plans outside China. Nevertheless, there are still major regional 
differences, less than 10% of total EV sales by capacity in the United 
States and Europe are LFP while two-thirds are LFP in China.  

Another major recent innovation was the first fast charging LFP 
battery, Shenxing developed by CATL, capable of delivering 400km 
of range from a ten-minute charge. This is achieved through a new 
electrolyte and graded anode porosities among other innovations. 
The novel fast charging LFP battery will be utilised in EV vehicles this 
year, significantly increasing the attractiveness of LFP chemistries. 
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The other significant recent LFP innovation is the development and 
commercialisation of lithium manganese iron phosphate (LMFP), the 
upgraded version of LFP including manganese which increases its 
energy density. With CATL’s M3P battery confirmed for use in six 
Chinese EV models and undergoing validation by Tesla for its 
Chinese Model 3, it is anticipated that LMFP will continue to take 
market share from nickel-based chemistries due to its increased 
range. 

In terms of the anode, silicon-doped graphite anodes are increasing 
in market share with almost a third of electric car anode capacity 
market share. Higher fractions of silicon are also being used with 10% 
silicon graphite anodes doubling in market share in 2023 to 12%. 
Silicon doping increases the energy density of the graphite anode, 
and increased doping and higher quantities of silicon are expected in 
the near future.  

Looking beyond lithium-ion chemistries, sodium-ion (Na-ion) 
batteries have experenced a surge of development in recent years, 
especially while lithium prices were high. As the name suggests, this 
chemistry contains no lithium and also requires less critical minerals 
than lithium-ion batteries. Leading batterymakers including CATL, 
Northvolt and many others announced their sodium-ion cells. 

However, the fall in lithium prices has diminished the advantage of 
sodium-ion chemistries and major ramping up plans have stalled or 
been delayed. The progress of sodium-ion batteries hinges on their 
price advantage over lithium-ion, with major influence of the lithium 
price. 

All solid-state batteries (ASSBs) are the anticipated step-change 
technology for battery energy density and safety. There has been 
widespread industrial research and development in recent years, yet 
major technical challenges remain such as the typically high 
pressures required to ensure good electrode contact or relying on 
difficult-to-scale, expensive production processes. Progress has 
been made utilising hybrid solid-liquid electrolyte batteries, for 
instance from CATL and Quantumscape; however, the use of an 
organic liquid electrolyte diminishes any safety advantage and may 
even have higher risks than conventional lithium-ion batteries due to 
the use of lithium metal. Progress is also being made with ASSBs, 
with Samsung, an industry leader in solid-state, recently announcing 
plans for mass production in 2027. CATL also expects to produce 
small-scale production in the same year. Though ASSBs hold 
potential in the future, they are not expected to have significant 
impact until after 2030.
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China dominates the downstream and midstream global EV battery supply chain 

Geographical distribution of the global EV battery supply chain, 2023 

 
IEA. CC BY 4.0. 

Notes: Li = lithium; Ni = nickel; Co = cobalt; Gr = graphite; DRC = Democratic Republic of the Congo. Geographical breakdown refers to the country where the 
production occurs. Mining is based on production data. Material processing is based on refining production data. Cell component production is based on cathode and 
anode material production capacity data. Battery cells are based on battery cell production capacity data. EVs is based on electric cars production data. For all 
minerals mining and refining shows total production not only that used in EVs. Graphite refining refers to spherical graphite production only.  
Sources: IEA analysis based on EV Volumes; Benchmark Mineral Intelligence; BloombergNEF.
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Growth in China’s manufacturing capacity has strong implications for EV battery supply chains

One of the most critical considerations in the global battery outlook is 
the strength of manufacturing capacity in China. China dominates the 
downstream battery supply chain, including processing of the battery 
minerals, cathode and anode material production, and battery cell 
and EV production. China holds 85% of battery cell production 
capacity and 90% of cathode and 98% of anode material production 
capacity globally. Over half of global processing for lithium and cobalt 
occurs in China. The country dominates the entire graphite anode 
supply chain end-to-end. China also produces two-thirds of the 
world's EVs. In almost all stages of the midstream and downstream 
supply chain, China has increased its market share since 2021. 

China has been building battery plants and cathode and anode 
production capacity at a speed that exceeds projected demand. In 
2023 China’s maximum cell production capacity was more than 
double the amount needed to meet the country’s battery cell demand. 
For cathode active materials, the manufacturing capacity anticipated 
in 2030 is about two times greater than the projected battery cell 
manufacturing capacity in the same year. In the case of anode active 
materials, this ratio increases to five times greater, raising doubts 
about whether all cathode and anode material manufacturers will be 
able to remain competitive in the face of such a surplus. There are 
several reasons for China’s strong manufacturing position. The fruits 
of China’s industrial strategy have been seen already in many sectors 

including solar, aluminium and steel. Years of government support, 
alongside a large and growing domestic market, have meant that the 
EV and battery industries in China have thrived and gained global 
market share. This has now set the stage for considerable price 
competition and consolidation. High-technology manufacturing is 
now a pivotal element of China’s strategy for growth. 

Ample manufacturing capacity across the battery supply chain is a 
double-edged sword. If excess production is pushed on to export 
markets, battery prices and EV prices may fall, which may be good 
for consumers and thus support progress towards climate goals. 
However, it could make difficult for producers globally to compete, 
increasing the level of supply concentration and exposing the supply 
chains to various physical and geopolitical risks.  

For manufacturers in China in the coming years, the primary 
challenge will be to identify a sufficiently large export market to 
absorb their output and to improve low margins. Conversely, there is 
strong pressure on manufacturers in other regions such as the 
European Union and the United States to improve their cost 
competitiveness. The quality, cost and characteristics of cells and 
components provided by various suppliers, alongside local regulatory 
requirements and environmental, social and governance standards, 
will be crucial in determining how these markets develop. 
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The battery storage market is continuing its upward march

The battery storage market continued its remarkable growth in 2023, 
with installed capacity reaching over 85 GW. Almost half of this 
capacity, over 40 GW, was added in 2023 alone, another record year 
that saw additions doubling from 2022. A large part of the capacity 
growth has come from utility-scale systems, with behind-the-metre 
(BTM) battery storage responsible for about 35% of the annual 
additions on average. The strong increase in capacity additions over 
the last few years has been driven almost entirely by China, the 
European Union and the United States, which collectively accounted 
for nearly 90% of the capacity added in 2023.  

The past two years have seen China rise above the United States to 
become the leading market for battery storage, with its share in 
annual global additions rising from around 20% in 2019 to 55% in 
2023. In China, about two-thirds of the additional capacity was utility-
scale, driven mainly by province-level mandates that encourage the 
pairing of new solar PV or wind projects with energy storage. BTM 
storage capacity grew strongly as well, with larger-scale commercial 
rather than residential users driving the uptake, underpinned by 
subsidies and a rising proliferation of time-of-use electricity tariffs. 

The United States remains the second-largest battery storage 
market. Utility-scale projects accounted for nearly 90% of the 
additional capacity, with California, Texas and other states in the 
Southwest leading deployments. Falling costs have allowed batteries 

to make inroads into ancillary service markets and they are 
increasingly tapped to provide balancing services and secure 
capacity in states with high shares of variable renewables.  

Installed battery storage capacity in the European Union grew 1.7 
times in 2023, with annual additions rising to nearly 6 GW. Nearly 
90% of the capacity growth was associated with BTM storage, mostly 
in Germany and Italy, where incentives such as tax breaks and low-
interest loans, as well as high retail electricity prices support the 
pairing of rooftop solar with storage. In 2023, around 80% of the 
rooftop solar installed in Germany and Italy came with storage. 

Capacity additions in Australia jumped to 1.3 GW in 2023, more than 
doubling last year’s deployment levels, thanks in part to financial 
incentives that encourage the pairing of residential PV systems with 
batteries. Utility-scale battery storage capacity additions in Japan and 
Korea increased substantially in 2023, jumping to 400 MW in Japan 
and 300 MW in Korea. Chile, meanwhile, added nearly 250 MW of 
utility-scale storage in 2023, making it the first country in Latin 
America to deploy battery storage at scale. 

In other regions, capacity additions have so far been limited. 
However, in addition to further rapid acceleration in today’s core 
markets, capacity growth is expected to broaden over the next few 
years. Energy storage targets and financial support mean that India 
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in particular has significant potential to emerge as another large 
market for battery storage. 

Lithium-ion batteries dominate the battery storage market today, 
accounting for more than 90% of the market. The chemistries 
available for lithium-ion batteries used in storage applications are the 
same as the ones available for the EV market. However, storage 
applications have different technical needs than EVs, and 
characteristics such as cost, capacity to charge/discharge frequently, 
and lifetime are prioritised over energy density. This has led to a shift 

towards LFP batteries, which accounted for about 80% of the total 
battery storage market in 2023, up from about 65% in 2022. The 
growing battery market, together with the resurgence of LFP batteries 
for EV applications, is leading non-Chinese battery manufacturers to 
develop their own LFP batteries, which today are almost exclusively 
produced in China. Lithium-ion battery technology is set to remain a 
key part of short-duration (eight hours or less) storage, but alternative 
technologies (such as vanadium flow batteries) are being developed 
either to compete or to complement it.
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Market trends for critical minerals 
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Demand for key energy transition minerals continued to grow strongly in 2023, propelled by the 
expansion of clean energy technologies 

Demand outlook for selected minerals, 2021-2023 
 

 
 

IEA. CC BY 4.0. 

Notes: Rare earths include the four magnet elements: neodymium, praseodymium, dysprosium and terbium. Demand for clean energy applications includes 
consumption for low-emissions power generation, EV and battery storage, grid networks and hydrogen technologies.
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However, supply has expanded at a faster rate than demand, resulting in downward pressure 
on prices  

Annual average demand and supply growth rates between 2021 and 2023 for selected minerals 

 
IEA. CC BY 4.0. 

Notes: Supply growth rates are based on refined output. The figure for graphite includes both natural and synthetic graphite. 
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Prices for key minerals have returned to pre-pandemic levels 

Mineral price developments 

 
IEA. CC BY 4.0. 

Notes: IEA Energy Transition Minerals price index is a basket price of copper, lithium, nickel, cobalt, graphite, manganese and neodymium. On the right-hand chart, 
base metals include iron, aluminium, zinc and copper. Battery metals include lithium, nickel, cobalt, graphite and manganese. Rare earth elements include 
neodymium, praseodymium, dysprosium and terbium.  
Sources: IEA analysis based on Bloomberg and S&P Global.
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Battery critical minerals have seen the greatest volatility 

Critical minerals prices, 2021-2024 
 

 
IEA. CC BY 4.0. 

Notes: Graphite historical average from 2016-2020. Assessment based on the London Metal Exchange (LME) Lithium Carbonate Global Average, LME Nickel Cash, 
LME Cobalt Cash and LME Copper Grade A Cash prices and China flake graphite – 194 free on board. Nominal prices.  
Source: IEA analysis based on S&P Global and Bloomberg.
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Due to falling prices, the market size for key energy transition minerals contracted by 10% to 
USD 325 billion in 2023, despite demand growth 

Market size for key energy transition minerals, 2019-2023 

 
IEA. CC BY 4.0. 

Notes: The market size for rare earth elements is based on the aggregate size of four magnet materials. In this year’s assessment, rare earth elements and refined 
copper based on secondary scrap were included in the calculation, which raised the 2022 market size to USD 360 billion (up from USD 320 billion in the Critical 
Minerals Market Review 2023).
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The widespread decline in critical mineral prices in 2023

The critical minerals market had a turbulent year in 2023 and the main 
story of the year was falling prices. Battery minerals saw particularly 
large declines with lithium spot prices plummeting by 75% and other 
key materials such as nickel, cobalt, manganese, and graphite seeing 
declines of 30-45%. The IEA Energy Transition Mineral Price Index, 
which tracks a basket price of copper, major battery metals and rare 
earth elements, tripled in just two years starting in January 2020, but 
it began to slide from the beginning of 2023, returning to pre-
pandemic levels. However, except for cobalt and graphite, prices 
remain higher than the historical averages observed in the 2010s. In 
contrast, prices for copper stayed relatively resilient. While 
expectations for a strong post-pandemic demand recovery did not 
materialise at scale, actual output fell short of anticipated supply, 
leading to tighter market conditions, particularly for copper 
concentrates. 

Several factors contributed to the drop in prices. The slowing growth 
rate of EV battery sales, coupled with large-scale cell and cathode 
production, has led to a substantial accumulation of downstream 
products in inventory. China's expansion of battery plants, as well as 
cathode and anode production capacity, has far outpaced demand. 
This expansion has been a key driver behind the considerable build-
up of inventory throughout the supply chain, resulting in reduced 
purchases of new materials. Furthermore, amid record high prices in 

2022, many downstream consumers also made efforts to secure 
ample volumes to ensure business continuity.  

The rate of demand growth remained robust in 2023, with lithium 
demand rising by 30% and demand for nickel, cobalt, graphite and 
rare earths expanding by 8-15%. Clean energy applications were one 
of the primary contributors to this demand growth. Across all key 
minerals, the share of clean energy technologies has risen 
consistently. EVs cemented their position as the largest-consuming 
segment for lithium, and increased their share considerably in the 
demand for nickel, cobalt and graphite. 

Nonetheless, the ramp-up of new supply outpaced demand growth in 
the past two years. From Africa to Indonesia, and to China, new 
projects came online relatively quickly, adding sizeable volumes to 
the supply pool. The remarkable increase in nickel supply from 
Indonesia is a notable example.  

Overall, a combination of demand and supply-side trends, alongside 
a correction of overly steep price rises in 2021-22 contributed to the 
lower price environment, which is likely to continue in 2024. As a 
result, despite demand growth, the market size for energy transition 
minerals contracted by 10% to USD 325 billion in 2023. It would have 
been 20% higher if prices had remained at 2022 levels.
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Production growth has been accompanied by rising levels of geographical concentration, with 
the trends particularly pronounced for nickel and cobalt 

Share of mined or raw material production by country 
 

 
IEA. CC BY 4.0. 

Notes: DRC = Democratic Republic of the Congo. Graphite extraction is for natural flake graphite. Rare earths are magnet rare earths only.
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The level of geographical concentration for refined products has increased in recent years 

Share of refined material production by country 
 

 
IEA. CC BY 4.0. 

Note: Graphite is based on spherical graphite for battery grade. Rare earths are magnet rare earths only.
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Mining concentration looks different if viewed through the lens of asset ownership, with US and 
European companies playing a greater role 

Mining concentration by geography and ownership 

  
IEA. CC BY 4.0. 

Notes: Ownership based on company headquarters location. For projects run by multiple companies, production is assigned to the company with the largest share. 
For copper, data are on the top 20 mining companies in 2023 representing 57% of production. For lithium, data cover 100% of production in 2023; for nickel, 93% of 
production; and for cobalt 97% of production. 
Sources: IEA analysis based on S&P Global and Wood Mackenzie.
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New and more diversified supply sources remain vital, especially for refined materials

Production of key energy transition minerals has expanded 
substantially over the past several years, easing concerns about 
near-term supply shortages. However, as underscored already in the 
IEA’s first Critical Minerals Market Review in 2023, this growth has 
come with increasing levels of geographical concentration. While 
high levels of supply concentration are well-known in the critical 
mineral space, the issue has been exacerbated by further production 
increases from today’s dominant suppliers.  

In the case of refined materials, the share of the top three producing 
nations have all increased since 2020, except for lithium. This trend 
is most pronounced for nickel and cobalt, where the rise of Indonesia 
has significantly boosted the level of supply concentration. Between 
2020 and 2023, Indonesia's share of mined nickel production 
increased from 34% to 52% and its share of refined nickel increased 
from 23% to 37%. Meanwhile, 2023 also witnessed a proliferation of 
trade restriction measures, including increased Chinese controls over 
exports of gallium, germanium, graphite and technologies for 
processing rare earth elements. 

For mining, however, assessing production by ownership (based on 
the leading owner company’s headquarter location) shows a very 
different picture compared with the geographical mine location. 
Companies in the United States and Europe play a much greater role 

in the supply of all critical minerals than what the geographical 
location of mines may suggest. Much of this is from some of the 
largest multi-national mining majors such as Glencore and Rio Tinto. 

Although the majority of copper production occurs in Chile, European 
companies are the leading copper producers with over 10% of 
production, with Glencore, Rio Tinto and Anglo American playing 
major roles, and US companies controlling the second-largest 
amount of production. For lithium, Australia and Chile are the primary 
locations of raw material production, whereas US companies such as 
Abermarle are a major shareholder of over 40% of producing mines. 

Both nickel and cobalt also show stark differences between the 
geographical location of mines compared with the ownership. 
Although Indonesia is the leading location of nickel mining, 
Indonesian companies hold less than 10% of production. Chinese 
companies are the major nickel mine owners, accounting for around 
40% of production. European companies also have a sizeable share 
with over 20% of supply, predominantly due to operations in 
Indonesia owned by Eramet. For cobalt, the majority of mines are 
located in the Democratic Republic of the Congo (DRC), whereas 
European companies such as Glencore and Chinese companies 
such as CMOC own a third each of the supply. Notably, DRC-owned 
companies account for less than 5% of production.  
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Short-term market developments for 
key energy transition minerals 
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Short-term market developments for key energy transition minerals

Copper 
Demand for refined copper increased by 2.7% in 2023, up from 0.9% 
in 2022, almost entirely driven by growing consumption in China and 
India. Demand in other regions registered a modest decline. The 
growth in China was predominantly underpinned by copper uses in 
construction and electricity networks, a trend expected to persist in 
the coming years. Indications from China's 'Two Sessions' meeting 
in March 2024 signal a continued emphasis on expanding copper 
usage, particularly in renewable energy and grid expansion.  

Mined copper output saw an increase of less than 2% in 2023, with 
notable growth in the Democratic Republic of the Congo (DRC) and 
Peru offset by declines in Chile and elsewhere. Refined copper 
supply expanded by 4% in 2023, primarily driven by increased 
production in China, with some contributions from the DRC.  

In early 2024, copper prices saw a strong increase as lower-than-
anticipated mined output tipped the concentrate market balance 
toward a slight deficit, contrary to earlier expectations of surpluses. 
The closure of the Cobre Panama mine and downgraded production 
guidance by Anglo American, Vale and Southern Copper contributed 
to this result. Several supply disruptions are continuing in 2024, for 
example, production at the Radomiro Tomic mine in Chile was halted 
due to a worker strike in March. As many smelters sought to secure 

copper concentrates, the spot treatment and refining charges 
(TC/RC) plummeted by 80% between October 2023 and February 
2024. In response, Chinese smelters agreed on several measures to 
limit the decline in TC/RCs, including replacing concentrate usage 
with scrap, bringing forward the schedule for maintenance, reducing 
utilisation rates for unprofitable facilities and postponing new projects. 

The tightness in the concentrate markets extended to the scrap 
market as many smelters sought to increase their usage of scrap to 
complement concentrates. Over recent months, there has been a 
noticeable uptick in China's scrap imports, with repercussions in the 
global scrap market. 

Limited growth in mined supply is anticipated for 2024. However, in 
2025 and 2026, several new projects and expansion plans are 
expected to ramp up, such as Tenke Fungurume (DRC), Quebrada 
Blanca Phase 2 (Chile) and Udokan (Russia). These would bring 
additional volumes to the market but risks remain if these projects fail 
to meet expected growth targets or experience slower ramp-ups. 
Possible sanctions on Russian copper may not materially affect the 
market as many European companies have already diversified their 
supplies and a large portion of Russian volumes currently flow to 
China and Türkiye. 
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Year-on-year change in copper consumption 
by sector and by region, 2022-2023 

 
IEA. CC BY 4.0. 

Note: Includes direct use of scrap. 

Lithium 
In 2023, lithium demand rose by around 30%, maintaining the level 
of growth seen in 2022. Raw material supply increased by 30% with 
traditional producers such as Australia and Chile being joined by new 
players such as Argentina and Zimbabwe. Lithium chemical 
production experienced even greater expansion by 40%, primarily 
driven by China. 

Lithium was a notable beneficiary during the price rally in 2021 and 
early 2022, but in 2023 it was the commodity that was most affected 

by price downturns. The substantial build-up of inventories in the 
downstream battery value chain (e.g. battery cells, cathodes) 
progressively dampened purchasing activity in 2023. Meanwhile new 
supplies from Australia, Argentina and China continued to increase 
throughout the year, further pressuring prices. Lithium prices fell by 
over 75% during the course of 2023, returning to pre-pandemic 
levels. This steep decline prompted various actions by producers to 
reduce output and scale back expansion plans. Core Lithium decided 
to suspend mining operations at its Finniss mine to focus on 
processing stockpiled ore. Albemarle outlined plans to reduce capital 
expenditures for 2024 while implementing cost-cutting measures. 
Talison announced a production reduction plan in response to market 
conditions. 

Lithium prices saw a slight uptick in March-April 2024, supported by 
production cuts and expectations for the end of the destocking cycle. 
The revival of downstream activities may provide some upside for 
prices. However, a significant price surge in the near term is difficult 
to envision. Several potential supply sources stand ready to ramp up 
production, which could cap the potential for a substantial price 
increase. For example, it is estimated that lepidolite assets in China 
currently runs at 40% utilisation rates but could return to the market 
if prices were to rise substantially in the short term. Additionally, 
spodumene assets in China, Canada, Brazil and Africa are also 
positioned for robust growth. On the chemical front, numerous lithium 
refineries are scheduled to commence operations and expand 
capacity in 2024 and 2025, primarily in Argentina, Australia and 
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China. Most of the recently announced supply reductions or 
postponements have been associated with hard rock lithium, not 
chemicals. 

While investment and exploration activities in the lithium sector 
remained strong in 2023, the enduring low prices may dampen 
investment appetite for new greenfield projects, thereby impacting 
medium-to-long-term market balances. 

Nickel 
Nickel was another material that experienced significant price 
declines, with prices falling more than 40% in 2023. Several factors, 
including a downstream inventory overhang, the accelerated 
adoption of LFP chemistries, and subdued stainless steel demand, 
particularly in advanced economies, contributed to this downturn. 
However, the primary driver was oversupply, driven by a surge in 
output from Indonesia. 

While demand for nickel grew by 4% in 2022 and 8% in 2023, mined 
nickel supply increased by 19% in 2022 and 9% in 2023. In 2023, 
Indonesia’s production growth was greater than global output growth, 
implying reduced output from other producers. Refined nickel 
production expanded by 14% in 2022 and 2023 each, again led by 
Indonesia and China. 

The delivery of high-pressure acid leaching (HPAL) projects in 
Indonesia, aimed at producing high-purity nickel products from 

laterite resources, exceeded initial projections in terms of speed. 
Indonesia's HPAL projects yielded 180 kt of nickel in 2023, a 
significant rise from 88 kt in 2022. The development of a process to 
convert nickel pig iron (NPI) to nickel matte further contributed to 
notable output growth in the country. 

In recent years, the proliferation of methods to convert low-purity Class 
II products and intermediates has blurred the traditional boundary 
between Class I and Class II products, contributing to a decline in 
nickel prices on the London Metal Exchange (LME) where high-purity 
Class I products are traded. With the notable discounts of nickel 
sulphate and NPI to the LME price, several producers in China (and 
Tsingshan in Indonesia) have begun producing higher-grade nickel 
cathodes suitable for delivery on both the LME and Shanghai Future 
Exchange (SHFE). In July 2023, Huayou’s nickel products were 
accepted by the LME, and other nickel sulphate producers such as 
China’s GEM and CNGR are following suit. Overall, the oversupply of 
Class II and intermediates in Indonesia and China and mechanisms to 
bring the surplus of Class II products to the Class I market coincided 
with weak demand, causing a sharp correction in prices. 

These market conditions have taken a heavy toll on many higher-cost 
producers, prompting them to temporarily suspend production or, in 
some cases, cease operations. Panoramic Resources made the 
decision to halt operations at its Savannah nickel mine in West 
Australia. BHP is reassessing its Nickel West operations and planned 
investments for the West Musgrave project in Australia. This has 
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sparked discussions about price premiums for nickel products with 
high environmental and social performance. However, there are 
limited indications thus far that consumers favour products with lower 
environmental and social impacts (see the nickel section in Chapter 2). 

Change in nickel supply by country, 2021-2023 

 
IEA. CC BY 4.0. 

In 2023, the nickel market saw a surplus equivalent to around 8% of 
annual consumption. While the magnitude of this surplus may 
diminish in 2024 due to growing demand and production cuts, prices 
could remain suppressed given the numerous projects in the 
pipeline, particularly those slated to come online in Indonesia in 
2024 and beyond. Indonesia's share of global nickel supply has 
risen significantly, climbing from 34% in 2020 to 52% in 2023 for 
mined output and from 23% in 2020 to 37% in 2023 for refined 

output. The persistent low-price environment may further bolster 
this share in the years ahead. 

Cobalt 
Cobalt prices remained subdued throughout 2023 due to a 
combination of production growth from the DRC and Indonesia 
coinciding with weak demand. Over the past two years, demand for 
cobalt has increased by 8-10% annually, while mined cobalt supply 
expanded by an average of 16% and refined cobalt supply by 13%. 
In 2023, prices for cobalt metal performed better than those for cobalt 
sulphate, signalling weaker demand in the battery sector compared 
with demand for alloys and magnets. 

The DRC, the largest supplier with a 65% market share, delivered the 
largest increase in production in 2023. The ramp-up of CMOC’s 
Kisanfu mine in the DRC exceeded expectations from the industry, 
and the resolution of the dispute between DRC’s state-owned mining 
company Gécamines and China’s CMOC allowed the Tenke 
Fungurume mine to resume exports. Consequently, CMOC 
surpassed Glencore as the largest supplier of mined cobalt to the 
global market. Indonesia rapidly ascended to become the second-
largest producer, driven by the burgeoning production of mixed-
hydroxide precipitate (MHP) from its HPAL facilities. For refined 
cobalt, China has dominated production volume growth over the past 
few years, with virtually no growth observed in other regions. 
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Price developments for cobalt, 2021-2024 

 
IEA. CC BY 4.0. 

Notes: Cobalt metal is based on China Cobalt Metal 99.8%. Cobalt sulphate is 
based on Cobalt sulphate 20.5% China. Quality adjusted. 
Sources: IEA analysis based on S&P Global and Bloomberg. 

Subdued prices prompted many producers to stockpile cobalt 
hydroxide or metal in an effort to bolster future profitability, though 
the effectiveness of these measures hinges on the evolution of near-
term market balances. Cobalt prices are expected to remain subdued 
in 2024 as supply growth continues to outpace demand growth. While 
overall battery deployment continues to increase, the trend in battery 
chemistry choices is shifting towards those using less cobalt. 
Although the pace of supply growth is anticipated to slow in 2024, 
significant price support in the near term is unlikely, although 
logistical bottlenecks or unexpected supply disruptions of large mines 
could trigger a brief price rally.  

Graphite 
In 2023, graphite consumption grew by 11% to 4.6 Mt, with battery-
related demand growing by 40% to 1.5 Mt. Mining production of 
natural graphite has been stable, while synthetic production 
continued to ramp up, allowing total graphite supply to grow by 10.5% 
and reach 5.5 Mt. 

Production is ramping up in more diversified areas, such as the Lac-
des-Îles mine coming back online in Quebec, and production starting 
in Madagscar’s Molo mine. New developments are taking place with 
more integrated models, with anode producers building increasingly 
intregrated supply chains – such as Korea’s POSCO securing supply 
of 24 kt per year from the Balama mine in Mozambique, whose owner 
is also developing anode material production in Louisiana. 

As for other key battery metals, graphite prices experienced a 
significant drop in prices over the course of 2023 with prices for 
natural flake graphite falling by 30% and spherical graphite by 45%. 

One of the most significant developments for graphite this year is that 
since December 2023, natural and refined battery-grade graphite are 
subject to export controls from China. These are not the first set of 
Chinese export controls for critical minerals, with restrictive measures 
taken for rare earth elements in the early 2010s and for gallium and 
germanium since July 2023, but it is the first time these happened for 
a critical input of the EV supply chain. In January and February 2024, 
exports to Japan and Korea – key EV anode producers outside of 
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China – were significantly below average although they returned to 
normal levels in March. In parallel, new US IRA guidance is creating 
incentives for a number of battery manufacturers to source graphite 
from outside of China. While the market is well supplied for the 
moment, this raises an important question about the availability of 
graphite that is compliant with a range of policy measures aimed at 
promoting supply chain diversification. It remains to be seen whether 
market fragmentation creates divergent regional price dynamics 
going forward. 

China’s exports of graphite 

 
IEA. CC BY 4.0. 

Source: IEA analysis based on Wood Mackenzie. 

Rare earth elements 
The rare earth elements (REE) industry is still bearing the legacy of 
concerns around risk and volatility which emerged during the 2010-
2011 price spike. Over several decades, China has built its position in 
the REE market with the long-term goal of growing its downstream 
industry and has become the leader in refined rare earth technologies 
(see the rare earth elements section in Chapter 2). The REE market is 
fundamentally driven by developments in China, which is the single-
largest source of mined rare earths from two principal areas. The 
largest source of light rare earths (LREE) - including neodymium and 
praseodymium, is a by-product supply from the Bayan Obo iron mine 
in Inner Mongolia. But China also hosts vast quantities of heavy rare 
earths (HREE) - including dysprosium and terbium, in ionic adsorption 
clay deposits in southern China. With additional mine supply spread 
across the country, China is the largest producer of mined REEs. 

The supply chain for REEs and permanent magnets is complex, 
regionally concentrated and marked by a lack of transparent pricing. In 
2023, the REE markets saw an oversupply from China and a lower-
than-expected downstream demand. Chinese production quotas for 
LREEs increased modestly in the second half of 2023, raising the 
availability of materials in the market. Neodymium prices are estimated 
to have fallen by 45% over the course of 2023. Net profit for the China 
Northern Rare Earth Group, one of the largest global producers, was 
estimated to be in the range of CNY 2.17 billion (Yuan renminbi) 
(USD 303 million) to CNY 2.33 billion in 2023, a decline of around 60% 
from CNY 5.98 billion (USD 934 million) in 2022. 
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As China imports HREE feedstock from Myanmar and Laos for 
domestic processing, Myanmar's decision to close its borders raised 
concerns about the reliable supply of HREEs. However, the latest 
data indicates that the closures had little impact on trade flows. REE 
mining activity mainly occurs in Kachin state, which has significant 
autonomy. Meanwhile, there was an increasing volume of HREE 
feedstock from Lao PDR to China, which also contributed to 
alleviating concerns about material availability. 

While the markets appear to be well-supplied to meet near-term 
demand, the current low-price environments could delay projects 
planned outside China, further pushing back already lengthy lead 
time projects intended to boost diversification. Another area of 
concern could be tightened supply of HREEs in the medium term. 
While a lot of attention was paid in the last decade to LREEs used in 
EV motor magnets (neodymium and praseodymium), HREEs such 
as dysprosium and terbium are also key components, but their 
relative supply from the main rare earth deposits is not in sync with 
their use. Avoiding this would require all currently announced projects 
to secure funding and scale up rapidly. 

Concerns surrounding transparent reporting in rare earth markets 
also need to be addressed to avoid situations such as the recent legal 
action against major players in Viet Nam, which could put expected 
supplies at risk or create barriers for diversification. 
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 Will uranium be a bottleneck for a nuclear comeback? 
 

 After a decade of slow deployment, a changing policy landscape is 
creating opportunities for a nuclear comeback. Nuclear power 
capacity increases from 420 GW in 2023 to 500 GW by 2030 and 
770 GW by 2050 in the Announced Pledges Scenario (APS), with 
growth mainly in China and other developing economies, while 
advanced economies carry out lifetime extensions and look to builld 
new projects to offset retirements. Large-scale reactors remain the 
dominant form, but growing interest in small modular reactors 
increases the potential for nuclear power in the long run.  

After climbing steadily for a couple of years, spot prices for uranium 
oxide spiked in the second half of 2023, reaching over USD 100 per 
pound in February 2024, the highest price seen in over 15 years, 
before falling again to just under USD 90 in March. Amid ongoing 
uncertainty over the possibility of import restrictions from the United 
States and European countries on supplies from Russia, news in 
2023 of a coup in Niger and a sulphuric acid shortage in Kazakhstan 
put pressure on supplies of uranium oxides. While the current price 
spikes are not entirely supported by market fundamentals given that 
many countries have sizeable stockpiles for nuclear fuels and it will 
take many years for planned nuclear capacities to come online, the 
recent price rally highlights a growing concern around uranium 
supplies to support the growth of nuclear power.  

 Following the invasion of Ukraine, Western governments have 
become increasingly concerned about Russia’s role in the nuclear 
fuel supply chain. In recent years, Russia has accounted for a third 
of all conversion and 40% of enrichment services globally. Russia 
is also the only commercial supplier of high-assay low-enriched 
uranium (HALEU) necessary for certain advanced reactor designs. 

Several governments have recently announced moves to reduce 
dependence on Russia. In January 2023, the US Department of 
Energy announced awards to the conversion industry to develop its 
strategic uranium reserve. In April 2023, Canada, France, Japan, 
the United Kingdom and the United States announced an 
agreement to support the stable supply of nuclear fuel and 
“undermine Russia’s grip” on nuclear fuel supply chains. Since then, 
the United Kingdom and the United States have announced moves 
to encourage the development of HALEU enrichment capacity.  

Nonetheless, it is too early to tell if high prices and supply supports 
seen in 2023 will be sufficient to encourage Western suppliers to 
expand production. US domestic production of uranium in 2023 
remained at historically low levels. However, some producers in 
Canada and the United States have announced that they will restart 
production in 2024 at previously mothballed facilities.  
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Investment trends 
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Reduced material prices and increased manufacturing capacity underpinned major cost 
reductions for clean energy technologies, with solar PV and batteries reaching record lows 

 
IEA. CC BY 4.0. 

Notes: The IEA Clean Energy Equipment Price Index tracks price movements of a fixed basket of solar PV panels, wind turbines and lithium-ion batteries (for EVs 
and energy storage). Prices are weighted based on the shares of global average annual investment. 
Sources: IEA analysis based on company financial reports and BloombergNEF.
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However, low prices resulted in a decline in industry profits by a third in 2023, exacerbated by 
recent increases in production costs 

  
IEA. CC BY 4.0. 

Notes: EBIT = earnings before interest and taxes. Production case cost is based on the weighted average value for the assets in the 75th quartile. 
Sources: IEA analysis based on company financial reports and S&P Global.
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Investment in critical mineral mining grew by 10% in 2023, a smaller increase than seen in 2022, 
as price declines placed pressure on producers’ financial capacity  

Capital expenditure on nonferrous metal production by major mining companies, 2011-2023 

 
IEA. CC BY 4.0. 

Notes: Co = cobalt; Cu = copper; Ni = nickel. For diversified majors, capex on the production of iron ore, gold, coal and other energy products was excluded. Nominal 
values. The results for Arcadium start from 2016.  
Source: IEA analysis based on company annual reports and S&P Global.
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Diversified mining majors are taking a measured approach to investment; specialist players are 
taking on more risks in pursuit of future growth, albeit with reduced new debt issuances 

Cash generation and disposition trends by major mining companies, 2015-2023 

 
IEA. CC BY 4.0. 

Notes: Excludes investment in marketable securities and others. Capital expenditure covers all commodities, including nonferrous metals. Reinvestment ratio 
investment = capital expenditure in nonferrous metal production as a percentage of operating cash flow.  
Sources: IEA analysis based on company annual reports and S&P Global.
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Exploration spending increased by 15% in 2023, driven by Canada and Australia; despite 
headwinds from falling prices, lithium exploration spending continued to surge by nearly 80%  

Exploration spending for selected nonferrous mineral resources, 2019-2023 

 
IEA. CC BY 4.0. 

Notes: Excludes budgets for iron ore, coal, aluminium, gold and diamonds. Others comprise rare earth elements, potash/phosphate and many other minor metals. 
Sources: IEA analysis based on S&P Global.
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Venture capital investment in the critical mineral sector continued to rise in 2023, with 
significant growth in battery recycling offsetting reductions in mining and refining start-ups 

Early- and growth-stage venture capital investment into critical mineral start-ups, 2017-2023 

 
IEA. CC BY 4.0. 

Note: The USD 450 million deal for Energy Exploration Technologies was excluded from the 2022 records as it was subject to the initial public offering process in 
2024. This adjustment resulted in a lower 2022 figure compared with the previous year's Critical Minerals Market Review 2023.  
Source: IEA analysis based on Cleantech Group i3 database.
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Two sides of price declines: A boon for clean energy deployment but a bane for investment and 
diversification?

Lower prices have contributed to cost reductions for a number of 
clean energy technologies, although they were not the only factor. 
Substantial increases in manufacturing capacity, especially in China, 
have also driven a decrease in prices of clean energy equipment in 
2023. 

Following two years of rise, IEA’s global Clean Energy Equipment 
Price Index (CEEPI) reveals that prices eased considerably during 
2023, with the fourth quarter of 2023 reaching the index’s lowest 
level. The CEEPI tracks price movements in a global basket of solar 
PV modules, wind turbines, lithium-ion batteries for EVs and battery 
storage, weighted by shares of investment. Solar PV module prices 
saw a strong decline as Chinese exports of cells and modules 
reached 255 GW in 2023, over three times the 2019 level. Price 
pressures in the wind turbine industry have somewhat eased 
although prices remain high for non-Chinese producers. After an 
increase in prices in 2022, battery pack prices also dropped by 14% 
in 2023. The main driver was a major reduction in prices of critical 
minerals, as well as an increase in production capacity. 

While the low-price environment may foster additional deployment of 
clean energy technologies in the medium term, it currently presents 
challenges for producers’ financial performance. Industry revenues 
declined by 10% in 2023 while operating profits plummeted by 34%. 

Free cash flow also decreased by over 40%, constraining the 
industry's ability to allocate significant capital for future growth. These 
challenges have been exacerbated by increases in production costs 
in recent years. Since 2020, production cash costs for copper, nickel, 
and cobalt have all trended upwards, with marginal declines in 2023. 
Between 2020 and 2023, production costs increased by 6% per year 
for copper, 11% for nickel and 13% for cobalt. Royalties were the 
largest contributor for copper and nickel, and costs related to energy 
and reagents were the main driver across the materials. 

This triggered a flurry of announcements to put capacity into 
maintenance and suspend operations (suspension does not mean a 
permanent closure). While many high-cost producers and new 
entrants are feeling the impact of the price crash, numerous 
established assets are still profitable in the current price environment. 
This suggests that, while prices may rebound as the destocking cycle 
ends, significant increases could be restrained by growing supplies 
in the near term. Consequently, this could lead to further 
geographical concentration of production, as today's dominant 
suppliers typically operate at the lower end of the cost curve. 

Against this backdrop, we have assessed the combined investment 
levels of 25 major mining companies with substantial involvement in 
developing minerals essential for the energy transition. These 
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companies encompass diversified mining majors and specialised 
developers focused on specific energy transition minerals such as 
copper, nickel, cobalt, and lithium.  

Our assessment suggests that investment in critical minerals mining 
grew by 10% in 2023 (6% when adjusted for inflation), a smaller 
increase compared with the 30% growth in 2022. While investment 
spending by diversified majors increased by 15%, investment by 
lithium specialists saw a sharp rise by 60%, despite headwinds from 
weak prices. 

Exploration spending grew by 15% in 2023, with Canada and 
Australia registering the largest increases, followed closely by Africa. 
Spending for lithium exhibited an impressive 80% increase despite 
challenging market conditions, followed by platinum and nickel. 

In 2023, companies allocated approximately 50% of the generated 
cash to investment, while the remainder flowed back to shareholders 
and lenders through dividends, share buybacks and debt repayment. 
Diversified mining majors appear to take a more measured approach 
to investment, whereas specialist players focusing on specific 

minerals allocated a greater portion to growth investment, although 
noticeable reductions in new debt issuances were observed.  

As venture capital (VC) investors look for new opportunities across 
EV supply chains, battery recycling and critical mineral extraction and 
refining continued to gain momentum. VC investment in the battery 
recycling space expanded significantly in 2023, notably driven by a 
USD 540 million round of growth equity funding to United States-
based Ascend Elements. Investment in mining and refining start-ups 
contracted by 12% to USD 375 million in 2023. Cobalt extraction 
attracted nearly USD 200 million in 2023. Lithium extraction and 
refining attracted USD 150 million, much higher than the dip of 2022 
but still below the record year of 2021.  

Notable critical mineral deals in 2023 included USD 50 million series 
A investment by Canada-based Summit Nanotech to scale its more 
sustainable lithium extraction technology. In the United States, 
Kobold Metals raised USD 195 million in growth equity to expand 
cobalt extraction, Energy Exploration Technologies raised USD 50 
million for direct lithium extraction from GM Ventures, and Atlas 
Materials raised USD 27 million in seed money to develop nickel 
extraction technologies.
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China’s approach to mineral investment and security

China is the dominant global refiner for critical minerals, processing 
over half of all lithium, cobalt, graphite and rare earth elements. 
However, with the exception of graphite and rare earth elements, 
China is not a major mining centre for these minerals. Therefore, 
China relies on imports of concentrates and feedstock to supply its 
refining and subsequent manufacturing operations. The security of 
supply of these minerals is of a critical concern to China as well. 

The importance of these minerals has driven an acceleration of 
Chinese investment into the mining sector, both domestically and 
internationally. In 2023 Chinese investment in the metals and mining 
sector related to the Belt and Road Initiative reached USD 19.4 
billion, the highest level in a decade, and a remarkable 160% 
increase from 2022. China’s investment in and acquisition of 
overseas mines has grown significantly in the past ten years, 
reaching record levels of USD 10 billion in the first half of 2023 with 
a particular focus on battery metals such as lithium, nickel and cobalt. 
Out of the seven lithium assets in Africa that are expected to start 
production by 2027, five have at least 50% equity ownership by 
Chinese companies. One of the most significant investments was the 
Arcadia project in Zimbabwe (by Zhejiang Huayou Cobalt). In Latin 
America, a consortium led by CATL won a bid in 2023 for a USD 1.4 
billion investment to develop Bolivia's resources of lithium. In 
addition, the Chinese mining major Zijin Mining acquired Canada’s 

Neo Lithium for USD 770 million in 2021 to access the Tres 
Quebradas lithium project in Argentina. China accounted for 44% of 
global lithium M&A investments (by value) over the past three years 
and most of these deals were related to projects in the initial stage of 
development (initial exploration, feasibility, development). Chinese 
companies also dominate nickel mining in Indonesia, the largest 
global supplier of nickel, with a surge of investment over recent years 
since the complete ore export ban in 2020, including in supporting 
infrastructure from the Belt and Road initiative. In 2024, majority 
Chinese-owned producers supply over 80% of Indonesia’s battery 
nickel output. Domestically, China has also ramped up its mining 
activity, being the third-largest lithium producer. The Xiangyuan 
lepidolite project (Hunan) is expected to bring 60 kt to 70 kt of lithium 
carbonates equivalent per year to the domestic market.  

Another critical measure from China is the accumulation of national 
stockpiles, particularly during times of low commodity prices. China’s 
State Reserves Bureau took advantage of the global financial crisis 
and metal price slump to build up inventories and stockpiles of critical 
materials, acting as a buffer for the industry against short-term 
disruption which can also be used as market-balancing volumes to 
influence prices. In the current lower price and oversupply 
environment, there is anticipation that China may continue to 
increase supply, taking market share from other players.
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Inventories of key energy transition minerals at major metals exchanges have been trending 
downwards 

Historical stock levels of copper and nickel at major metals exchanges, 2015-2024 

 
IEA. CC BY 4.0. 

Notes: CME = Chicago Mercantile Exchange. Copper (LME, SHFE, CME); nickel (LME, SHFE). Metals stock is an aggregate volume of deliverables and on warrant. 
Source: IEA analysis based on Bloomberg.
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Trading volumes for copper and nickel have been declining, while those for cobalt and lithium 
rise but from much lower levels 

Daily trade volume for key battery metals at major exchanges  

 
IEA. CC BY 4.0. 

Notes: Trading liquidity indicates monthly average of daily traded volumes in major metal exchanges. Copper (LME, SHFE, CME); nickel (LME, SHFE); cobalt (LME, 
CME); lithium (LME, CME). 
Source: IEA analysis based on Bloomberg.
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Inventories and trading liquidity at major exchanges remain subdued

Inventories and trading volumes of critical minerals at major metals 
future exchanges provide an indicator on the liquidity. Copper and 
nickel have been traded for long and more actively in London Metal 
Exchange (LME), Shanghai Futures Exchange (SHFE), or Chicago 
Mercantile Exchange (CME) due to their longstanding consumption 
in industries. With the rising demand for clean energy technologies, 
cobalt and lithium have been making notable appearances in major 
metal exchanges in recent years. 

Stock 
With LME and CME stocks combined, copper stocks have been 
dwindling to historic lows although there has been a recent surge in 
SHFE stocks. In recent months, copper stock in the SHFE saw the 
strongest increase since 2020, reflecting China’s high imports to fill 
up the low inventory from last year and meet demand growth in 
manufacturing. This high level may subside in the near term, 
however, as consumption picks up with China’s stronger-than-
expected manufacturing activity and higher business confidence. 
While visible stocks at exchanges represent only a fraction of total 
stocks, their decline suggests a tightening market and limited 
capacity to absorb supply shocks.  

Inventories for nickel, despite the SHFE recording a four-year high in 
recent months, still dwindles from its historical high level in aggregate 

terms. The LME saw a rise earlier in 2024 due to the addition of 
Russian and Chinese nickel. However, a ban on Russian-origin metal 
introduced in April 2024 may impact this growth going forward. 

Trading volume 
Trading volumes of copper and nickel on major metals exchanges 
indicate them as the most liquid among key energy transition 
minerals due to their longer history of consumption in industries. 
Liquidity of nickel has yet to recover from the level prior to the LME’s 
contract suspension in March 2022, which created a ripple effect on 
the SHFE to also suspend nickel contract for a day. 

Cobalt and lithium have seen notable growth in trading volumes in 
the LME and CME over the last two years as their demand trends 
upwards. As expected cobalt demand rises, trading activity increased 
on the CME cobalt contract with producers and consumers 
responding to the narrative. Lithium contracts soared last year with 
growing hedging activity from traders and industry after its price 
dropped in 2023. Growing demand for lithium has led market players 
to hedge from increasing exposure to the volatile commodities 
market. However, the trading liquidity of battery metals still lags 
significantly behind that of other bulk materials, despite recent 
improvements. As it stands, daily traded volume as a percentage of 
annual production represents less than 1% for lithium and cobalt.
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Latest policy developments 
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Producing countries intensify efforts to secure economic benefits; consumer nations enact 
significant laws and regulations to ensure an adequate and responsible supply 

Laws, regulations, and high-level policies are being reformed and 
issued globally, given the latest surge in interest for critical minerals 
projects. From policies included in the 2023 update of the Critical 
Minerals Policy Tracker, it is clear that producing countries and 
consumer countries often have different policy objectives. ESG 
regulations and co-operation agreements are more apparent in 
developed producer economies and in consumer countries, with 
some endowed with resources also focusing on financing project 
development. On the other hand, jurisdictions on the supply side 
have focused on ensuring economic benefits from their own 
resources. To boost supply resilience, countries are increasingly 
working together – both multilaterally and bilaterally – to identify 
priority projects and strengthen co-operative ties. 

Producer policies  
While some producing countries already have high-level critical 
minerals strategies, such as Australia and Canada, more critical 
minerals strategies are now under development, particularly by new 
market entrants. For example, the African Minerals Development 
Centre (ADMC) is developing an African Green Minerals Strategy 
which will aim to guide African countries as they consider how to 
exploit their raw materials. Individual countries are also in the process 

of developing strategies, such as Zambia, which is intending to 
release a critical minerals strategy in 2024. 

Some mineral-producing jurisdictions have created public strategic 
minerals investment funds. In February 2024, Brazil announced a 
USD 200 million fund to support both exploration and improvements 
in ESG practices. In October 2023, Australia expanded its Critical 
Minerals Facility with a USD 1.3 billion investment, financing 
extraction and processing projects. Canada’s CAD 1.5 billion 
(Canadian dollars) Strategic Innovation Fund, as part of the CAD 2.8 
billion Critical Minerals Strategy, aims to prioritise innovative critical 
minerals manufacturing, processing and recycling projects. 

In Latin America, both Mexico and Chile enacted policies to develop 
their domestic lithium mining industries. Mexico followed its 2022 
Mining Reform with legislative amendments in 2023 that streamlined 
the mining permitting process and strengthened environmental and 
social protections. Pertinent amendments include: (i) cancelling 
concessions for environmental and safety risks; (ii) creating new 
mining offenses; (iii) empowering the water authority to reduce the 
industrial water concession for mining operations to ensure enough 
water for local consumption; (iv) prohibiting mining operations in 
protected areas; and (v) placing the liability for mining and 
metallurgical waste on concession holders.  
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Chile also followed its 2023 National Lithium Strategy with an update 
to its Mining Royalty Law in 2023. The law established a mining 
royalty for the exploitation of copper and lithium to distribute 
economic benefits across the country, along with a legal body to 
administer it. Included in the law are increases to the tax burden on 
mining activities specifically for mining operators whose annual sales 
are predominantly derived from copper and exceed an equivalent 
value of 50 000 metric tonnes of fine copper, but with a maximum 
potential tax burden of 45.5% for those with 80 000 metric tonnes and 
46.5% for the rest. Revenue from the law (estimated to be USD 450 
million) will be distributed to funds such as: (i) a fund to compensate 
mining communities that have been directly affected by the negative 
externalities of mining activities (USD 55 million); (ii) a fund for the 
most vulnerable communities in the country; and (iii) a fund to 
leverage productive infrastructure investments in the northern 
regions. 

The United States and European Union have proposed reforms to 
permitting processes to increase domestic mining production and 
reduce dependency on imports. The Permitting Action Plan outlines 
key actions, including better internal coordination, tracking of review 
progress, enhancing outreach and providing technical assistance to 
affected stakeholders. The Inflation Reduction Act provides funding 
to various government agencies to hire new personnel and develop 
tools and guidance to strengthen and accelerate environmental 
reviews.  

Separately, the proposed Critical Raw Materials Act (CRMA) would 
allow certain projects to be designated as “strategic” that would have 
a streamlined permitting process. The act lays out criteria for a project 
to be designated as “strategic,” including whether the project would 
be implemented sustainably and responsibly. Besides permitting 
processes, the CRMA would also create a monitoring mechanism to 
mitigate the risk of supply chain bottlenecks. 

In order to meet the policy goal of increasing the amount of local value 
addition, some producing countries are turning to export restrictions 
on raw or unprocessed ores. In 2020, Indonesia announced that it 
would restrict the export of unprocessed nickel. While the World 
Trade Organization (WTO) ruled against Indonesia’s restrictions 
following the European Union’s challenge, the lack of a quorum at the 
WTO Appellate Body has delayed the appeal process indefinitely. In 
the meantime, Indonesia implemented similar restrictions on bauxite 
ore in June 2023 and announced restrictions on copper ore expected 
to be in force in June 2024. Other countries have adopted or are 
considering adopting similar measures, including Namibia, which 
banned the export of lithium ore in mid-2023, and Zimbabwe, which 
banned raw lithium exports in 2023 to attempt to secure value 
addition. 

Other countries in Asia have enacted export restrictions designed to 
encourage supply and safeguard national interest. China issued 
export controls last year, such as the export control of gallium- and 
germanium-related items (in force August 2023) and the export 
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control for graphite-related items (in force December 2023), through 
which businesses are required to seek export licences from the 
government.  

Consumer policies 
At the same time, consumer countries have developed laws and 
regulations targeting sufficient supplies of responsible critical 
minerals. This has been particularly true in countries with large 
downstream manufacturing industries, which rely on a supply of 
these minerals. Japan announced a policy on initiatives for ensuring 
stable supply of critical minerals in 2023, which aims to secure 
supplies for its battery manufacturing goals and provides subsidies 
for exploration, feasibility studies, mine development, smelting and 
research and development to develop supplies. Korea announced a 
list of 33 critical minerals and 10 strategic critical minerals, of which 
the latter will be prioritised to stabilise the supply chain of high-tech 
industries such as semi-conductors and secondary batteries. The 
country is also seeking to deepen co-operation with 30 identified 
resource-rich countries to secure mineral deals. 

As a next step to minerals lists, strategic plans have been issued over 
the last year which focus on specific needs based on countries’ 
priority minerals. Japan released a Resource Diplomacy Guidance, 
which outlines the country’s approach to minerals and producing 
countries and specifies the priority minerals and countries from which 
it intends to source. 

Some countries also make financing support available for overseas 
projects through direct equity investments or sovereign wealth funds, 
such as in Japan, Saudi Arabia and China. The United Kingdom also 
pledged USD 1 million to identify bankable projects in processing and 
midstream value addition in 14 African countries. In the European 
Union, France set up a critical minerals and metals equity fund 
managed by InfraVia and backed by up to USD 500 million in 
government funds. The fund will function as a minority shareholder of 
industrial and mining stakeholders across the value chain, and is 
focused on securing offtake contracts to support French and 
European industries, with a commitment to adhere to high social and 
environmental standards in collaboration with various financing 
partners. 

In the last year, consumer countries have also made significant 
strides to integrate policies targeting the sourcing of responsibly 
produced minerals. In the European Union, the Corporate 
Sustainability Reporting Directive (CSRD) and the Corporate 
Sustainability Due Diligence Directive (CSDDD) enhance corporate 
accountability regarding ESG performance. The CSRD will make it 
mandatory for all large European companies and companies listed 
on EU-regulated markets to report on selected ESG metrics by 1 
January 2024. The CSRD is working to release sector-specific 
requirements, including for the mining sector. Complementary to the 
CSRD, the CSDDD imposes mandatory human rights and 
environmental due diligence requirements on large companies, 
compelling them to identify, prevent, and mitigate adverse impacts in 
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https://en.yna.co.kr/view/AEN20230227003351320
https://www.iea.org/policies/18005-japans-resource-diplomacy-guideline
https://www.jogmec.go.jp/english/stockpiling/metal_10_000003.html
https://www.bloomberg.com/news/articles/2023-07-28/saudi-arabia-ramps-up-mining-foray-in-2-6-billion-brazil-deal-lkmf6cvv?in_source=embedded-checkout-banner
https://www.iea.org/policies/15527-launch-of-one-belt-one-road-mining-industry-development-fund
https://www.miningweekly.com/article/uk-pledges-r20m-to-identify-bankable-african-critical-minerals-processing-prospects-2023-10-18
https://www.iea.org/policies/18053-critical-minerals-and-metals-equity-fund
https://www.consilium.europa.eu/en/policies/corporate-sustainability/
https://www.consilium.europa.eu/en/policies/corporate-sustainability/
https://www.iea.org/policies/17667-directive-on-corporate-sustainability-due-diligence-csdd
https://www.iea.org/policies/17667-directive-on-corporate-sustainability-due-diligence-csdd
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their operations and entire value chain. This includes obligations for 
companies to establish and update a climate transition plan aimed at 
aligning business strategies with the Paris Agreement and the 
European Union’s 2050 climate neutrality target. 

International co-operation 
A number of countries work through the Minerals Security 
Partnership (MSP) to collaboratively strengthen security of supply. In 
2024, the MSP welcomed Estonia as its newest member, bringing 
participation to 14 countries plus the European Union. This effort is 
focused on supporting the development of strategic projects. In late 
2023 and early 2024, the MSP countries announced progress in 
raising financing or securing offtake agreements for a number of 
projects including ones targeting manganese, nickel, and graphite.  

There has been a growing trend of countries announcing bilateral or 
multilateral strategic partnerships focused on critical minerals, some 
of which integrate strong ESG standards. Recent examples include 
a Statement of Intent between Australia and the United Kingdom and 
the United Kingdom and South Africa partnership on minerals for 
future clean energy technologies, Strategic Partnerships between the 
European Union and Chile, the Democratic Republic of the Congo 
and Zambia, and a memoranda of understanding between Canada 
and Korea. The specific content of these partnerships varies, but they 
generally are aimed at strengthening bilateral ties and providing 
vehicles for countries to support individual projects. That said, the 

specific impact of individual partnerships depend on how they are 
implemented, which is difficult to gauge in many cases as many 
partnership arrangements are not made public. 

In the next year, we expect to see more bilateral agreements and 
strategic partnerships emerge with a focus on either securing or 
developing critical minerals supplies. The European Union is looking 
to expand its network of Sustainable Investment Facilitation 
Agreements of Free Trade Agreements. Emerging producer 
countries are also expected to continue signing agreements to boost 
investment into critical minerals projects in their countries. In 2023, 
economic ministers from France, Germany, and Italy aligned to 
enhance the sustainable supply chain of critical raw materials by 
setting specific targets for extraction, processing, and recycling, and 
by expanding the list of strategic materials to include aluminium. They 
committed to enforcing stringent ESG criteria and established a 
dedicated working group to ensure effective implementation of these 
initiatives. 

Recycling policies 
Strategic plans have incorporated measures aimed at boosting rates 
of battery recycling, and 2023 saw a notable uptick in policies aimed 
at increasing the recycling of clean energy technologies to secure 
critical minerals from both consumer and producer countries. The 
European Union’s Critical Raw Materials Act will require member 
states to identify, adopt and implement measures to improve the 
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https://www.iea.org/policies/16066-minerals-security-partnership
https://www.iea.org/policies/16066-minerals-security-partnership
https://www.state.gov/joint-statement-of-the-minerals-security-partnership/
https://www.iea.org/policies/17884-joint-statement-of-intent-between-australia-and-the-united-kingdom-on-collaboration-on-critical-minerals
https://www.gov.uk/government/publications/uk-south-africa-joint-statement-on-partnering-on-minerals-for-future-clean-energy-technologies/uk-and-south-africa-working-in-partnership-on-minerals-for-future-clean-energy-technologies
https://www.iea.org/policies/17969-chile-eu-strategic-partnership-on-sustainable-raw-materials-value-chains
https://www.iea.org/policies/18061-drc-eu-strategic-partnership-on-sustainable-raw-materials-value-chains
https://www.iea.org/policies/17970-zambia-eu-strategic-partnership-on-sustainable-raw-materials-value-chains
https://www.iea.org/policies/18070-korea-canada-mou-on-cooperation-in-critical-mineral-supply-chains-the-clean-energy-transition-and-energy-security
https://www.iea.org/policies/18070-korea-canada-mou-on-cooperation-in-critical-mineral-supply-chains-the-clean-energy-transition-and-energy-security
https://resourcegovernance.org/articles/deals-without-details-exploring-state-state-mining-partnerships-and-their-implications
https://resourcegovernance.org/articles/deals-without-details-exploring-state-state-mining-partnerships-and-their-implications
https://www.consilium.europa.eu/en/infographics/critical-raw-materials/
https://www.iea.org/policies/18086-france-germany-italy-joint-communique-on-critical-raw-materials
https://www.iea.org/policies/17662-european-critical-raw-materials-act
https://www.iea.org/policies/17662-european-critical-raw-materials-act
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collection and recycling of critical mineral-rich waste, as well as 
investigate the potential for recovery of critical raw materials from 
extractive waste in active and historic mining sites. Norway’s Mineral 
Strategy, released in June 2023, also includes focus on a circular 
economy, requiring new mineral projects to present a circular 
business plan.  

Specific measures to increase recycling have come in the form of 
investment into research and development and waste collection, 
such as the United States’ USD 192 million of funding for increasing 
recycling rates and research and development into battery recycling 
technologies from consumer products. There has also been project-
specific funding, with the European Commission providing battery 
producer BASF with a USD 110 million grant to support a battery 
recycling project in Spain.  
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https://www.iea.org/policies/17656-norwegian-mineral-strategy
https://www.iea.org/policies/17930-doe-funding-opportunity-to-advance-battery-recycling-technology
https://catalysts.basf.com/news/basf-receives-funding-for-battery-recycling-project
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 Example of harmonisation of ESG standards: Consolidated Mining Standard Initiative 
 

 In recent years, there has been a growing chorus of calls for greater 
harmonisation or convergence of existing ESG standards and 
sustainability initiatives. Against this backdrop, the International 
Council on Mining and Metals (ICMM), The Copper Mark, the Mining 
Association of Canada and the World Gold Council announced in 
November 2023 that they will seek to consolidate their individual 
standards into one global responsible mining standard with a multi-
stakeholder oversight system. The collaboration aims to simplify the 
landscape of standards and sustainability initiatives and drive 
performance improvements at scale.  

The organisations have expressed their expectation that the 
consolidation process will combine the best attributes of each 
individual standard and be implementable by any mine operator at 
site-level with a commitment to mine responsibly, with substantive 
prescriptive performance requirements, robust independent 
assurance and a multi-stakeholder governance model. The 
consolidated standard will cover more than 20 performance areas 
grouped under Ethical Business Practices, Worker and Social 
Safeguards, Social Performance, and Environmental Stewardship. 
The organisations have announced that they will collect input from 
all interested stakeholders, including affected communities,  

 Indigenous peoples, civil society organisations, industry, investors, 
downstream customers and government. 

With the proposal expected to go out for public consultation in mid-
2024, the goal is to release the standard during 2025. Once finalised 
and launched, the consolidated mining standard would be expected 
to be adopted by members of the organisations – around 80 mining 
companies with 700 operations spanning 60 countries. 

While harmonising standards provisions may facilitate practical 
application, addressing key issues remains essential. Firstly, 
ensuring credibility necessitates a robust multi-stakeholder 
governance model. Secondly, ensuring comparability requires a 
transparent, uniform reporting structure. Thirdly, harmonised 
standards must remain aligned with relevant international 
frameworks and avoid a “lowest common demoninator” outcome. 

A combined standard may also be a step towards comparable data 
that governments and civil society organisations can easily track to 
assess the mining industry’s ESG performance. However, high ESG 
performance should still be contingent on the jurisdiction of mining 
operation as well as the importing country.  
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https://www.icmm.com/en-gb/news/2023/Newsletter/november
https://miningstandardinitiative.org/
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ESG performance tracking 
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The industry is making progress on ESG reporting 

Number of companies with a strong presence in energy transition minerals reporting selected ESG indicators 

 
IEA. CC BY 4.0. 

Note: GHG emissions considers reporting on total scope 1 and 2 greenhouse gas emissions; water use considers water consumption. Data from 25 major 
companies were reviewed, so the maximum value for each of the ten selected ESG indicators and commitments is 25, with a potential overall total of 250. 
Source: IEA analysis based on the latest sustainability reports of Albemarle, Allkem and Livent (Arcadium Lithium), Anglo American, BHP, CMOC Group, Codelco, 
Eramet, First Quantum, Freeport Mc-MoRan, Ganfeng Lithium, Glencore, IGO, KGHM, Mineral Resources, NorNickel, Pilbara Minerals, Rio Tinto, South32, 
Southern Copper, SQM, Teck Resources, Tianqi Lithium, Vale, Zhejiang Huayou, and Zijin Mining Group Co. Ltd.
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Current company reporting does not allow for an industry-wide assessment of progress 
towards sustainable and responsible supply, but ESG performance is slowly becoming clearer

Critical mineral supply chains cannot be truly secure, reliable and 
resilient unless they are also sustainable and responsible. The mining 
industry does not have the best track record managing ESG impacts, 
but many players are aiming to change that. Our assessment of 
company progress across various ESG dimensions – based on the 
public sustainability reports and commitments published by 25 major 
companies that have a strong presence in critical minerals supply 
chains – shows progress in reporting and growing commitments.  

All of these companies report efforts to improve their ESG 
performance, but goals vary starkly. About 20 have pledged to 
achieve net zero emissions by or before 2050, with the remaining yet 
to establish a firm long-term emissions target. Most net zero targets 
apply only to emissions from direct operations (scope 1) or purchased 
energy and heat (scope 2), leaving out other emissions from the 
industry’s value chains (scope 3). Around five companies have 
established targets to reduce absolute emissions by 35% or more by 
2030 or earlier. Many companies refer to a reduction in emissions 
intensities to 2030 or have established reduction targets only for 
2035. Several industry players have also committed to other ESG 
goals, such as causing no net loss of biodiversity or limiting the 
amount of freshwater used in mining. 

These commitments are being followed by better reporting of ESG 
practices. Our assessment revealed an increase in the availability of 
data for the latest years, indicating the industry is putting more effort 
into tracking its performance. The number of companies reporting 
investment in communities, female share of workers and water 
discharge increased by 40% or more during this period. All players 
now report GHG emissions and nearly 90% report share of female 
workers, injury rates and community investment.  

Nevertheless, an industry-wide assessment of progress on ESG still 
faces many challenges. Only around ten companies published data 
on land area disturbed and rehabilitated, and less than five reported 
on involuntary resettlement. Few operators detail risks related to their 
supply chains, such as potential child labour, or provide clear 
information on contract disclosure. 

ESG reporting varies substantially in both consistency and breadth. 
Most companies aggregate their reported data in some form or 
another, often at the company level, making it difficult to compare 
performance for specific minerals or regions. Less than five 
companies disclosed site-level data consistently in their reports; 
positive examples include Aracdium Lithium, Codelco, and First 
Quantum. Units and scope of reporting also vary, sometimes even 
within the same report (e.g. for different operational units).
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Climate pledges are driving decarbonisation measures, particularly in copper supply, but 
overall performance on emissions is still far from showing robust reductions  

Annual changes in GHG intensities for selected minerals 

 
IEA. CC BY 4.0. 

Notes: 2023e = estimated values for 2023. Mining covers scope 1 and 2 greenhouse gas emissions intensity (measured in tonnes of CO2-equivalent per tonne of 
mineral). Processing covers scope 1, 2 and 3 greenhouse gas emissions intensities, usually up to refined metal or first saleable product. No data available for cobalt 
processing. 
Source: Data provided by Skarn Associates.
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Sustainability reporting paints a mixed ESG picture, with substantial room for improvement 

Selected ESG indicators, 2019-2022 
  

 
IEA. CC BY 4.0. 

Notes: Aggregated data for 25 major companies that have a strong presence in critical minerals supply chain. Considers reported data for all operations. Indicators 
are calculated per tonne of mineral produced – except for injury rate, water recycling and female share of workers – which reflect the weighted average by 
production. 
Source: IEA analysis based on the latest sustainability reports of Albemarle, Allkem and Livent (Arcadium Lithium), Anglo American, BHP, CMOC Group, Codelco, 
Eramet, First Quantum, Freeport-McMoRan, Ganfeng Lithium, Glencore, IGO, KGHM, Mineral Resources, NorNickel, Pilbara Minerals, Rio Tinto, South32, Southern 
Copper, SQM, Teck Resources, Tianqi Lithium, Vale, Zhejiang Huayou, and Zijin Mining Group Co. Ltd.
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Key ESG challenges and trends 

The sustainable and responsible supply of critical minerals depends 
on a myriad of interrelated practices, from water stewardship to 
emissions management, engaging with communities and ensuring 
safe labour standards, a fair share of benefits, protecting biodiversity, 
reducing waste, and much more. The industry is making progress on 
several of these fronts. From 2019 to 2022, reported injury rates 
decreased by nearly 30%, investments in communities surged from 
USD 0.3 billion to USD 1 billion, and the average share of female 
workers went from just over 15% to 20%. Data are more sparse for 
other indicators, but available information suggests improvements in 
the amount of waste being recovered through reprocessing and 
reuse and the share of water that is being recycled or re-used in 
industry facilities. These positive trends do not hold for all companies, 
but reflect widespread industry efforts. 

On the other hand, there are many areas where progress has been 
limited and some even show negative trends. The amount of waste 
generated per unit of mineral produced increased by over 20% from 
2019 to 2022, potentially due to the development of lower-grade 
resources. Reported water consumption increased by around 25% 
during this period even in the face of high supply risks related to 
droughts for copper and other minerals. Similarly, indicators related 
to land rehabilitation, effluent discharge and GHG emissions did not 
exhibit visible improvements despite growing ESG commitments.  

Voluntary sustainability standards can help actors improve 
performance and earn ESG credentials. These include the ICMM‘s 
Mining Principles and performance expectations, the Initiative for 
Responsible Mining Assurance‘s Standard for Responsible Mining, 
Canada’s Towards Sustainable Mining, the Responsible Minerals 
Initiative and the Copper Mark’s Risk Readiness Assessment Criteria 
Guide. While these standards can all lead to increased transparency 
and sustainability performance, there are major differences between 
the overall stringency of requirements, the scope of their application, 
the approach to compliance and reporting, uptake, and in oversight 
and assurance systems. Greater transparency, due diligence, 
harmonised approaches to credibility and appropriate incentives are 
needed to untap their full potential. 

Material traceability services are also on the rise. This involves 
working with suppliers to track sources and related impacts up to the 
point of incorporation into an end product. It can allow an assessment 
of risks and ESG performance along the supply chain, contributing to 
increased mineral security. Policymakers and companies, however, 
should be aware of the limitations of end-to-end product traceability. 
Due to the nature of both aggregation and blending in mineral supply 
chains, particularly at the smelting and refinery stage, traceability is 
not always possible or practical. Traceability mechanisms can be 
paired with a risk mitigation approach for better ESG due diligence.
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https://www.icmm.com/
https://responsiblemining.net/
https://responsiblemining.net/
https://mining.ca/towards-sustainable-mining/
https://www.responsiblemineralsinitiative.org/
https://www.responsiblemineralsinitiative.org/
https://coppermark.org/standards/criteria/
https://www.bgr.bund.de/DE/Themen/Min_rohstoffe/Downloads/studie_sustainability_standard_systems_2022.pdf?__blob=publicationFile&v=7
https://www.iea.org/reports/sustainable-and-responsible-critical-mineral-supply-chains
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2. Demand and supply 
outlook for critical minerals 
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Introduction

The world is on a journey towards achieving net zero emissions, and 
has declared its ambition to limit global warming to 1.5 °C, which 
would mean completing this journey already by 2050. Whichever 
pathway this journey eventually takes, it will require a massive 
expansion of clean energy technology deployment, along with 
reliable supplies of critical minerals. While short-term market 
dynamics are crucial, medium- to long-term perspectives on critical 
minerals demand and supply are equally important to ensure that 
clean energy transitions are not hindered by supply chain 
bottlenecks. There are numerous questions that need to be 
addressed. How fast might demand for critical minerals grow under 
different assumptions about the strength of climate action? Can we 
ensure sufficient volumes of critical minerals to support the 
acceleration of energy transitions? What are the key risk areas that 
policymakers need to monitor, and how do prospects vary by 
mineral? Where are today's project developments leading us in 2030 
and beyond, in terms of diversified supplies? What role do 
environmental, social, and governance (ESG) considerations play in 
shaping future market developments? 

This chapter addresses these crucial questions by providing a 
comprehensive outlook for demand and supply for key energy 
transition minerals, namely copper, lithium, nickel, cobalt, graphite 
and rare earth elements. Additionally, we also briefly discuss key 

issues around aluminium, manganese, silicon, phosphate and 
platinum group metals (PGMs). 

Demand projections encompass both clean energy applications and 
other uses, focusing on the three IEA scenarios – the Stated Policies 
Scenario (STEPS), the Announced Pledges Scenario (APS) and the 
Net Zero Emissions by 2050 (NZE) Scenario – with a particular focus 
on the latter two climate-driven scenarios in which national and/or 
global climate goals are achieved (see “Introduction” for scenario 
descriptions). More details on the methodology can be found in the 
Annex. 

Supply projections are based on a detailed review of all announced 
projects. We have constructed two supply scenarios – a base case 
and a high production case. The base case includes production from 
existing assets and those under construction, along with projects that 
have a high chance of moving ahead as they have obtained all 
necessary permits, secured financing, and/or established offtake 
contracts. The high production case additionally considers projects 
at a reasonably advanced stage of development, seeking financing 
and/or permits. In many instances, these projects are in the process 
of conducting feasibility studies, and in some cases these 
assessments are already complete. 
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Neither case considers projects that are in very early stages of 
development, or includes theoretical projects for which resources 
might be adequate but which have not been proposed. For these 
reasons, our focus on the supply side is on the period to 2040. 

Based on these two supply scenarios, we assess how today's 
geographical concentration evolves over time, for both mining and 
refining, and how expected supply compares with primary supply 
requirements in climate-driven scenarios (total demand net of 
expected contributions from secondary supply and reuse). In some 
cases, we highlight potential gaps between expected supplies and 
material requirements in climate-driven scenarios.  

We do not attempt to close these gaps by introducing additional 
projects beyond those already underway or being considered. 
Climate-driven scenarios, the NZE Scenario in particular, reflect 
many demand-side measures such as higher recycling rates, some 
behavioural changes (e.g. wider use of public transport in relation to 
private transport, policies to promote optimal sizing of cars), but we 
recognise that there is a possibility of additional demand-side 
measures or technological innovation which could contribute to 
reducing demand further. 

The aim of the exercise is to provide a framework for assessing 
progress towards achieving global energy security and climate goals 
and risks that may arise along the way.  

There remain considerable uncertainties over how market balances 
evolve in practice. On the demand side, it should be noted that the 
world is not yet on track for the outcomes in the APS or the NZE 
Scenario; doing so will require significant additional efforts by 
policymakers and industries alike. 

Where gaps are identified between future demand and supply, these 
may potentially be closed by developing additional projects, scaling 
up recycling further, and promoting a range of material efficiency 
measures beyond what are already assumed. The results should not 
be interpreted to mean that energy transition goals are unattainable 
due to material constraints. 

This chapter starts a brief review of projected mineral demand in the 
clean energy sector and presents overall findings of the detailed 
outlook for key energy transition minerals. Each mineral section then 
presents demand and supply projection results and discusses key 
issues underpinning long-term market developments.  

The analysis in this chapter is complemented by the assessment in 
Chapter 3, which provides structured “clean energy transitions risk 
assessments” across four major dimensions – supply risks, 
geopolitical risks, barriers to respond to supply disruptions, and 
exposure to ESG and climate risks. These assessments aim to help 
policymakers identify potential areas of weakness for each material 
in supporting their energy transition goals. 
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Mineral demand  
for clean energy technologies 
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Solar PV and wind capacity surge ahead, moving well beyond any other source; renewables 
account for the majority of capacity additions in every region in all scenarios 

Global installed electricity capacity by source and scenario 
 

 
IEA. CC BY 4.0. 

 
Note: CCUS = carbon capture, utilisation and storage. 

4 000

8 000

12 000

16 000

20 000

2010 2023 2050 2023 2050 2023 2050

G
W

Unabated coal Solar PV Nuclear Unabated natural gas
Wind Hydrogen and ammonia Oil Hydro
Battery Fossil fuels with CCUS Other renewables

STEPS APS NZE

IE
A

. C
C

 B
Y

 4
.0

.

·····························••!••······························································ 

······························+······················································ ••.•.• 

1ea 



Global Critical Minerals Outlook 2024  

PAGE | 85  

2. Demand and supply outlook 

The acceleration of renewable energy deployment necessitates a substantial expansion of 
transmission and distribution networks, pushing up demand for copper and aluminium 

Average annual grid line additions by scenario 

 
IEA. CC BY 4.0. 

Note: Includes both new additions and replacements. 
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Rising deployment of renewables and grids is set to raise demand for critical minerals

The growth of power generation capacity from low-emissions sources 
accelerates in all three scenarios. Renewables account for the 
majority of capacity additions in every region over the outlook period. 
By far, wind and solar PV are the largest contributors to this 
development, and total installed solar PV capacity in particular far 
outstrips that of any other source in all scenarios. 

By 2026, solar PV becomes the largest contributor to installed 
electrical capacity in the STEPS, followed by wind. This growth 
trajectory would see global renewable capacity increase to 2.5 times 
its current level by 2030, a major expansion but one that falls short of 
the tripling goal agreed at COP28. Government actions to facilitate 
grid connections, and resolve permitting, policy and financing issues, 
are needed to accelerate growth. In the APS, low-emissions power 
sources account for almost 80% of total power capacity additions in 
2030, with solar PV making up 55% and wind 20%. Annual solar PV 
and wind capacity additions grow by two times to 2050 in the APS 
and by over two and a half times in the NZE Scenario. 

The acceleration of renewable energy deployment calls for 
modernising distribution grids and establishing new transmission 
corridors to connect renewable resources that are far from demand 
centres such as cities and industrial areas. Around 3 000 GW of 
renewable power projects are waiting in grid connection queues – 
equivalent to five times the amount of solar PV and wind capacity 

added in 2022. Due to aged infrastructure and a high share of 
variable renewables in the system across the globe, reaching 
national goals also means adding or refurbishing a total of over 
80 million km of grids by 2040, the equivalent of the entire existing 
global grid. This would underpin significant growth of copper and 
aluminium demand for cables. Grid investment growth in the past 
decade has occurred mainly in the People’s Republic of China 
(hereafter “China”) and advanced economies. China alone accounted 
for over one-third of the world’s transmission grid expansion in the 
past decade, connecting, among other places, the eastern load 
centres to the renewable energy-rich provinces. 

Share of cumulative power capacity addition by source 
in the APS, 2024-2030 

 

IEA. CC BY 4.0. 

Note: Other include batteries, hydrogen and ammonia.
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Battery demand increases fivefold to 2030 and fourteen-fold to 2050 to meet climate pledges 
driven by EV sales and growth in deployment of electric trucks 

EV sales and battery demand growth by scenario 

 
IEA. CC BY 4.0. 

Notes: EV = electric vehicle; LDV = light-duty vehicle. EV sales numbers exclude two-/three-wheelers. EV battery demand in the NZE Scenario includes all modes. 
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Manufacturing capacity for batteries is already running ahead of projected demand 

Battery production capacity versus demand for both EVs and storage  

   
IEA. CC BY 4.0. 

Notes: Demand and capacity include both EVs and storage. Committed refers to current capacity and gigafactories that have reached a final investment decision and 
are starting or have already started construction, and preliminary refers to gigafactories that have been announced but are not yet being built. Preliminary and 
committed production capacity assumes a utilisation rate of 85%. 
Sources: IEA analysis based on BloombergNEF and Benchmark Mineral Intelligence.
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LFP cathodes continue growing in share, and manganese-rich chemistries are set to play a 
bigger role, while silicon doping of graphite anodes increases significantly 

Electric car battery chemistry share development 

  
IEA. CC BY 4.0. 

Notes: LFP = lithium iron phosphate; LMFP = lithium manganese iron phosphate; Na-ion = sodium-ion; NMC = lithium nickel manganese cobalt oxide. NCA = lithium 
nickel cobalt aluminium oxide. NMCA = lithium nickel manganese cobalt aluminium oxide. LNO = lithium nickel oxide. Low-nickel includes: NMC333 and NMC532. 
High-nickel includes: NMC622, NMC721, NMC811, NCA, NMCA, LNO. High-manganese includes lithium nickel manganese oxide (LNMO) and lithium-manganese-
rich NMC (LMR-NMC). Si-Gr = silicon-doped graphite. Si-Gr-low refers to 5% silicon content, Si-Gr-med = 5-50% and Si-Gr-high > 50%. 
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The adoption of EVs and battery storage is set to accelerate rapidly over the coming decades, 
driving a fourteen-fold increase in battery demand by 2050 in the APS

With ongoing policy support, improving economics, and an expanding 
number of models available, global EV sales (excluding two-/three-
wheelers) are set to grow strongly, more than tripling by 2030 in the 
STEPS and APS to almost 45 million and 50 million vehicles, 
respectively, and increasing more than fivefold to 70 million in the 
NZE Scenario. This is primarily driven by the sales of electric cars, 
where a global sales share of 18% in 2023 increases to 45% in the 
STEPS and almost 50% in the APS by 2030, while reaching two-
thirds of all sales in the NZE Scenario. This rapid sales growth 
continues to accelerate to 2050 with sales growing more than fivefold 
in the STEPS and over sevenfold in the APS. Sales grow almost 
eightfold in the NZE Scenario by 2050 reaching 110 million vehicles. 
The share of electric cars in total car sales continues to surge, 
reaching 60% in the STEPS, over three-quarters in the APS and over 
95% in the NZE Scenario by 2050. 

This exceptional growth in EV sales drives a dramatic growth in 
battery demand. From almost 1 TWh in 2023, demand more than 
quadruples by 2030 in the STEPS to 3.8 TWh and reaches 4.4 TWh 
in the APS, while increasing sevenfold to 6 TWh by 2030 in the NZE 
Scenario. The growth rates in battery demand outpace growth in EV 
sales due to additional demand growth of battery storage, which 
surpasses the rates of demand growth for light-duty vehicles in both 
the STEPS and APS by 2030 and by 2050. There is also significant 

growth in battery demand for electric trucks, which increases 
eighteen-fold in the STEPS and twenty-three-fold in the APS by 2030. 
In the NZE Scenario, EV battery demand grows sevenfold. By 2050 
global battery demand reaches 9 TWh in the STEPS and 12 TWh in 
the APS, growing tenfold and fourteen-fold from 2023 demand, 
respectively. In the APS, demand from electric trucks becomes larger 
than global storage demand in 2050. In the NZE Scenario demand 
reaches 13 TWh, a fifteen-fold increase.  

Manufacturing capacity 
In 2023 battery production capacity (at 85% utilisation rates) is two 
and half times battery demand. Looking forward, our analysis of 
committed production capacity includes gigafactories that are starting 
or under construction or have reached final investment decision. In 
2025 committed production is double both STEPS and APS demand, 
while being 40% higher than demand in the NZE Scenario. By 2030, 
rapid demand growth narrows this gap, such that committed 
production is only 30% higher than APS demand and close to the 
requirements in the NZE Scenario. However, if preliminary 
announcements are included, meaning gigafactories that have been 
announced but not yet reached final investment decision, anticipated 
manufacturing capacity takes another leap ahead. When preliminary 
announcements are included, production capacity exceeds APS 
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demand by 80% and is 40% greater than demand in the NZE 
Scenario. Of all new committed capacity additions from 2023, 55% 
are in China by 2030. These projections imply intense price 
competition among producers, with significant implications for global 
battery supply chains. 

Chemistry development 
In terms of electric car cathode chemistries, lithium iron phosphate 
(LFP) and lithium manganese iron phosphate (LMFP) are set to 
become the leading chemistries by share from 2035. The LFP variant 
LMFP looks likely to be increasingly utilised, taking share from LFP 
and also from the high-nickel chemistries due to its higher energy 
density than conventional LFP. Low-nickel high-cobalt chemistries 
such as the nickel manganese cobalt (NMC) 333 are assumed to be 
phased out by 2030, with the trend of reducing cobalt content in 
favour of higher nickel contents continuing. Manganese-rich 
chemistries including lithium-manganese-rich NMC (LMR-NMC) and 
lithium nickel manganese oxide (LNMO) start to take increasing 
shares of the high-nickel and LFP market. LNMO are anticipated to 
take a small share of the mid-range market, being higher energy 
density than LFP but not near the levels of the high-nickel 
chemistries. LMR-NMC enables significantly higher energy densities 
due to its ability to store higher concentrations of lithium, and 
therefore is expected to take increasing shares of the long-range 
high-energy-density market at the expense of high-nickel 
chemistries. High-nickel chemistries continue to play a major role in 

the long-range market with higher nickel contents being utilised 
including the 96% Ni NMC. However, their share of the EV market is 
expected to decrease from 55% in 2023 to around 40% in 2040, as 
manganese-rich chemistries and LFP/LMFP continue to displace 
them. This is a remarkable change from 2020 when high-nickel 
chemistries dominated the EV battery market. Finally, sodium-ion 
batteries are anticipated to play an increasingly significant role after 
2030, reaching a global market share of almost 10% in 2040, 
displacing some LFP in the low-range EV market, particularly if 
lithium prices rise and if there are phosphorous supply issues for LFP. 
Our analysis suggest that LFP remains the preferred solution for the 
battery storage market, with a growing longer-term role for sodium-
ion. 

Looking at anodes, current trends indicate a growing share of silicon-
doped graphite anodes and a shift towards higher silicon contents. 
This trend continues to displace conventional graphite anodes, 
eventually reaching high silicon contents above 50% and ultimately 
silicon anodes for long-range premium markets. Lithium metal 
anodes are anticipated to eventually play a greater role after 2035 
with ASSBs, hybrid liquid-solid-state batteries and advanced liquid 
electrolytes, starting with the most premium long-range vehicles. 
However, the speed of deployment is highly uncertain and dependent 
on considerable technical and scaling challenges to be solved. 
Finally, with the increasing adoption of sodium-ion batteries, hard 
carbon, anode material for sodium-ion batteries takes a greater share 
of the electric car anode market.
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Mineral demand for clean energy technologies doubles between today and 2030 in the STEPS 
and APS and grows by almost three times in the NZE Scenario 

Mineral requirements for clean energy technologies by scenario 

 
IEA. CC BY 4.0. 

Note: Includes most of the minerals used in various clean energy technologies but does not include steel and aluminium.  
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The energy transition continues to drive mineral demand in all scenarios

The accelerating pace of energy transitions is set to significantly 
boost mineral demand across all the three scenarios. In the STEPS, 
demand doubles to 2030 with continued growth thereafter. In the 
APS, demand more than doubles by 2030 and triples by 2050. In the 
NZE Scenario, the swifter adoption of clean energy technologies 
implies an even more pronounced surge in demand for critical 
minerals, nearly tripling by 2030 and growing to over 3.5 times the 
current levels by 2050, reaching nearly 40 Mt.  

Our latest mineral demand projections have been updated from those 
in the Critical Minerals Market Review 2023, reflecting several new 
technological and policy developments:  

• Projected demand in the STEPS has been revised upwards due 
to faster clean energy deployments, notably in solar PV 
installations and EV sales, driven by strengthened policy 
measures and improved economics for these technologies.  

• Although they face some short-term headwinds, EV sales have 
also been revised slightly upwards in the long-term, driven by 
improving economics and policy efforts in major markets.  

• LFP shares have increased considerably over the last years, and 
its rapidly growing global share has been reflected in the updated 
chemistry projections. Manganese-based chemistries also take a 

larger share in the future in the revised assumptions. Alongside 
assessments of other emerging technologies such as sodium-ion 
batteries, solid-state batteries and silicon-based anodes, near- 
and long-term battery chemistry assumptions have been 
adjusted, affecting demand projections for nickel, cobalt, 
manganese, and other materials.  

• The projected deployment of battery storage has been revised 
upward to account for the rapid pace of deployment in recent 
years and the increasing need for power system flexibility, 
resulting in increased demand for battery metals, lithium in 
particular. 

• Material intensity assumptions have been updated based on the 
latest literature review and industry consultations.  

• Graphite material requirements have been revised upwards in all 
scenarios, reflecting a more detailed representation of the amount 
of silicon required in anodes. 

Each factor influences projected mineral requirements differently, 
resulting in slightly higher aggregated mineral demand across all 
three scenarios by 2050 compared with the previous outlook, with the 
STEPS seeing the largest overall upwards revision.  
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Demand for each mineral is affected in different ways from these 
revisions and updates. Nickel sees the largest downwards revisions 
in both the APS and the NZE Scenario, largely due to the increased 
prominence of LFP, whereas graphite sees large upwards revisions 
in all scenarios.  

However, despite these adjustments in projected mineral demand, 
demand in climate-driven scenarios remains multiple times higher 
than current levels, underscoring the pivotal role of clean energy 
technologies in propelling total mineral demand growth. From copper 
to lithium and to cobalt, clean energy technologies emerge as the 
predominant consuming segment, significantly elevating their share 
in total demand compared with present levels.  

It is important to note that demand projections are subject to large 
variations, influenced not only by broader policy considerations 
(reflected in our energy scenarios) but also by technology costs and 
innovations, as well as behavioural factors. To address this 
complexity, the IEA has developed more than ten alternative cases 
to assess the impacts of different consumer preferences and 
technology advancements on future mineral requirements. The 
findings of these cases are available through the updated IEA Critical 
Minerals Data Explorer, an accompanying online data tool designed 
to allows users to easily access and navigate the projection results 
(see Annex).  
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Overview of the projections for key 
energy transition minerals 

IE
A

. C
C

 B
Y

 4
.0

.

1ea 



Global Critical Minerals Outlook 2024  

PAGE | 96  

2. Demand and supply outlook 

Limiting global warming to 1.5 °C, as in the NZE Scenario, means very rapid growth in demand 
for key minerals 

Global critical minerals demand in the NZE Scenario 
 

 
IEA. CC BY 4.0. 

Notes: The figures for copper are based on refined copper. Those for rare earth elements are for magnet rare earth elements only. Growth rates (in blue) are 
between 2023 and 2040. 
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The combined market value of key energy transition minerals more than doubles by 2040 in 
climate-driven scenarios, reaching USD 770 billion in the NZE Scenario 

Market value of key energy transition minerals in the APS and the NZE Scenario 

 
IEA. CC BY 4.0. 

Note: 2023 annual average price levels are assumed to estimate the market size for the projection period. 

 200

 400

 600

 800

1 000

2023 2030 2040 2030 2040
APS NZE

Rare earths

Graphite

Cobalt

Nickel

Lithium

Copper

B
illi

on
 U

S
D

IE
A

. C
C

 B
Y

 4
.0

.

■ 

■ 

■ 

■ 

■ 

■ 

1ea 



Global Critical Minerals Outlook 2024  

PAGE | 98  

2. Demand and supply outlook 

Latin America, Africa and Indonesia see a growing market value from their mining operations; 
nearly 50% of the market value from refining is concentrated in China by 2030 

Market value of mined and refined materials in select regions in the base case 

 
IEA. CC BY 4.0. 

Note: Market value was calculated by multiplying each region’s production volume in the base case with today’s market price for final products.
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Expected supply from announced projects is within range of projected 2035 requirements to 
reach national and global climate goals, with the major exceptions of copper and lithium 

Expected supply from existing and announced projects and 2035 primary supply requirements for focus minerals by scenario 
 

 
IEA. CC BY 4.0. 

Notes: Expected supply is based on mined or raw material output, except for graphite where the figure includes expected spherical graphite and synthetic graphite 
supplies. Primary supply requirements are calculated as “total demand net of secondary supply”, also accounting for losses during refining operations. The figures for 
rare earth elements are for magnet rare earth elements only.
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Analysis of project pipelines indicates that the geographical concentration of mining operations 
is set to rise further or remain high over the projection period 

Geographical distribution of mined or raw material production for focus minerals in the base case 
 

 
IEA. CC BY 4.0. 

Notes: DRC = Democratic Republic of the Congo. Graphite extraction is for natural flake graphite. The figures for rare earth elements are for magnet rare earth 
elements only. The figure depicts the value of the top three producing countries in a given year.
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As many refining projects are being developed in today’s dominant producers, refined material 
production is also set to remain highly concentrated in a few countries  

Geographical distribution of refined material production for key minerals 
 

 
IEA. CC BY 4.0. 

Notes: The figures for graphite are based on battery-grade spherical graphite and synthetic graphite supplies. The figures for rare earth elements are for magnet rare 
earth elements only. The figure depicts the value of the top three producing countries in a given year.
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Major implications for market balances if the largest supplier and their demand is excluded 
from the equation  

N-1 material requirements and N-1 refined material supply in 2030 in the APS 
 

 
IEA. CC BY 4.0. 

Notes: The N-1 supply excludes the production volumes from the largest producer from the total global supply, and N-1 requirements exclude consumption of that 
country from the total global demand. Graphite considers only battery-grade requirements and battery-grade supply, covering both spherical and synthetic materials. 
The figures for rare earth elements are for magnet rare earth elements only. For demand in the clean energy sector, the N-1 material requirements were estimated 
by considering each region's share of clean energy deployment. For demand outside the clean energy sector, the region's current consumption share was applied to 
the projected global demand in 2030. 
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Secondary supply from recycling plays an increasingly crucial role in meeting demand growth 
in climate-driven scenarios, particularly after 2030 

Secondary supply volumes and share of total demand for focus minerals in the NZE Scenario  
 

 
IEA. CC BY 4.0. 

Note: Includes recycled volumes from end-of-life equipment and manufacturing scrap. For copper, direct use of scrap is excluded.
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A complex and varied picture for future supply-demand balances and security of supply

Demand for key energy transition minerals is set to expand 
significantly across all scenarios, mainly driven by the burgeoning 
requirements in the clean energy sector. In the STEPS, demand for 
lithium grows fivefold between today and 2040, while demand for 
graphite almost doubles over the same period. Demand for nickel, 
cobalt and rare earth elements also shows robust growth, increasing 
by 65-80% by 2040.  

If the world gets on track to limit global warming to 1.5 °C, as 
modelled in the NZE Scenario, demand for copper rises by 50% by 
2040. In this scenario, demand for nickel, cobalt and rare earth 
elements doubles over the next two decades, and graphite demand 
increases by almost four times to 2040, propelled by the substantial 
increase in battery deployment for EVs and grid storage. Of all the 
minerals, lithium stands out in this scenario with nearly ninefold 
growth by 2040, highlighting its crucial role in batteries. Across all 
materials, the share of clean energy technologies in total demand 
rises significantly. In most cases, the clean energy sector emerges 
as the largest consumer of these minerals. In the NZE Scenario, EVs 
and battery storage are projected to account for over 90% of total 
lithium demand by 2030. Moreover, batteries are poised to surpass 
stainless steel as the leading consumer sector for nickel. 

As demand expands, the market value of these minerals experiences 
substantial growth. From around USD 325 billion today, the combined 

market value of key energy transition minerals is set to increase by 
55% in the APS by 2030 and by 80% in the NZE Scenario. By 2040, 
the market value more than doubles in climate-driven scenarios, 
reaching USD 770 billion in the NZE Scenario. In this scenario, 
copper maintains the largest market value at USD 330 billion, while 
the lithium market undergoes significant expansion to USD 230 billion 
by 2040, emerging as the second-largest market, followed by nickel. 
The graphite market also registers almost sixfold growth over the 
same period. Today’s aggregate market value of key energy 
transition minerals aligns broadly with that of iron ore. In the NZE 
Scenario, copper on its own attains that scale by 2040. 

In the base case supply scenario, this growth in market value is 
spread across key regions. For mining, Latin America captures the 
largest amount with around USD 120 billion by 2030, driven by 
substantial copper production in the area. Indonesia sees the fastest 
growth, doubling its market value by 2030 due to its burgeoning nickel 
mining activities. Africa also witnesses a 65% increase in market 
value, attributed to the rapid expansion of copper production in the 
region. However, the market value for refining is notably more 
concentrated, with China claiming nearly 50% of the market value in 
2030. China also sees a rise in market value for mined materials as 
the country's production of copper, lithium, and rare earth elements 
undergoes rapid expansion.  
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The rapidly growing demand for minerals, and the variations seen 
across different scenarios, raises uncertainties about future market 
balances, and whether future supplies can match the pace of demand 
growth in scenarios that meet national and global climate goals.  

In recent years, substantial investments have been made in mineral 
supply, and an increasing number of projects have been announced, 
indicating an expansion in expected supply volumes in the coming 
years. In some cases, such as cobalt, nickel and rare earth elements, 
the expected supply by 2035 from both existing and announced 
projects look tight, but aligns more closely with the projected demand 
in the APS, particularly when projects assumed in the high production 
case come to fruition. 

However, the timely delivery of planned projects is far from 
guaranteed and meeting the requirements in the NZE Scenario 
necessitates further project developments. A similar trend is 
observed for graphite, but it should be noted that there is a massive 
number of announced synthetic anode material projects, primarily 
located in China. Should natural graphite supply face price spikes or 
supply constraints, these facilities could offer additional volumes to 
the supply pool (see “Outlook for graphite”). 

The situation differs for copper and lithium. Announced projects 
indicate that a mined copper supply gap may develop in the current 
decade in the base case. Even under the high production scenario, 
the anticipated supply by 2035 falls well short of meeting the APS 
requirements, indicating a potential necessity for a further increase in 

scrap utilisation, demand reduction through material substitution or 
technological innovation, alongside efforts to foster additional project 
developments. Lithium presents another significant challenge, 
exhibiting a sizeable anticipated gap with climate-driven needs, 
owing to the strong position of lithium-ion batteries in EVs and storage 
applications. The current downturn in prices may dampen investment 
appetite for new greenfield projects, which could have profound 
longer-term implications. 

Global mineral supply chains are not well diversified, as highlighted 
in Chapter 1, and recent progress on diversifying supply sources has 
been limited. Will this picture change with the multitude of newly 
announced projects in recent years? Our analysis of project pipelines 
suggests that the geographical concentration of mining operations is 
set to remain high in most cases. The situation improves somewhat 
in the high production case, indicating that many projects being 
developed in geographically diverse regions are not among the front-
runners for development. This pattern mirrors the situation in refining 
operations, as most refining projects are located in today's dominant 
producers, thus prolonging high concentration levels in refined 
material production. Between now and 2030, some 70-75% of 
projected supply growth for refined lithium, nickel, cobalt and rare 
earth elements, and almost 95% for battery-grade spherical and 
synthetic graphite, comes from today’s top three producers. These 
high levels of supply concentration raise risks of potential supply 
disruptions due to physical accidents, geopolitical events or other 
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2. Demand and supply outlook 

developments in a key producing country, with major potential 
implications for the speed of energy transitions. 

Global demand and supply balances often mask significant regional 
disparities. From the Inflation Reduction Act (IRA) in the United 
States (US) to the European Union’s (EU) Critical Raw Materials Act 
(CRMA), a wave of policies is emerging aimed at diversifying sources 
of supply. The IRA seeks to restrict the utilisation of materials 
obtained from Foreign Entities of Concern, while the EU CRMA 
targets that no single country should supply more than 65% of 
Europe's annual consumption of any key materials (implying that at 
least 35% should come from non-dominant players). Other major 
consuming countries are increasingly aligned with the objective to 
diversify their supply sources. 

However, given that the top producing nation is responsible for a 
large portion of global supply for most minerals, available supply 
outside the largest producing country may be significantly 
constrained to achieve these ambitions. We conducted the “N-1 test” 
to assess how the supply and demand landscape might appear if the 
largest global supplier were removed from the market. Specifically we 
assessed N-1 supply and N-1 material requirements in 2030 in the 
APS, excluding both anticipated supply from the largest supplier and 
projected demand from that country. In most cases, the N-1 supply 
falls significantly below the N-1 material requirements (even for 
minerals where the overall global balance is reasonably well 
supplied). If the CRMA’s non-single-origin minimum threshold (35%) 

is applied in a global context, the N-1 nickel and cobalt supply is 
barely able to meet this minimum threshold. The situation is even 
more pronounced for graphite. Although there is abundant supply of 
graphite globally, the expected N-1 supply is entirely insufficient to 
meet the minimum threshold. This indicates that without efforts to 
develop additional projects in geographically diverse regions, 
achieving the goals set by policy legislation would be challenging.  

This analysis underscores the need for concerted efforts to expedite 
the development of promising projects located in geographically 
diverse regions. Additionally, it highlights the importance of 
harnessing the potential for value chain expansion in major resource 
holders in emerging and developing economies, provided such 
expansion is economically viable and can yield significant economic 
and social advantages. 

Investment across the supply chain is crucial, yet equally vital is 
unlocking the potential of recycling, innovation, and behavioural 
change. A strong emphasis on recycling can not only diminish the 
magnitude of primary mineral requirements but also yield substantial 
security benefits for regions dependent on imported materials. While 
the share of secondary supply from recycling in total demand remains 
modest for most focus minerals, it experiences significant growth in 
the NZE Scenario, particularly post-2030, as policy mandates 
strengthen and a substantial volume of end-of-life EV batteries enters 
the market (see Chapter 4, “Recycling, innovation and behavioural 
change” section). 
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Outlook for copper  
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2. Demand and supply outlook 

Demand: Clean energy technologies drive substantial growth in copper demand 

Copper demand outlook by sector and scenario 
 

 
Notes: Copper refined demand excluding direct use scrap. EVs demand includes both EV batteries and EV motors demand. Other demand includes: Industrial 
equipment, other transport, consumer products, cooling, communications, and other electronics.  

IEA. CC BY 4.0. 
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2. Demand and supply outlook 

Demand: Copper demand grows rapidly in all scenarios, driven by the rapid deployment of 
renewables and EVs

Copper is the only critical mineral present in all of the most important 
clean energy technologies – EVs, solar PV, wind, and electricity 
networks – due to its unmatched combination of characteristics: 
electronic conductivity, longevity, ductility and corrosion resistance. 
Therefore, the security of supply of copper is paramount for the 
energy transition. Total copper demand is made up of a combination 
of refined copper demand (including both primary and secondary 
production, 26 Mt in 2023) plus direct use of scrap (over 6 Mt).  

Historically, refined copper demand has been dominated by 
construction and electricity networks, responsible for 30% and 15% 
of global demand in 2023, respectively. Other key sources of demand 
include industrial machinery and equipment (12% of 2023 demand) 
and the transportation sector (15% of 2023 demand), as copper is 
used in the manufacture of key components in all modes of transport. 

Global refined copper demand grows from 26 Mt in 2023 to 31 Mt in 
the STEPS and APS and 33 Mt in 2030 in the NZE Scenario. Demand 
increases further by 20% through to 2050, reaching around 40 Mt in 
2050 in the NZE Scenario. This surge in demand is primarily due to 
the rapid deployment of renewables and EVs, and a significant 
expansion of electricity networks. Copper is critical for lithium-ion 
batteries for EVs, being irreplaceable for the anode current collector, 
as well as being used in wiring in the battery packs and being a key 

component of EV motors. Electricity networks remain the second-
largest source of demand after construction for the STEPS and APS, 
but in the NZE Scenario, it becomes the largest source of demand by 
2030 before construction again overtakes to be the dominant source 
after 2040. However, copper demand from EVs experiences the 
largest growth in demand, increasing more than twelvefold from 2% 
of demand in 2023 to 12% in 2050 in the APS and 13% in the NZE 
Scenario. Overall, construction remains the leading source of refined 
copper demand in climate-driven scenarios although material 
efficiency measures temper demand in the sector.  

The share of clean energy technologies in refined copper demand 
has grown modestly in recent years from 22% in 2015 to a quarter in 
2023; however, this decade the share dramatically increases, 
reaching a third in STEPS, almost doubling to reach almost 40% in 
the APS and 45% in the NZE Scenario in 2030 due to the rapid 
deployment of renewables and EVs. The earlier electrification of end 
uses and penetration of renewables requires a rapid addition of 
electricity networks over the period to 2040, after which the pace of 
expansion decelerates. This leads to a decrease in copper demand 
for electricity networks between 2040 and 2050, resulting in a slight 
decrease in the share of clean energy technologies. 
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2. Demand and supply outlook 

Supply: Chile remains the leading copper miner with the DRC the new second, while China 
continues to dominate copper refining 

Copper production from operating and announced projects in the base case  
  

  
IEA. CC BY 4.0. 

Note: DRC = Democratic Republic of the Congo.
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Supply: Lack of large-scale projects in the pipeline poses challenges for future copper supply 

Mining 
Global mined copper supply reached 22.5 Mt in 2023, up 8% from 
2020. Today’s copper supply is relatively diversified compared with 
the other key energy transition minerals. The share of the top three 
producers was 47% in 2023, and it has been at a similar level since 
2015. Chile is the world’s current largest producer, producing a 
quarter of global supply. This is down from 30% in 2015 due to 
declining ore grades, ageing assets and low reinvestment in 
expansion. Meanwhile, with its remarkable growth of copper output, 
the DRC has doubled its share of global supply from 6% to 12% over 
the same period, overtaking Peru as the second-largest supplier. The 
DRC copper belt is home to some of the highest-grade copper 
resources in the world, for instance the Kamoa-Kakula mine is one of 
the world’s highest-grade major copper mines, ten times the global 
average (5.5% compared with the global average of 0.6%). This 
makes capital and production costs, and emissions in the DRC 
significantly lower than other regions, driving a dramatic growth in 
supply. China is the fourth-largest producer with 8% of global supply 
while Russia supplies 5%. Indonesia has seen impressive growth 
since 2020 doubling its share to 5% in a few years while the share of 
Australian supply has been decreasing. The top three copper mines 
in 2023 produced over 10% of global copper production, being 
Escondida in Chile, PT Freeport Indonesia (Grasberg) in Indonesia 
and Collahuasi in Chile. 

Based on the current project pipeline, mined copper supply reaches 
around 25 Mt in 2026 then declines thereafter as assets age and 
grades decline. The top three producer’s share in total mine 
production increases to 55% by 2040 from 47% today. Chile remains 
the largest producer going forward, contributing around a quarter of 
global supply through to 2040 while the DRC remains the second-
largest producer. China also continues to grow its share of global 
supply, from 8% in 2023 to 12% in 2040. Russia and Indonesia also 
continue to grow in supply share, together supplying 13% in 2040. 
The growing share of supply from these countries displaces a 
significantly shrinking share from Peru, which drops from 12% today 
to 7% in 2040 due to a lack of viable projects and ageing assets.  

Top five largest copper mines 2023 

 
IEA. CC BY 4.0. 

Source: IEA analysis based on Wood Mackenzie. 
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Beyond the challenges of declining copper ore quality, there are 
additional pressures coming from local social and environmental 
opposition, particularly in Latin America. At the end of last year, Cobre 
Panama, one of the largest copper mines in the world supplying 1.5% 
of global copper output, was shut down by the government due to 
widespread protests regarding environmental damage and corruption 
concerns. Beyond the loss of one of the largest copper producing 
assets, the case is expected to deter mining investment in the 
country. One of Peru’s largest copper mines, Las Bambas, also saw 
a strike at the end of last year due to workers conditions, having 
already seen disruptions previously due to indigenous community 
protests demanding more equitable distribution of mining gains with 
the local community, as well as other protests. With most of the 
world’s largest mines located in Latin America, if several of these face 
major opposition, disrupting logistics or shutdowns similar to Cobre 
Panama, there could be major consequences for global copper 
supply. The world’s largest copper mine Escondida Chile produces 
5% of global copper supply alone, while four of today’s top five mines 
are located in the region, emphasising the vulnerability. Efforts to 
expand mines in other places could reduce this dependency. 

Refining 
Copper refining is more concentrated than mining, with a current top 
three refiner share of 60%, becoming more concentrated since 2015. 
Refining is much more concentrated in a single country. China is 
currently the world’s dominant copper refiner, with 45% market share, 

having rapidly grown from 30% in 2015. Despite Chile being the 
world’s largest copper miner supplying a quarter of global supply in 
2023, it produces only 8% of the world’s refined copper, and this 
share has decreased since 2015 when it was 12%. This 
demonstrates that over half of Chile’s mined copper concentrate is 
exported for refining, with the majority to China. Copper concentrate 
is the number one exported product from Chile in terms of value. 
Since 2012 exports of copper concentrates from Chile have 
increased 60% mainly to China while exports of refined copper have 
dropped 20% over the same period. This decline is largely due to the 
decline in production from solvent extraction electrowinning (SxEw) 
mines which directly produce refined copper from oxide ore. As the 
oxide ore supply decreased, with many transitioning from processing 
oxides to conventional sulphide mining, its export of concentrate 
increased and refined copper decreased. There are also 
environmental concerns which have led to the closing of smelters in 
Chile. 

The DRC is now the joint second-largest copper refiner with Chile. 
While Chile has lost market share since 2015, the DRC has doubled 
its share in the same time up from 4%. The top three copper refineries 
in 2023 produced 9% of global refined copper, being Guixi and 
Jinchuan in China, and Onsan in Korea. 
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Copper exports by Chile by type and destination 

  

IEA. CC BY 4.0. 
Note: LAC = Latin America. 
Source: IEA analysis based on COCHILCO (2023). 
 
Going forward, the share of the top three refiners remains at the same 
level at around 60%. China, however, continues to increase its 
dominance of copper processing, supplying around half of global 
refined copper from 2030 onwards. Little change occurs for the other 
countries in this period. This again creates a major dependency and 
vulnerability. Countries in Latin America could prioritise the 
development of greater domestic processing capability. Not only 
would this help diversify refined supplies of copper, it would support 
the countries’ economies increasing their share of the value chain. 
However, cost and environmental concerns are key barriers. 
Smelting is not a high-margin business, and increasing pressures 

from high labour and energy costs have made it challenging to 
compete with China. Capital requirements to reduce emissions and 
increase the sustainability of operations add to this pressure. 
Recently Chile’s Codelco closed its Ventanas smelter due to pollution 
which resulted in a poisioning incident in the local community. 

Copper mining and refining by geography vs. ownership, 2023 
 

 
IEA. CC BY 4.0. 

 
Notes: Ownership analysis of top 20 mining and refining companies in 2023 
representing 57% of mined and 56% of refined copper production. Ownership 
based on headquarters location. 
Source: IEA analysis based on Wood Mackenzie. 
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picture from production location. Based on the analysis of top 20 
companies, mining appears to be similarly diversified by ownership 
with a top three country owner share of 45%, the same as production 
location. European companies are in fact the largest copper producers 
with over 20% of production. US companies also produce almost 20% 
of global supply, despite little mining taking place domestically, and this 
is all from two companies: Freeport-McMoRan and Southern Copper. 
Companies from Australia and Canada are also major copper 
producers, together supplying 20% of production despite limited 
domestic supply. In terms of refining, the picture is similar with Chinese 
companies dominating with 40% of production. Top three refining 
countries’ share by owner is the same as by location with 60%. 
European companies are the second-largest refiners with 20% as well 
as being the second-largest refining location but with only 10% by 
geography. Japanese companies are the third-largest refiners despite 
being the fifth-largest refining location. Again US companies play a 
leading role in copper refining being the fourth-largest refiners.  

Capital and operating costs 
Declining ore quality is the most critical issue for copper, resulting in 
increasing capital and operating costs. Operating costs have 
increased in most areas in real terms since 2020 with energy, on-site, 
treatment and refining charges (TC/RCs), shipment costs and 
reagent cost increases all being major drivers. Capital costs have 
also increased significantly for new copper projects. Recent 
brownfield projects have a capital intensity around USD 30 000 per 

tonne, whereas in real terms past brownfield projects initiated around 
2017 were cheaper at around USD 20 000/tonne. Expansions are 
costing more due to having to go deeper and the need to mine more 
waste to maintain production levels from the declining ore quality. 
Greenfield projects also suffer higher costs due to the lack of high-
quality resources, the need to comply with higher ESG standards, 
challenging geology, and higher labour and equipment costs. The 
recently commissioned DRC mine Kamoa-Kakula, with one of the 
highest-grade copper ore in the world, contrasts from current trends 
with a capital intensity around just USD 7 000/tonne, demonstrating 
the major cost advantages in the high-grade areas of the DRC, and 
explaining its rapid rise in supply.  

Operating costs for copper mining (real) 

 
IEA. CC BY 4.0. 

Notes: lb = pound. Companies representing 75% of total copper production. 
Source: IEA analysis based on S&P Global. 
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Copper mining disruptions 
Adding to the supply pressures from the declining ore quality are 
various disruptions to copper supply (assessed as shortfalls relative 
to expected supply). The global disruption rate in copper supply has 
been consistent around 5% of the original targeted production. At a 
global scale, the primary causes vary considerably with the leading 
causes being technical issues, slow ramp-up, and grades being lower 
than anticipated. Strikes have been a less critical issue over recent 
years; however, in 2017 they resulted in exceptional disruption due 
to strikes at the world’s largest mine Escondida in Chile. In 2020, 

Covid-19 was the primary cause of supply issues. Regionally, the 
picture varies considerably. Averaged over the past seven years, 
Oceania (predominantly Australia but including Papua New Guinea) 
has the highest apparent disruption rate over 6% of anticipated 
production, while Africa has had the lowest with 4%. However, in both 
regions technical disruptions are responsible for a higher share of 
disruption than the global average. Oceania has also been 
disproportionately affected by weather-related issues.  
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Supply: Oceania and Latin America suffer greater disruptions to mining supply  

Copper mining disruptions by cause 
 

  
IEA. CC BY 4.0. 

Note: Regional mine disruption breakdowns are based on the last seven-year average. Oceania includes Australia and Papua New Guinea 
Source: IEA analysis based on Wood Mackenzie.
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Secondary supply: Copper recycling and direct use of scrap is set to increase substantially 
from 2030 providing a major source of supply in the future 

Historical and projected secondary copper supply in the NZE Scenario 
 

  

 
IEA. CC BY 4.0. 

Notes: Direct use of scrap refers to high-grade manufacturing scrap which can be directly used as a source feed. Secondary production refers to end-of life and 
manufacturing scrap which must be further processed by smelting and/or refining before usage. 
Source: IEA analysis based on Wood Mackenzie and S&P Global.
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Secondary supply: Copper scrap plays an important role in cushioning potential market 
tightness or price shocks

Copper scrap falls under two broad categories. High-grade or No. 1 
scrap, known as direct use of scrap, is directly used by semi-
manufacturers supplementing their cathode supply as a source feed. 
There is also lower-grade No. 2 scrap, which contains greater 
impurities and is used by smelters and refineries. The higher 
impurities prevent this scrap from being used directly. 

Looking at historical secondary supply correlations with copper price 
shows they are strongly correlated with little lag, thus the price 
strongly determines secondary supply, which acts as a market-
balancing mechanism. This demonstrates that ramping up secondary 
supply can happen quickly and reactively with the right incentives. 
Therefore, secondary supply can be an increasingly important source 
of copper supply particularly in times of supply shocks and price 
spikes, if the right policy incentives are in place. However, this also 
shows the difficulty in sustaining high scrap usage rates in a low-price 
environment. 

Copper scrap use has decreased since 2015 from 18% to 17% of 
demand excluding direct use of scrap, and more significantly 
including direct scrap (from 37% to 33%). This is due to a combination 
of price, scrap trade restrictions from China, higher energy and 
shipping costs reducing recycling profitability, the impact of Covid-19, 
and that EU and US policies promoting domestic scrap collection 
have not yet taken effect. In climate-driven scenarios, however, 
copper scrap use increases significantly. In the NZE Scenario, the 
share of secondary supply in total demand rises to 20% by 2030 and 
30% in 2040, excluding direct use of scrap. This growth is driven by 
strong policy efforts to increase collection rates, optimise sorting 
systems, raise policy mandates for recycling and encourage 
investment in new processing facilities and smelters. Growing end-
of-life volumes from EV batteries also emerge as a major contributor 
from 2030. In the NZE Scenario, both sources of secondary supply 
experience strong growth, with direct use of scrap almost doubling 
from 2023 to 2040 while secondary production scrap increases by 2.5 
times in the same period.
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Supply: A major primary copper supply deficit develops after 2025  

Expected mined copper supply from exisiting and announced projects and primary supply requirements by scenario 
  

 
IEA. CC BY 4.0. 

Notes: Based on mined output. Primary supply requirements are calculated as “total demand net of secondary supply”, also accounting for losses during refining 
operations. See Introduction for definitions of the base and high production cases.
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Implications: A broad combination of supply and demand measures are needed to close the 
copper supply gap

Our analysis of project pipeline indicates that a copper primary supply 
shortfall may develop after 2025 in all three scenarios, despite the 
signficant growth in secondary supply. Even in the high production 
case where almost 2 Mt of extra mined supply is available shows a 
supply gap of 2.2 Mt (10%) to meet demand required by government 
climate pledges while there is a 4.5 Mt (20%) shortfall to match 
demand in the NZE Scenario in 2030. This demonstrates the urgency 
of financing and approving new supply projects given the long lead 
times to bring online new production. Beyond 2030 the supply gaps 
continue to expand as demand grows robustly for all scenarios. By 
2040, base case supply would have to increase by 80% to meet APS 
demand while it would have to double to be on track to meet 1.5° C 
by 2050. Even in the high production case, supply would have to 
increase by 60% in the APS and 75% in the NZE Scenario by 2040 
to meet demand. This anticipated primary supply deficit presents a 
growing concern for future clean energy technology deployment. 

The most critical risk for copper is this major supply gap from 2030 
onwards, being primarily driven by the strong increase in demand 
from clean energy technology deployment coupled with the declining 
ore quality in resources. For instance, the average grade of copper 
concentrate in Chile has decreased 30% since 2005. Although the 
implied supply gaps do not mean that achieving transition goals are 

unattainable, the substantial supply deficit requires a range of 
solutions to reduce pressure on primary copper supply requirements. 
This includes considerable supply and demand actions from 
governments and companies, including investment, substitution, 
material efficiency and recycling measures. The lack of diversification 
going forward, particularly in refining is also a key risk for the security 
of supply of copper. 

Supply measures 
First, on the supply side it is essential to stimulate significant 
investment in new primary supply, including in lower-grade plays. 
Governments can play a key role in supporting strategic projects 
financially and in streamlining permitting. However, the problem of 
declining ore quality poses a considerable challenge on the 
investment side, as there are few major new resources of high quality 
to exploit, also as a result of subdued exploration spending over the 
past decade. The tight supply market is likely to increase prices which 
could support investment in lower-grade plays, but pose economic 
pressures on end users. Many projects in the largest supply region, 
Latin America, which is also the region facing acute water stress 
challenges, are also facing critical social and environmental 
opposition, which has already resulted in the shutdown of the Cobre 
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Panama mine. This underlines the importance of governments and 
international mining companies working closely with the local 
community and ensuring benefits are felt to maintain social 
acceptability. 

Recycling is one of the most crucial measures to reduce primary 
copper supply pressure going forward. Copper is one of few materials 
that can be recycled repeatedly without any loss of quality. 
Manufacturing scrap is already reasonably well recycled; however, 
end-of-life scrap and mining waste have significant potential for 
improvement. With global copper secondary supply currently 17% of 
demand (excluding direct use of scrap), but increasing to 30% in 2040 
in the NZE Scenario, there is still substantial room for improvement. 
Given its multitude of applications, the global stock of copper is a 
critical resource, often referred to as the “urban mine”, and further 
exploitation of this is crucial. One of the critical issues limiting copper 
recycling is the difficulty in economically sorting and separating 
copper and its alloy types from complex electronic post-consumer 
scrap, where the value of recovered copper is often not high enough 
to match the recycling cost. Second, collection infrastructure is often 
insufficient in many regions, with limited coordination between supply 
chain actors. This is compounded by insufficient incentives and 
information for consumers to recycle copper-containing products. 
Lastly, there is a lack of regulatory mandates on copper recycling and 
collection.  

To address these challenges and enhance copper recycling, several 
actions are necessary. First, implementing comprehensive 
regulations is pivotal, including recycling rates and content mandates, 
bans on metals in landfills, and enforcement of design for recycling 
standards for new products to ensure a larger pool of products that 
are economically recyclable. Governments can support copper 
recycling supply chain coordination, which can reduce costs. Policy 
measures including China’s “Green Fence” policy, restricting the 
import of low-quality copper scrap, has inadvertently resulted in scrap 
oversupplies in Europe and thus low-quality scrap not being accepted 
in recent years. Therefore, increasing the scrap pool without 
accompanying investment in processing facilities may be less 
effective. This reinforces the need for greater global coordination 
between copper recycling supply chain actors, coupled with improved 
tracking of global scrap flows. Second, governments can support and 
scale up collection and sorting infrastructure, including information 
campaigns and incentives for consumers. Third, support for novel 
emerging recycling technologies which can efficiently sort and 
separate copper and its alloys is crucial, for instance sensor-based 
scrap sorting such as X-ray fluorescence and laser-induced 
breakdown spectroscopy. Lastly, supportive trade policies and 
measures promoting the development of new processing capabilities, 
along with economic incentives aimed at sustaining higher scrap 
usage in times of lower prices, are essential. 

Novel technologies offer promise for extracting greater amounts of 
copper from lower-grade plays and materials currently considered 
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waste. For instance, primary sulphide leaching, bioleaching or 
hydrometallurgy can enable copper recovery from ores below mill 
head grade, typically considered waste. Advanced separation 
techniques can also concentrate and upgrade low quality ore. 
Machine learning has also been used not only to optimise processing 
operations but also in identifying new resources. Despite their 
promise, many of these technologies are still emergent and have to 
be proven at scale. 

Demand measures 
On the demand side, there are multiple measures which can be taken 
to relieve supply pressure. Increasing material efficiency is key to 
reducing copper demand. For instance setting mandates and 
standards for copper intensity in products such as construction pipes 
or wiring can be effective. Providing financial incentives for 
consumers to purchase high material efficiency products can also 
help, particularly in appliances. Copper intensity is being reduced in 
products such as electric motors and solar panels, where price is 
often a driver. 

Substitution of copper where possible is an important measure going 
forward. Aluminium, though it has 60% of the electronic conductivity 

of copper, is the primary substitute option for many copper 
applications. It is also lower cost and lighter weight providing other 
potential advantages. There are applications where copper cannot be 
substituted including lithium-ion anode current collectors, due to 
lithium alloying with aluminium at low potentials. In networks 
aluminium’s lower electrical conductivity requires thicker cables, 
while the inferior thermal and mechanical properties necessitates 
greater maintenance, therefore, aluminium is less suitable for high-
voltage subsea and underground cables (although some OEMs are 
however starting to consider replacing copper in subsea 
applications).  

However, in many applications substituting copper is possible with 
commercial viability with minimal disadvantage. For instance, copper 
plumbing can often be replaced by plastic pipes such as cross-linked 
polyethylene (PEX) or high-density polyethylene (HDPE), though 
they can be difficult to recycle. Aluminium can replace overhead 
copper distribution cables, as well as copper windings in some 
motors, generators and transformers. However, it is also important to 
note aluminium processing is almost five times more carbon-
intensive than copper processing; therefore, there are energy-related 
implications to substituting copper with aluminium.
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Outlook for lithium 
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Demand: In clean energy transitions, lithium is the mineral facing the fastest demand growth 

Global lithium demand outlook by sector and scenario 
 

  
IEA. CC BY 4.0. 
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Demand: Lithium fuels the growth of the EV industry, and its demand grows tenfold to 2050 in 
the NZE Scenario, propelled by the rapid deployment of EVs

Lithium is used in a variety of applications such as ceramics or 
lubricants, as well as in small volumes in pharmaceuticals, but 
demand structure has deeply transformed over the last ten years, 
making batteries the dominant driver of global lithium demand 
growth. Lithium, one of the lightest metals in the periodic table, is the 
natural candidate for high energy density in batteries due to its 
superior electrochemical characteristics. 

Lithium demand is set to rise almost threefold over this decade in the 
STEPS, expanding faster than all other focus minerals. By 2050, 
demand reaches 1 200 kt Li in the STEPS and 1 600 kt Li in the APS. 
In the NZE Scenario, demand increases to 1 700 kt Li by 2050, a 
tenfold growth from today’s levels, driven by clean energy 
technologies.  

Not only is lithium critical to clean energy transitions, but the lithium 
industry’s ability to ramp up has allowed the EV industry to outpace 
industry expectations. The EV industry contributes to about 90% of 
future lithium demand growth between today and 2050 in the APS. 
Meeting the 1.5 °C climate objective requires particularly rapid growth 
this decade: in 2030, the EV sector’s annual lithium demand is 40% 
higher in the NZE Scenario than in the APS. 

Battery storage is currently a minor consumer of lithium, accounting 
for about 5% of demand, but its development accelerates by the end 
of the decade. In the NZE Scenario, lithium demand for battery 
storage rises to 130 kt Li in 2050, well over ten times the current 
demand.  

Lithium-ion batteries’ role in fuelling the growth of the EV industry 
remains unchallenged in the near term. Alternative technologies such 
as sodium-ion batteries and vanadium flow batteries begin to take 
some shares from lithium-ion batteries in low-range vehicles and 
storage markets, but they do not materially alter the prospects for 
lithium demand in climate-driven scenarios. 

In an alternative case of the NZE Scenario where sodium-ion 
experiences wider popularity within the EV market, total lithium 
demand could be reduced by 10% in 2030. Likewise, in the case of 
an early adoption of vanadium flow technologies, demand for lithium 
in storage applications could be reduced by 6%. 

If technical challenges around their scale-up are overcome, solid-
state batteries with lithium metal anodes could create a new market 
for lithium in metal form (as opposed to chemicals such as carbonates 
or hydroxides), of 200 kt Li in 2040 and 330 kt Li in 2050 in the NZE 
Scenario.
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Supply: New lithium players emerge in Argentina and Zimbabwe; China continues to dominate 
refining of hard rock ore 

Lithium raw materials and chemical production from operating and announced projects in the base case 
 

 
IEA. CC BY 4.0. 

Notes: Raw materials cover extraction of lithium from hard rock ore, as well as from clays and brines. Lithium chemicals cover the first production of lithium 
carbonate, hydroxide, sulphates and chlorides, and excludes reprocessing.
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Supply: New players emerge on the mining side; refining takes different trajectories depending 
on chemical product 

Mining 
Today, annual production of lithium raw materials (from hard rock, 
brines and clays) amounted to around 190 kt Li in 2023, 70 kt Li from 
brines and 120 kt Li from hard rock. Lithium production has more than 
doubled in the past three years. The dominant producer of hard rock 
lithium is Australia, which produces 84 kt Li in the form of spodumene 
concentrate, mostly exported to China for refining. Another type of 
hard rock ore, lepidolite, is being developed, with a boom of 
production during the high price period of 2021-2023 in China’s Jianxi 
province, providing 12 kt Li to the market in 2023. Brines are 
extracted in salt lakes of Latin America (46 kt Li for Chile and 9 kt Li 
for Argentina), but also from high plateaux in western China (14 kt Li).  

Analysis of announced projects indicates that lithium raw material 
supply grows to 450 kt Li around 2030 in the base case, again more 
than doubling the current production, and reaching five times the 
production of 2020. In the high production case, an additional 70 kt Li 
of raw material supply could be made available on the market. If 
announced projects come online as planned, this volume approaches 
the requirements in the STEPS as well as in the APS in 2030, but is 
insufficient to stay on the 1.5 °C pathway. Beyond 2030, all scenarios 
require a further investment in new supplies.to keep pace with the 
demand growth. 

Australia remains a key producer of lithium with its spodumene 
deposits, through brownfield expansions of its major mines 
(Pilgangora, Greenbushes, Mount Marion and Wodgina) as well as 
several new projects, such as the Kathleen Valley and Mount Holland 
mines. Australia also hosts a first-of-its-kind tailings retreatment 
facility at Greenbushes, designed to extract further lithium from 
anterior mining waste. In the base case, Australia remains the largest 
producer in 2030, accounting for a third of world production. 

China is the world’s largest consumer of lithium as well as the world’s 
largest refiner, but traditionally sourced lithium feedstock from mines 
overseas. Significant efforts have been made to develop domestic 
supplies, with notable investments in domestic mines from 
downstream manufacturers, such as CATL. The Chinese share of 
global lithium mining has steadily increased since 2016, from 6% to 
17% in 2023. In the base case, it overtakes Chile and becomes the 
world’s second-largest lithium producer in the mid-2020s.  

Latin America has traditionally been a major lithium supplier with 
Chile’s Salar de Atacama. Chile remains the continent’s largest 
producer, but there are growing interests in Argentina, with a 
particularly strong pipeline of brine extraction projects. Based on 
announced projects, Argentina attracts over 80% of future capital 
investments for lithium in Latin America, with investors from all 
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regions, from the United States and Australia, as well as Europe 
(Eramet), China (Ganfeng, Zijn, Tibet Summit Resources) and Korea 
(POSCO Chemicals). By 2030, Chile’s base case annual supply 
grows to 56 kt Li, but Argentina emerges as a close contender, with 
47 kt Li of production. Despite significant lithium resources in Bolivia 
(23 Mt, about a fourth of world known resources), projects have yet 
to emerge there. The country has signed an agreement with Russia’s 
Rosatom and China’s CITIC Guoan Group to develop its lithium 
resources and recently launched an international tender for lithium 
extraction, although significant challenges remain. 

Geographical distribution of planned additional lithium mining 
projects, 2023-2030 

 
IEA. CC BY 4.0. 

Note: CSAM = Central and South America. 
 
Lithium mining is a recent phenomenon in Africa, where Zimbabwean 
production has recently ramped up, with 9 kt Li of lithium exported 

every year as concentrates of various hard rock ores (lepidolite, but 
also other minerals, such as petalite). Some informal artisanal and 
small-scale (ASM) mining activities have been reported in Nigeria, a 
phenomenon new to lithium, but frequent for other metals such as 
cobalt, gold, tin, tungsten and tantalum. Additional industrial 
capacities are planned in Zimbabwe, but other countries could follow 
suit, with projects in Ethiopia, Mali, Namibia, and possibly the 
Democratic Republic of the Congo and Ghana. In 2030, Africa's total 
lithium production in the base case rises to 53 kt Li, and further to 
70 kt Li in the high production case. 

There are many projects in the pipeline at their early stages of 
development, but price volatility may delay the projects coming up, 
particularly those outside of incumbent country producers, with 
implications for long-term supply and diversification. 

Refining 
Two regions have historically dominated the supply of lithium 
chemicals, with three distinct business models. Refining of lithium-
rich brines of China and Latin America is done locally, and lithium is 
then exported as a refined chemical – whether carbonate or 
hydroxide. This process traditionally involved evaporation ponds, 
making this relatively water-intensive. To reduce water requirements, 
a diversity of new “direct lithium extraction” technologies are under 
development, but may involve higher operating costs, 
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China currently dominates the refining of hard rock ore, from 
domestic resources, but also by refining the majority of lithium mined 
from hard rock overseas, notably from African countries and 
Australia. Lithium is generally mined and then locally processed into 
an exportable concentrate, but some African facilities, such as in 
Namibia, were built to directly ship ore to China. 

Some operations focus on conversion of one chemical into another, 
notably lithium carbonate to hydroxide, covering about 20% of current 
hydroxide supply, a technology dominated by China. 

Lithium chemicals can be recycled from secondary resources, 
typically “black mass” either from end-of-life batteries or 
manufacturing scrap from gigafactories. Historically, battery recycling 
facilities focused on higher-value metals, such as nickel and cobalt, 
and lithium was often not recovered. Depending on prices, the uptake 
of lithium recycling may require policy incentives. A number of 
recycling companies are also achieving 90% recycling rates for 
lithium, and policy makers are strengthening recycling targets 
significantly, such as with the EU battery regulation, all of which could 
help scale up secondary supply of lithium. In the APS, the share of 
secondary lithium supply increases from a low level today to 10% by 
2040. 

By 2030, lithium carbonate production nearly doubles to 220 kt Li in 
the base case, and possibly 260 kt Li in the high production case, but 
the project pipeline leaves little space for diversification. The top three 
country share remains close to 98%, covered by Argentina and Chile 

(refining their domestic brines) as well as China, which remains the 
major hub both for its domestic extractive activities, but also for the 
refining of hard rock overseas into carbonates. 

Projects being planned in other regions focus on lithium hydroxide, 
producing 170 kt Li in 2030 in the base case, and 185 kt Li in the high 
production case, more than twice the current production. The interest 
that investors take in hydroxide can be attributed to its dominance in 
North American and European demand, where the recent gigafactory 
projects almost exclusively focus on high-performance chemistries 
that require this chemical. The higher value of hydroxide is another 
aspect weighed by project developers, who anticipated a price 
premium relative to lithium carbonate. 

Geographical distribution of planned additional lithium chemical 
projects, 2023-2030 

 
IEA. CC BY 4.0. 
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China traditionally dominated refining of lithium from hard rock ore 
into hydroxide and continues doing so in the base case. It remains 
the main player with 60% hydroxide market share in 2030. Until 
recently, Australia was entirely dependent on China for the refining of 
its lithium ores, but two refineries are currently ramping up to produce 
lithium hydroxide, producing 30 kt Li by 2030. 

In other advanced economies, investors are also making bets on 
conversion facilities, importing carbonates and refining them into 
hydroxide closer to their consumers, with large plants including 
Albemarle’s Megaflex projects, as well as AMG’s Bitterfeld plant 

inaugurated in 2022 in Germany and POSCO’s planned conversion 
plant in Korea, as well as recycling plants. In North America and 
Europe, mining projects tend to be integrated, associating a mine with 
a hydroxide refinery. 

Projects are also being considered outside of lithium mining 
countries. Indonesia’s growth in nickel-rich cathode supply chain 
makes conversion plants likely to emerge there. Three lithium refining 
projects are also being considered in Saudi Arabia and the United 
Arab Emirates. However, refining projects have yet to emerge in 
Africa.
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Implications: Short-term supply is expected to keep up with demand, but further projects need 
to come through to serve demand growth in the medium to long term 

Expected lithium primary supply from existing and announced projects and primary supply requirements by scenario  
 

 
IEA. CC BY 4.0. 

Notes: Based on raw material output covering extraction of lithium from hard rock ore, clays and brines. Primary supply requirements are calculated as “total demand 
net of secondary supply”, also accounting for losses during refining operations. See Introduction for definitions of the base and high production cases.

 300

 600

 900

1 200

1 500

2023 2025 2030 2035 2040

High production case

Base case

NZE

APS

STEPS

kt
 L

i Expected supply

Primary supply requirements

IE
A

. C
C

 B
Y

 4
.0

.

················ · ~ · .... . ............................ . 

• 

-
-•-

-·-
-•-

1ea 



Global Critical Minerals Outlook 2024  

PAGE | 134  

2. Demand and supply outlook 

Implications: Investments are critical to keep pace with strong demand growth, but challenges 
remain in ensuring sufficient diversification and tailoring to future battery chemistry needs

Recent price volatility may lead to short-term supply responses, 
discouraging investment for new supplies. In February 2024, 
production in the world’s largest mine, Australia’s Greenbushes, was 
slowed, and other lithium producers announced plans to review their 
operations. Operating cost is one of the major considerations in 
production suspension decisions, but it is not the only factor. Those 
with long-term offtake agreements might continue even though their 
cost profiles are high, which could put additional pressure on prices 
beyond what supply-and-demand dynamics suggest. Symmetrically, 
integrated projects are reducing production, despite being on the 
lower end of the cost curve – such as Australian hard rock players. 

There are risks that the current low-price environment may reduce 
investments in lithium projects, including those offering better ESG 
performance or outside of incumbent regions, which would affect 
medium- to long-term supplies. Many recent projects had been 
planned during periods of higher prices, and their viability may be 
reassessed if investors’ long-term expectations are revised.  

While the market is well supplied at the moment, continued 
investment flows are required to develop projects to serve long-term 
demand and diversification goals. At 2024 values, the current project 
pipeline in the base case requires USD 13 billion of investment for 

raw material production, with an additional USD 7 billion required for 
the high production case.  

Cumulative capital investment requirements to support the 
current mining project pipeline in the base case, 2024-2040 

 
IEA. CC BY 4.0. 

Sources: IEA analysis based on company reports, Battery Materials Review. 
 
Analysis of the project pipeline suggests that significant regional 
disparities exist in the capital costs for developing new projects. In 
particular, European and American lithium extractive projects 
generally require higher upfront costs. Business models often 
compensate for this disadvantage through integrated approaches 
offering highly refined products, but volatility in the refined chemical 
markets is putting price assumptions at risk. 
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Average capital intensity of lithium mining projects 

 
IEA. CC BY 4.0. 

Sources: IEA analysis based on company reports, Battery Materials Review. 
 
In the long term, concerns remain regarding geographical and 
ownership concentration. Two trends are emerging. First, efforts to 
increase domestic feedstock supplies from dominant chemical 
producers – notably progress achieved by China researching new 
deposits and promoting domestic mining activities, with the financial 
support of domestic downstream battery manufacturers. Geological 
considerations put Chinese plays at a competitive disadvantage 
historically, but new deposits under development may be changing 
this picture. Notably, miners are developing domestic spodumene 
projects, the same type of ore as Australia’s lower-cost lithium mines.  

The incumbent players’ endeavours to procure resources abroad 
indicate that sustained supply concentration may exist through 

ownership – Chinese enterprises own most domestic ventures as 
well as major interests in Australian, Argentinian and African 
ventures. 

Lithium chemical demand by type in the APS 

 

IEA. CC BY 4.0. 

Finally, the lithium market structure is sensitive to the respective 
market shares of different battery chemistries, with growing supply 
chain segmentation between two chemicals: lithium hydroxide and 
lithium carbonate. Lithium hydroxide is required for nickel-rich 
chemistries, while carbonates are used both in the older generation 
of NMC chemistries and the LFP market. In the APS, EV 
requirements for carbonate and hydroxide are expected to rise in 
parallel, with hydroxide being required for 55% of total demand by 
2030. In an alternative case where LFP takes a larger share, demand 
for hydroxide demand would be 25% less, calling for readjustments 
in regional sourcing strategies and project development planning.  
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Outlook for nickel 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IE
A

. C
C

 B
Y

 4
.0

.

1ea 



          

Refining

Mining

Clean energy transition risk assessment

Mining requirementsDemand outlook

Supply risks

6%
of battery pack cost in 2023

ESG and climate
risk exposure

603 gCO2/kWh

Among the highest average grid
carbon intensity for refining

Geopolitical risks

61%
of mining by one
single country in 2030

Barriers to responding to
supply disruption

1%
of nickel sourced from
secondary supply today

Cleantech demand (kt) 240 478 1 953 3 381

Other uses (kt) 2 519 2 627 2 802 2 857

Total demand (kt) 2 759 3 104 4 754 6 238

Secondary supply and reuse (kt) 10 43 139 613

Primary supply requirements (kt) 2 749 3 061 4 615 5 625

Share of top three mining countries 60% 69% 76% 83%

Share of top three refining countries 66% 71% 71% 73%

2021 2023 2030 2040Milestones (APS)

Low Med High

Indonesia
62%

Philippines
8%

Japan
6%

New Caledonia
6%

Indonesia
44%China

21%

ktkt

2010

2023 2023

2050 20502010

NZEAPS

4 000

8 000

4 000

8 000

2025 2030 2035 2040

NZE

APSN
ic

ke
l

Ni
Top three producers 2030

Expected mine supply from announced projects
Primary supply requirements (mined)Electric vehicles Other clean technology Other demand

IE
A

. C
C

 B
Y

 4
.0

.

------------------------

• • • • 

___/ 



Global Critical Minerals Outlook 2024  

PAGE | 138  

2. Demand and supply outlook 

Demand: Growth in nickel demand is driven by clean energy applications; EVs become the 
largest-consuming segment in the coming decades in climate-driven scenarios 

Global nickel demand outlook by sector and scenario 
 

  
IEA. CC BY 4.0. 

Note: Alloys includes both demand for stainless steel and for non-ferrous applications.
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Demand: Nickel demand almost doubles over the period to 2050, driven by the rapid 
deployment of EV batteries

Nickel is used in a wide range of applications and is important for the 
broad economy with its use for alloys and stainless steel, as well as 
in the clean energy sector. The largest applications in the clean 
energy sector are within EV batteries, but nickel is also used in low-
emissions power generation, such as in wind and geothermal energy.  

Global nickel demand remained steady between 2018 and 2020 
around 2.4 Mt, but then began to increase rapidly, reaching around 
3.1 Mt in 2023. Demand is set to grow further in all scenarios, 
increasing to 4.5 Mt in 2030 in the STEPS. In the APS, demand 
growth is slightly higher, rising to 4.8 Mt in 2030. In the NZE Scenario, 
demand increases more rapidly to 5.6 Mt in 2030 as more EVs and 
low-emissions power generation are deployed. By 2040, demand 
under the NZE Scenario is slightly higher than the APS, but sees a 
larger fall to 2050 due to lower demand for uses in stainless steel as 
secondary supplies increase.  

Historically, demand for nickel was primarily for its use in alloys 
(including stainless steel and non-ferrous applications): in 2015, 75% 
of nickel’s total demand was for alloys. However, from 2020 to 2023 
this shifted substantially and demand from the clean energy sector 
became the main factor behind a 30% increase in overall nickel 

demand over this period. This was primarily due to the increasing use 
of nickel-rich EV batteries, but was also driven by the use of nickel in 
low-emissions power. In 2023, the share of clean energy applications 
in total demand crossed 15%.  

Looking to the future, nickel demand for alloys continues to play a 
large role in overall nickel demand with around 50% of market share 
in 2050 under the STEPS. In both the APS and NZE Scenario, the 
market share of nickel in alloys falls to around 35%, in part due to the 
higher clean energy demand but also due to lower material 
requirements for steel. 

Nickel use in clean energy technologies continues to drive overall 
growth in nickel demand. In all scenarios, clean energy technology’s 
share in total demand continues to rise, peaking at around 40% in the 
STEPS and around 55% in the APS and NZE Scenario by 2040 
before falling slightly due to lower demand for nickel-rich chemistries. 
However, the primary driver in nickel’s demand growth continues to 
be EV batteries in all scenarios, whose demand increases by 
approximately ninefold between today and 2050 in the APS and NZE 
Scenario. 
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Supply: Indonesia remains the largest producer of mined ore and refined primary nickel 
products to 2040; China dominates sulphate supply 

Nickel production from existing and announced projects in the base case 

 
IEA. CC BY 4.0. 

Note: Nickel refining includes nickel that is processed into either a metal, oxide, nickel pig iron (NPI), or ferronickel and excludes outputs from intermediate 
production steps. 
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2. Demand and supply outlook 

Supply: Intermediates sourced from laterite ores contribute to the largest growth in nickel 
supply, while conversion of laterite ores to battery-grade nickel continues to grow

Mining 
There are two types of nickel ore: laterite and sulphide. Laterite ores 
are primarily found in Indonesia, New Caledonia, the Philippines, and 
Australia, and sulphide ores are primarily found in Australia, Canada, 
Russia, and China.  

Over the last five years, nickel mining has experienced significant 
absolute increases in the amount of material mined, as well as a shift 
in the type of ore mined. From 2018 to 2023, mined nickel supply 
increased by almost 1.5 times from 2.4 Mt to 3.5 Mt. This increase 
was primarily driven by the rapid expansion of mining in Indonesia, 
which saw a tripling in mined nickel output between 2018 and 2023, 
rising from just 0.6 Mt in 2018 to 1.8 Mt in 2023. Increases were also 
seen in Brazil, New Caledonia and Canada.  

There has also been an increasing shift in the type of nickel ore, 
moving away from historically mined nickel sulphide to laterite. From 
2018 to 2023, laterite mining nearly doubled from 1.5 Mt to 2.8 Mt, 
whereas sulphide mining fell slightly from 0.8 Mt to 0.7 Mt. This led to 
the share of laterites in total supply growing from 65% to 80%. In our 
base case, this trend is expected to continue until it reaches almost 
90% in 2040, primarily driven by the growth in nickel mining in 
Indonesia, which almost doubles over the same period.  

The mined nickel market has been increasingly geographically 
concentrated since 2018, with Indonesia’s share of global production 
increasing from 25% in 2018 to 52% in 2023.  

Mined nickel production by ore type in the base case 

 
  

IEA. CC BY 4.0. 
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Looking ahead, in the base case, mined nickel supply is expected to 
continue growing to 4.4 Mt by 2040, marking a one-third increase 
from today. As our high production case assumes several early-stage 
projects come online, mined nickel supply grows to around 6 Mt by 
2040, almost doubling. Geographical concentration is set to increase 
further in the base case, with the top three producing countries' share 
rising from 70% today to 83% by 2040. However, in the high 
production case, more projects come online from diversified regions, 
notably Australia and Brazil, bringing the top three countries' share 
slightly down to 81% by 2040. 

In the near term, there could be some oversupply in the mined nickel 
market as a result of high investment into nickel developments in the 
last five years. In the longer term, expected supply from announced 
projects in the base case may fall short of meeting primary supply 
requirements in both the STEPS and APS by 2030. Additional 
projects that are assumed to come online in the high production case 
will need to materialise in this case. In the NZE Scenario, planned 
and high-potential projects fall short of primary supply requirements 
by 2030, requiring new projects to come through. 

Refining 
There are two types of primary nickel products: high-purity Class 1 
products (containing 99.8% nickel or above) and lower-purity Class 2 
products (containing less than 99.8% nickel). Battery cathodes need 

nickel sulphate, which has historically been produced from Class 1 
products. 

There are many stages of the supply chain to produce both Class 1 
and Class 2 products. Intermediate products such as mixed-hydroxide 
precipitate (MHP) or mixed sulphide precipitate (MSP) are produced 
through hydrometallurgical processes such as bioleaching, and nickel 
matte is produced through smelting. Primary products such as nickel 
metals and nickel oxides, nickel pig iron (NPI) and ferronickel are 
produced through processes such as blast furnaces and electric arc 
furnaces, which can be used in end-use markets as final products. This 
section refers to the latter when discussing refined products. 

Similar to nickel mining, refined nickel production has significantly 
increased over the last five years. From 2018 to 2023, refined nickel 
products grew 1.4fold to 3.1 Mt, primarily driven by growth in 
Indonesia, which saw an almost fivefold increase in production. 
Geographical concentration of the top producing country, Indonesia, 
grew from 30% to 45%, whereas geographical concentration of the top 
three producers grew from 50% to 70%. 

Looking ahead, analysis of the project pipeline indicates that refined 
nickel production continues to grow in the base case, to 3.9 Mt in 2040. 
The largest driver of this growth is in NPI and nickel metals, each 
growing by around a quarter to 2040. This production is primarily 
driven by Indonesia, which sees an over 1.5-fold increase in refined 
nickel product production to 2040, primarily in the form of NPI, 
ferronickel and nickel metals. The top producing country – Indonesia – 
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continues to maintain a dominating market share, growing from 45% 
in 2023 to 59% in 2040. The high production case does not see a much 
higher refined nickel supply. While there is slightly more production in 
countries outside of the dominant producer, such as Australia, the level 
of concentration barely changes compared with the base case. 

Sulphate 
For use in EV batteries, nickel needs to be further processed into 
nickel sulphate, which is then used as input into battery cathodes. 
Historically, nickel sulphate has been obtained through refining 
sulphide ores into nickel matte or nickel metals and oxides pellets 
and then into battery-grade nickel as it requires high-content nickel. 
Recent nickel market developments, including high prices and 
Indonesia’s rise in prominence within the supply chain, have led to 
using MHP and MSP, sourced from laterite ores, as inputs for nickel 
sulphates. There has also been a rise in converting NPI and 
ferronickel – typically used in stainless steel applications – into nickel 
matte, which is then processed into nickel sulphate. 

From 2018 to 2023, the most significant increase in inputs for nickel 
sulphate production was from matte via sulphide ores. Over the same 
period, there was also a rise in the production of nickel sulphate from 
matte via laterite ore and the intermediate MHP derived from laterite 
ore. In the base case, we anticipate this shift towards utilising matte 
via laterite and intermediates from laterite ores to continue through 
2030. 

Nickel supply chain 

 

IEA. CC BY 4.0. 

Note: HPAL = high-pressure acid leaching. 
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There is also large growth in the utilisation of a mix of inputs into 
nickel sulphate production, with the largest absolute increase seen in 
a combination of Class 1 and laterite ore inputs, through either MHP 
or matte. Mixes combining Class 1 and recycled material or scrap 
also increase to 2030. In our high production case, while slightly more 
sulphate projects that utilise matte via sulphide may come online, the 
primary input drivers are expected to remain as laterite ore inputs. 

The surge in processing laterite ore for nickel sulphate production has 
been chiefly propelled by Indonesia, and the country is poised to 
maintain its leading role in driving growth in this sector. In the base 
case, Indonesia sees an over twofold increase in MHP production 
and an increase of 1.4 times in matte production by 2030.  

In the near term, nickel sulphate may be adequately supplied to 2025. 
However, in both the APS and NZE Scenario, nickel sulphate 
requirements exceed expected sulphate supply from announced 
projects by 2030 and beyond, even with increases in sulphate supply 
from secondary production as more EV batteries are deployed and 
recycled. However, new sulphate capacity can be introduced 
relatively quickly – within 18-24 months – and we expect that supply 
can be relatively responsive to developments within the EV battery 
industry. 

Inputs into nickel sulphate production 

 

IEA. CC BY 4.0. 

Note: Included in Class 1 is power/pellets/briquettes.
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Supply: The market could be well supplied in the near term, but additional projects need to 
come through to meet demand in climate-driven scenarios in the medium and long term  

Expected mined nickel supply from existing and announced projects and primary supply requirements by scenario 

 
IEA. CC BY 4.0. 

Notes: Based on mined output. Primary supply requirements are calculated as “total demand net of secondary supply”, also accounting for losses during refining 
operations. See Introduction for definitions of the base and high production cases. 
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2. Demand and supply outlook 

 

Supply: Analysis of the current project pipeline indicates that battery-grade nickel may see 
potential supply gaps in climate-driven scenarios by 2030, even with secondary supply 

Nickel sulphate supply and demand balances based on existing and announced projects 

 
IEA. CC BY 4.0. 

Notes: Sulphate supply requirements includes nickel demand from EV batteries and demand from non-batteries. Does not include a route where precursor cathode 
material is directly produced from refining operations. 
 

 1

 2

 3

 4

2023 2025 2030 2035 2040

Secondary

High production case

Base case

NZE

APS

M
t N

i

Sulphate supply

Sulphate supply 
requirements

IE
A

. C
C

 B
Y

 4
.0

.

---
-•-

-•-

1ea 



Global Critical Minerals Outlook 2024  

PAGE | 147  

2. Demand and supply outlook 

Implications: Today’s low-price environment creates risks for future nickel supply and for the 
prospects for greater diversification

The recent low-price environment for nickel prompted several nickel 
producers to implement cost-cutting measures at existing operations. 
For instance, First Quantum's nickel mine announced production cuts, 
while BHP's Nickel West operations reduced its workforce. 
Additionally, other producers, such as Glencore's Koniambo nickel 
mine, placed their operations into care and maintenance. 
Consequently, nickel production in 2023 was lower than anticipated, 
with announced nickel mining production cuts and closures totalling 
around 80 kt.  

While the continuation of low nickel prices supports the growth of the 
EV market by keeping battery prices low, there is a potential 
downside: it may lead to further closures of nickel mines or halt 
ongoing developments. Operations such as BHP's Nickel West are 
contemplating putting their mines under care and maintenance, while 
New Caledonia's production faces the risk of investor loss. Reports 
have surfaced of producers halting project development due to 
nickel's low price, which threatens the long-term profitability of 
projects such as IGO's Cosmos nickel project. This risk of closure 
and development halts is especially pronounced for projects with 

higher costs and lower margins, often located in regions beyond the 
current dominant producers. 

We have identified approximately 25 operating or potential mines that 
could be at risk if the current low nickel price persists, primarily 
located in Canada and New Caledonia. While closures of these nickel 
mines and production cuts may not immediately result in a significant 
undersupply of mined nickel, given that the market is currently well-
supplied, they could lead to a shortfall in supply compared with 
medium-to-long-term demand in the APS and NZE Scenario. The 
total supply loss would be around 360 kt of supply in 2030 and 280 kt 
in 2040, respectively, almost 10% of supply in each year. 

The larger concern stemming from the continuation of the current 
low-price environment is the potential closure of high-cost nickel 
mines, which would further reduce the diversity of supply in an 
already geographically concentrated market. If all at-risk nickel mines 
were to close, this would increase Indonesia's market share — the 
top nickel mining country — and the top three countries’ share by 
around 6 percentage points in both 2030 and 2040. 
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Implications: Without greater efforts to shift to less energy- and emissions-intensive processes, 
emissions from Indonesian nickel production are set to increase  

Indonesia nickel processing volumes and associated emissions 

   
IEA. CC BY 4.0. 

Notes: CO2-e = carbon dioxide equivalent; RKEF = rotary kiln electric furnace; OSBF = oxygen-rich side blowing furnace; PAL = pressure acid leaching. The low-
carbon case adopts “best case” intensities from the Minviro paper, which assume that processing operations are utilising renewable electricity and, where possible, 
non-coal thermal energy and reductants. 
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Implications: Indonesia has a major role in shaping the global nickel market

In both the base case and high production case, Indonesia’s role in 
the global nickel market continues to expand as the country boosts 
its mining, refining and nickel sulphate production capacities. 
Indonesia’s laterites ores are converted into nickel ready for 
conversion to battery-grade nickel by two methods: through 
processing to MHP or MSP through hydrometallurgical processes 
such as HPAL or the production of ferronickel or NPI through electric 
furnaces such as RKEFs, which is then converted into nickel matte.  

Emissions per tonne of nickel vary by processing method. Currently, 
the emissions intensity of nickel production is estimated to be about 
65 t CO2-e to 105 t CO2-e for RKEF and 10 t CO2-e to 60 t CO2-e for 
HPAL depending on the source of electricity and thermal energy or 
reductant utilised. These variations between processes primarily 
stem from the higher energy intensity of the laterite-to-NPI via RKEF 
process, which requires more electricity – around 500 kWh more per 
tonne of feed – as well as a greater direct use of carbon-intensive 
chemical reductants and heat energy sources.  

In 2023, the primary production route of nickel in Indonesia was 
RKEF (to produce ferronickel or NPI), which accounts for almost 90% 
of production, resulting in an estimated 150 Mt CO2 emissions from 
nickel production in the country. In both supply cases, operational 
ramp-ups and new projects in Indonesia lead to a shift in the 
production mix towards less energy-intensive processes. By 2030, 

the share of RKEF production is projected to decrease to around 80%, 
remaining stable through 2040. Meanwhile, HPAL is expected to 
increase its share of the production mix to approximately 15% by 
2030. Additionally, OSBF processes also see a growing role, rising 
from 2% of the production mix in 2023 to 6% by 2030 in the base 
case. 

This transition away from RKEF towards less energy-intensive 
processes could, on its own, lead to a reduction in the overall CO2 
intensity per tonne of refined nickel in Indonesia, from around 80 
t CO2 per tonne to around 75 t CO2 per tonne by 2030. Despite this 
decrease in average intensity, if Indonesia’s power and thermal 
energy sources for nickel processing remain dependent on coal, as 
they do today, absolute CO2 emissions from nickel refining could be 
1.4 higher in 2030 and 1.6 times higher in 2040, compared with 2023. 

Indonesia is working to shift its energy mix to cleaner sources, which, 
in line with a long-term goal of reaching net zero emissions by 2060, 
could help to reduce the carbon impact of the country’s nickel 
production. There are indications of some near-term progress by 
industry players. For example, one company is developing several 
HPAL projects while exploring replacement of coal with lower-
emissions alternatives such as gas and bioenergy. 
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https://26877240.fs1.hubspotusercontent-eu1.net/hubfs/26877240/White%20papers/Minviro_Nickel_WhitePaper_Jun2023.pdf
https://vale.com/documents/d/guest/pt-vale-laporan-keberlanjutan-2023-eng
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Global Critical Minerals Outlook 2024  

PAGE | 150  

2. Demand and supply outlook 

However, significant work remains to lower the carbon footprint of 
nickel operations, with measures that address energy demand 
requirements and emissions from power, chemical and thermal 
energy processes. As an illustration, if the Indonesian production 
processes projected in this report’s base case were to reduce their 
CO2 intensity to the "best case" levels identified in the Minviro paper, 
which assumes that processing operations utilise renewable 
electricity and, where possible, non-coal thermal energy and 
reductants, their average CO2 intensity would decline by 25% ("low-
carbon case"). Absolute CO2 emissions would be similar to today’s 
levels in 2030 and 20% higher in 2040 than today, despite the almost 
65% increase in production.  

Moreover, refining and processing operations often cause air, land 
and water pollution, in addition to significant carbon emissions, and 
there are trade-offs between the two commonly used processes for 
converting laterite ores to intermediates for battery-grade nickel. The 
process of using HPAL results in high waste production but has lower 
emissions intensity, whereas RKEF results in less waste but 
extremely high carbon emissions. 

There are other environmental issues that could arise from 
Indonesia’s growing role in the nickel market. The shallow, open-pit 
mining methods used in Indonesian nickel production have led to 
significant deforestation and the clearing of farmland. Research 
estimates that the direct land footprint of nickel mining in Indonesia 
amounts to 42 m2 per tonne of nickel contained in ore. Under the base 
case production, this would equate to around 800 km2 of additional 
land use impact between today and 2030.  

In addition, tailings management associated with HPAL production is 
a persistent issue. While initial proposals for deep-sea tailings 
placement were dropped over environmental concerns, the 
alternative, land-based dry tailings stacking, still faces technical 
challenges driven in part by Indonesia’s warm and humid climate. 
Hydrometallurgical waste from HPAL plants can be neutralised, dried 
and compacted by lining with geotextiles or thick clay layers to 
prevent waste stream leakage. However, significant investments in 
drainage and filtration systems are required to mitigate the impacts 
of high rainfall.
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https://26877240.fs1.hubspotusercontent-eu1.net/hubfs/26877240/White%20papers/Minviro_Nickel_WhitePaper_Jun2023.pdf
https://www.ft.com/content/cd1fd7f3-b3ea-4603-8024-db75ec6e1843
https://www.sciencedirect.com/science/article/pii/S2214790X24000194
https://www.sciencedirect.com/science/article/pii/S2214790X24000194
https://www.reuters.com/article/idUSKBN2A50VG/
https://www.reuters.com/article/idUSKBN2A50VG/
https://www.tailings.info/disposal/drystack.htm
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 The use of captive power for nickel in Indonesia 
 

 One of the main drivers behind high emissions intensity of 
Indonesia’s nickel is the reliance of the country’s power on fossil 
fuels, especially coal, which make up 81% of the on-grid electricity 
mix. Approximately a quarter of current coal-generated power in the 
country is not grid-connected, known as “captive power”, and serves 
energy-intensive industries, especially minerals processing, which 
are viewed as important to realising Indonesia’s industrial strategy. 
Coal plants integrated with industries that support value addition in 
the natural resources sector or have a major contribution to job 
creation and/or national economic growth are exempted from the 
moratorium on development in Perpres No. 112/2022. 

Over the last ten years, Indonesia has seen an increase in captive 
coal power capacity, which rose nearly eightfold from 1.4 GW to 
10.8 GW. Without a shift in the business plans, technology choices 
and regulation of such plants, growth is likely to continue, with 
estimates of the pipeline for new captive coal power ranging from 
14.4 GW to over 20 GW by 2030.  

Around two-thirds of existing captive coal plants service the 
operating nickel smelters in the country, which are located in places 
that are not well integrated with the grid-connected power system.  

 Growth in smelter capacity and captive power to support it was 
driven in part by the country’s export ban of nickel ores in 2020. In 
Central Sulawesi, the location of the Morowali Industrial Park, there 
is almost 1 Mt of production capacity and about 2.7 GW of captive 
coal power in operation, with a further 2.8 GW under construction. 
The locations of many of the other nickel refining operations in the 
country – Obi Island and Weda Bay – also have many operating and 
planned captive power operations.  

To prevent a substantial rise in CO2 emissions as nickel production 
expands, Indonesia will need to accelerate the uptake of low-
emissions alternatives to captive coal power and find ways to phase 
out existing captive coal plants, as part of an overall strategy to shift 
Indonesia’s nickel sector to a low-emissions pathway. The Just 
Energy Transition Partnership plans to develop a study on 
transitioning the captive power sector, building on Perpres No. 
11/2022. Indonesia also released an Indonesian Taxonomy for 
Sustainable Finance which incorporates provisions for financing 
coal plants, aiming to expedite their closure. However, according to 
the taxonomy, new captive coal plants may be classified as a 
transition asset, and thus still eligible for finance, if involved in the 
processing and mining of critical minerals for the energy transition, 
such as nickel. 
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https://energyandcleanair.org/wp/wp-content/uploads/2023/10/CREA_GEM-Indonesia-Captive-Briefing_EN_09.2023.pdf
https://climate-laws.org/document/presidential-regulation-no-112-of-2022-on-accelerated-development-of-renewable-energy-for-electricity-supply-413a
https://energyandcleanair.org/wp/wp-content/uploads/2023/10/CREA_GEM-Indonesia-Captive-Briefing_EN_09.2023.pdf
https://energyandcleanair.org/wp/wp-content/uploads/2023/10/CREA_GEM-Indonesia-Captive-Briefing_EN_09.2023.pdf
https://energyandcleanair.org/wp/wp-content/uploads/2023/10/CREA_GEM-Indonesia-Captive-Briefing_EN_09.2023.pdf
https://www.adb.org/sites/default/files/project-documents/55124/55124-001-tacr-en_1.pdf
https://www.iea.org/policies/16084-prohibition-of-the-export-of-nickel-ore
https://energyandcleanair.org/wp/wp-content/uploads/2023/10/CREA_GEM-Indonesia-Captive-Briefing_EN_09.2023.pdf
https://energyandcleanair.org/wp/wp-content/uploads/2023/10/CREA_GEM-Indonesia-Captive-Briefing_EN_09.2023.pdf
https://www.iea.org/reports/navigating-indonesias-power-system-decarbonisation-with-the-indonesia-just-energy-transition-partnership
https://www.iea.org/reports/navigating-indonesias-power-system-decarbonisation-with-the-indonesia-just-energy-transition-partnership
https://en.antaranews.com/news/306528/ojk-publishes-taxonomy-for-indonesian-sustainable-finance
https://en.antaranews.com/news/306528/ojk-publishes-taxonomy-for-indonesian-sustainable-finance
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Implications: A price premium for low-emissions nickel?

As low-cost, high-emissions Indonesian nickel has come at scale to 
the global nickel market, market stakeholders have called on policy 
makers to support pricing mechanisms that can support the market 
for more sustainably produced nickel. However, the London Metal 
Exchange (LME) rejected calls to create traded contract 
specifications that would support a price premium for low-emissions 
or responsible nickel, citing concerns about market liquidity and 
interest as well as a lack of an agreed definition of “green.”  

Instead, the LME has highlighted its partnership with Metalshub, a 
digital platform for metals procurement and trading, as a way to help 
market participants assess potential premiums for "cleaner" nickel. 
Metalshub, in collaboration with a consultancy Minviro, plans to 
integrate nickel’s carbon footprint data into the Metalshub 
procurement platform. While Metalshub does not play an active role 
in facilitating price determination in the way that an exchange like 
LME does, its recent announcement to begin reporting volumes of 
low carbon Class 1 nickel could contribute to market-based price 
discovery for a “green premium.” LME and Metalshub have defined 
“low-carbon” nickel as having a carbon footprint lower than 
20 t CO2-e.  

Similarly, Fastmarkets and Benchmark Mineral Intelligence, price 
reporting agencies, have proposed launching price assessments to 
distinguish cleaner nickel. The Fastmarkets specification would use 

self-reported transaction data to identify whether, and at what levels, 
the market is paying a premium for nickel briquettes with a carbon 
footprint of less than 18 t CO2-e, whereas Benchmark’s assessment 
considers transaction data for nickel sulphate sourced from 
companies assessed to be “industry leading” within their proprietary 
ESG scoring system.  

The Fastmarkets and Metalshub emissions thresholds would exclude 
ferronickel and NPI production due to their relatively high carbon 
footprints but may still allow some production from HPAL pathways. 
However, it should be noted that the non-emissions environmental 
impacts associated with HPAL routes may require a more holistic 
view of sustainability that goes beyond the carbon footprint alone. 

Despite efforts by market participants, it is difficult to imagine a 
significant premium emerging voluntarily, at least at a level that would 
support higher-cost producers to restart or maintain production. 
Processing and manufacturing industries are sensitive to raw 
material input prices, and voluntarily paying above market price for 
feedstock is likely to significantly impact their competitiveness. 
Regulatory intervention may need to play a key role in incentivising 
the production and consumption of responsibly sourced materials.  

Subsidies or tax credits could be used to support the production of 
responsibly sourced nickel, with those provided under existing 
provisions such as the Inflation Reduction Act given only to producers 
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https://www.lme.com/api/sitecore/MemberNoticesSearchApi/Download?id=1dcae570-87ee-422a-9596-acaa2b041f11
https://www.lme.com/en/trading/initiatives/metalshub-collaboration
https://www.metals-hub.com/blog/metalshub-partners-with-minviro-to-improve-the-transparency-of-the-metals-supply-chain/
https://www.metals-hub.com/blog/metalshub-will-start-reporting-volumes-of-low-carbon-class-1-nickel-traded/
https://www.metals-hub.com/blog/metalshub-will-start-reporting-volumes-of-low-carbon-class-1-nickel-traded/
https://www.fastmarkets.com/insights/proposal-to-launch-low-carbon-nickel-briquette-premium-cif-global/
https://www.benchmarkminerals.com/events/sustainable-nickel-prices-a-new-benchmark-for-the-industry/
https://www.iea.org/policies/16156-inflation-reduction-act-of-2022
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that source a certain percentage of their nickel supply from 
“responsibly sourced” supplies or whose upstream greenhouse gas 
emissions are below a certain threshold. In addition to its nickel 
finance assistance programme, Australia is considering introducing 
nickel production tax credits similar to those in the IRA, which 
considers giving a production tax credit of 10% to critical minerals 
producers. Such tax credits might be tied to emissions, giving 
preferential rates to low-emissions producers. 

Pricing differentiation between different sources of nickel could also 
be established through carbon pricing and trading schemes. The 
European Union's Carbon Border Adjustment Mechanism (CBAM), 
which imposes a carbon tax on imported energy-intensive goods, 
could be expanded to include other raw materials such as nickel or 
the embedded emissions in downstream products, such as stainless 
steel. Disclosure policies, such as the EU Battery Regulation which 
by 2025 will mandate battery producers to disclose the complete 
carbon footprint of EV batteries over their life cycle, could also make 
it easier for purchasers and consumers to determine the emissions 
of different nickel sources, which could support voluntary adoption. 

At a minimum, all these actions would require policy makers to 
develop criteria to distinguish between supplies based on ESG 
performance. Establishing a common understanding of what supplies 
should be prioritised would require collaboration among industry 
stakeholders, policy makers and environmental experts to develop a 
robust and widely accepted framework that takes into account not 

only greenhouse gas emissions but also other environmental and 
social impacts across the supply chain. 

All of these policies and industry actions should ensure that 
producers follow the principle of additionality, ensuring that product 
emissions are meaningfully reduced over the longer term. 
Calculations of emissions also need to be meaningful and across the 
supply chain, avoiding “greenwashing”. Policy makers can support 
this by creating regulations that mandate reporting and disclosure 
requirements for emissions. Examples include the US Environmental 
Protection Agency's Greenhouse Gas Reporting Program (GHGRP) 
which requires large metal manufacturing facilities to report their 
emissions annually under specific methodologies that incorporate 
those of the Intergovernmental Panel on Climate Change (IPCC). 

On the demand side, industry can also take actions to start 
incentivising responsible sourcing. For example, the First Movers 
Coalition aims to leverage the collective purchasing power of major 
market participants to create early markets for low-emissions steel, 
aluminium, cement, etc. By committing to purchase a proportion of 
their future supply from low-emissions sources, coalition members 
aim to send a demand signal to incentivise clean material production 
at scale. This type of approach could also be taken on a bilateral 
basis by industry players in the downstream EV market. Some of 
these players have already showed a preference for low-emissions 
nickel, such as Vale’s long-term offtake agreement with Tesla, which 
emphasised secure access to low-emissions nickel.
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https://www.demirs.wa.gov.au/sites/default/files/atoms/files/248721_nickel_financial_assistance_program.pdf
https://www.demirs.wa.gov.au/sites/default/files/atoms/files/248721_nickel_financial_assistance_program.pdf
https://amec.org.au/wp-content/uploads/2024/02/AMEC-Production-Tax-Credit-November-2023-Report_vF2.pdf
https://taxation-customs.ec.europa.eu/carbon-border-adjustment-mechanism_en
https://www.iea.org/policies/16763-eu-sustainable-batteries-regulation
https://www.iea.org/policies/15153-greenhouse-gas-reporting-program-ghgrp
https://www.epa.gov/ghgreporting/ghgrp-metals
https://initiatives.weforum.org/first-movers-coalition/home
https://initiatives.weforum.org/first-movers-coalition/home
https://vale.com/fr/w/vale-confirms-supply-deal-with-tesla-for-low-carbon-nickel
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Outlook for cobalt 
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Demand: Cobalt demand increases robustly with growing EV deployment, but to a lesser extent 
than other battery metals due to the market preference for low-cobalt or cobalt-free cathodes 

Global cobalt demand outlook by sector and scenario 
 

  
IEA. CC BY 4.0. 
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Demand: EV batteries emerge as the largest segment of cobalt demand, despite the growing 
trend towards low-cobalt or cobalt-free EV batteries

Cobalt demand has grown strongly in recent years, with traditional 
usage supplemented by uses in EV batteries. In 2023, the non-clean 
energy technology sector accounted for around 70% of total 
consumption, while EV batteries accounted for the remainder. Within 
the non-clean energy sector, portable batteries used in electronics 
represented the largest share. Although absolute demand sees a 
slight uptick, its proportion of total cobalt demand diminishes to 25% 
by 2040 in both the APS and NZE Scenario. 

Cobalt demand for EVs triples in the STEPS by 2040, grows by more 
than fourfold by 2040 in the APS and 4.5 times in the NZE Scenario 
from today. EV batteries take up the largest share of total cobalt 
consumption by the end of this decade, and their share rises to 60% 
by 2040 in the NZE Scenario. 

While demand for EV batteries continues to rise, the recent trend 
towards low-cobalt or cobalt-free batteries is slowing the pace of 
long-term growth compared with other battery metals such as lithium 
and nickel. In recent years, LFP cathode chemistries have rapidly 
expanded their market share in the EV industry, reaching a 40% 
share in 2023. Alternatives to lithium-ion batteries, particularly 
sodium-ion batteries, are also gaining traction in the EV market. It will 
take time for this relatively new technology to reach a full 
commercialisation, but the rise of alternatives implies a smaller piece 

of the EV-battery pie left for cobalt. Even among the traditionally 
popular NMC chemistries, the market is increasingly favouring 
chemistries with lower cobalt intensity. However, while alternative 
batteries with low or no cobalt are gaining traction, the overall size of 
the EV market continues to expand, supporting continued demand 
growth in the medium to long term.  

Cobalt’s role decreases steadily for battery storage, reaching 
negligible levels by 2050 in both the APS and NZE Scenario. 
Compared with EVs, storage batteries are not limited by space 
constraints, so the market is heading towards cheaper alternatives 
with lower energy density such as LFP cathode chemistries or 
sodium-ion batteries, neither of which contains cobalt. 

Outside of batteries, cobalt was used the most in superalloys integral 
to the military and aerospace industries due to its pivotal role in 
providing strong resistance to corrosion, extreme temperature and 
high pressure. Demand for cobalt in superalloys continues to remain 
robust. The industries consuming these superalloys are typically less 
price-sensitive, thus ensuring relatively stable demand, as evidenced 
by recent price trends where cobalt metal alloys consistently 
maintained higher prices than cobalt sulphate during periods of price 
downturns.
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Supply: The already high geographical concentration of both mining and refining processes 
further intensifies as current dominant players continue to expand their operations 

Cobalt production from operating and announced projects in the base case 
  

 
IEA. CC BY 4.0. 
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Supply: Analysis of announced projects suggests an increase in cobalt supply to 2030 before 
falling steadily with declining ore grades  

Expected mined cobalt supply from existing and announced projects and primary supply requirements by scenario 
 

 
IEA. CC BY 4.0. 

Notes: Based on mined output. Primary supply requirements are calculated as “total demand net of secondary supply”, also accounting for losses during refining 
operations. See Introduction for definitions of the base and high production cases.
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Supply: A tale of two suppliers: the DRC and Indonesia

The cobalt market is well supplied today. In the near term, the current 
oversupply may continue with supplies from new mines and 
previously stockpiled volumes coming online in the Democratic 
Republic of the Congo (DRC). In the long-term, global mined supply 
begins to subside from 2030 as reserves in the DRC deplete although 
strong growth from Indonesia partly offsets this decline. Future cobalt 
supply could face major challenges as the current low-price 
environment makes financing new projects more challenging. 

The DRC, the traditional No. 1 supplier 
Mined cobalt production in the DRC is poised for significant growth in 
the near future as several new mines ramp up their output. China-
based CMOC's Tenke Fungurume mine (TFM) resumed exports in 
April 2023 after resolving a royalty dispute with Gécamines, the DRC 
state-owned mining company. TFM's second-phase expansion 
began operations in the second half of 2023, with output estimated to 
reach 30 kt by 2027. Another major project by CMOC, the Kisanfu 
copper-cobalt mine started production in the first half of 2023 and is 
expected to contribute an average of 30 kt of cobalt per year by 2026 
once it reaches full capacity. The Kinsevere copper mine's expansion 
under the China-based MMG Group, commenced operations in 2023 
and is anticipated to produce 5 kt of cobalt annually in the near term. 
The cobalt output from China-based Jinchuan Group International 
Resources, which operates an open-pit Ruashi mine and is currently 

advancing the underground Musonoi mine in the DRC, is expected to 
surge by 75% to 10 kt in 2024. These sizeable new cobalt mines are 
anticipated to contribute significant volumes to the near-term supply 
pool, countering the slower production from non-Chinese major 
cobalt miners. 

In the long term, existing mines in the DRC are likely to reduce their 
supply or close down due to diminishing ore grade and increasing 
production cost, resulting in a 15% drop in production from today’s 
level by 2040 in the base case. Glencore’s Mutanda mine may 
experience a reduction of up to 15% in annual production due to the 
depletion of oxide ore deposits on the surface. To sustain production 
levels, the cobalt-rich DRC would need to explore new deposits, 
re-evaluate old tailings, or transition its open-pit mines to 
underground operations. It is important to highlight that the DRC still 
possesses substantial high-grade resources. However, unlocking 
this potential necessitates new investments, a task that may pose 
challenges during periods of weak cobalt prices and ample market 
supply although robust copper prices could help.  

Indonesia, the fast-rising second place 
As of 2023, Indonesia had ascended to become the world’s second-
largest cobalt supplier. Indonesia’s cobalt production rose by almost 
20 times in the last four years since the Indonesian government 
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nickel ore export ban drove an influx of investments in domestic 
nickel-cobalt processing operations including HPAL facilities. In the 
base case, Indonesia’s cobalt production more than doubles to 2030, 
reaching 50 kt. In the high production case, its supply is estimated to 
reach 80 kt by 2030, constituting 23% of global cobalt supply, 
nudging the DRC’s production share down from 65% in 2023 to 50% 
by 2040. 

Cobalt as a by-product 
Cobalt is mostly extracted as a by-product of copper ore or nickel ore. 
Traditionally, the primary mineral from which cobalt is refined as a by-
product has been copper due to the abundance of copper-cobalt 
mines in the DRC. Copper accounts for almost 70% of the primary 
mineral of cobalt’s supply today. However, declining ore quality of 
existing copper-cobalt mines in the DRC limits its supply post-2030 
in the base case, reducing copper’s share to below 60% by 2040. 
Primary cobalt mines continue to take a small part, most of which 
comes from ASM in the DRC. Its share takes up less than 5% of the 
total cobalt primary supply throughout 2040 in our base case. 

Nickel plays a growing role as a primary mineral for cobalt production 
with the rise of Indonesia’s nickel production. Today, 30% of the 
primary mineral refined into cobalt has been from nickel plays, and 
this share rises to almost 40% by 2040 in our base case. 

Primary resources from which cobalt is produced 

 
IEA. CC BY 4.0. 

Sources: IEA analysis based on Wood Mackenzie and S&P Global. 

Low cobalt price threatens future production 
With the weak cobalt prices persisting, mining projects are witnessing 
delays as project developers are forced to seek additional funding for 
future production. Trafigura, a commodity trading company, is now 
forced to seek an additional USD 200 million to USD 300 million 
investment, which is worth almost half the initial USD 600 million 
syndicated financing and marketing deal from 2022 with Chemaf SA, 
a mining company operating in the DRC. Had the project been 
completed by the end of 2023 as originally planned, the Mutoshi mine 
alone would have become the world’s third-largest cobalt mine with 
capacity reaching 16 kt of annual cobalt hydroxide in its full form.  
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https://www.reuters.com/markets/commodities/trafigura-seeks-extra-funds-congo-project-costs-over-run-bloomberg-news-2023-08-02/
https://chemaf.com/our-business/pipeline-and-reserves/#:%7E:text=Mutoshi%20Project&text=This%20project%20comprises%20a%20fully,cobalt%20contained%20in%20cobalt%20hydroxide.
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High inflation has compounded the challenges posed by the low 
cobalt prices. This caused the suspension of final construction of 
Idaho Cobalt Operations in March 2023, which would have been the 
only primary cobalt mine in the United States with an annual 
production capacity of 2 kt. The CEO of the project’s developer, 
Jervois Global, argued that prices would have to double or additional 
government support would be needed to complete the construction.  

Despite the unfavourable market conditions, there are some 
developers willing to finance new projects. Kazakh miner Eurasian 
Resources Group announced it would invest USD 800 million to 
revamp its Comide copper and cobalt mine including the construction 
of hydrometallurgical plant and drilling programme in October 2023. 
The plant is set to come online in different phases which would reach 
up to 15 kt of annual cobalt hydroxide output once its full capacity is 
met. 

The weak prices also triggered actions or considerations to stockpile 
cobalt. China has notably taken advantage of the low cobalt price. 
The National Food and Strategic Reserves Administration, the 
government’s stockpiling body, agreed to buy around 5 kt of cobalt in 
July 2023 and 3 kt in October. As the low price persists, there could 
be additional stockpiling schemes introduced from the government. 
The United States also reportedly considered adding cobalt to its 
stockpiling list. While stockpiling plans of the Defense Logistics 
Agency (DLA) that run from October 2023 to September 2024 
ultimately did not include cobalt, the United States’ efforts to diversify 

its cobalt supply sources coupled with low commodity price could 
lead to new stockpiling activities. 

Smelting and refining 
After mining, copper-cobalt or nickel-cobalt concentrates are 
obtained through mineral processing techniques including crushing, 
screening, drying, flotation or magnetic separation (though cobalt 
produced from HPAL facilities does not require significant 
beneficiation). Then, primary extraction using hydrometallurgical or 
pyrometallurgical methods take place typically close to the mines. 
This process produces matte, oxides, nickel-cobalt intermediates, 
and other co-products, which are then usually shipped overseas for 
further refining. 

Cobalt refining continues to remain geographically concentrated in 
our base case. Today, China is responsible for more than 75% of the 
global refined cobalt supply, and its share remains at a similar level 
to 2040 in the base case. Finland and Japan account for around 9% 
and 3% of refined cobalt supply in 2023 respectively, and their shares 
sustain to 2040. 

Among many forms of refined chemistries, cobalt sulphate used in 
EV batteries sees the largest increase in demand. In the base case, 
cobalt sulphate supply increases by more than 50% by 2030 and 
more than doubles in the high production case. This helps to meet 
the sulphate supply requirements in the APS in 2030, helped by 
growing secondary supply.
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https://wcsecure.weblink.com.au/pdf/JRV/02648644.pdf
https://www.bloomberg.com/news/features/2024-02-20/us-china-washington-ramps-up-hunt-for-ev-metals-to-secure-its-own-supplies?embedded-checkout=true
https://www.reuters.com/article/erg-mine-copper-cobalt/kazakh-miner-erg-plans-800-million-revamp-of-drc-copper-cobalt-mine-idUSL4N3BQ3GD/
https://www.reuters.com/article/erg-mine-copper-cobalt/kazakh-miner-erg-plans-800-million-revamp-of-drc-copper-cobalt-mine-idUSL4N3BQ3GD/
https://www.bloomberg.com/news/articles/2023-07-03/china-said-to-boost-state-cobalt-reserves-after-tumble-in-prices
https://www.bloomberg.com/news/articles/2023-10-23/china-plans-to-buy-more-cobalt-for-reserves-after-prices-plunge?embedded-checkout=true
https://www.reuters.com/markets/commodities/us-explored-adding-more-cobalt-defence-stockpiles-sources-say-2024-03-18/#:%7E:text=The%20NDS%20%22lacks%20sufficient%20cobalt,now%20estimated%20at%20333%20tons%22.
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 The role of artisanal small-scale mining in cobalt supply 
 

 The ASM sector in the DRC has historically made up a significant 
but variable share of global cobalt supply, accounting for an average 
5-15% of the total.  

The sector is highly variable depending on the price of cobalt, with 
higher prices incentivising more ASM activities. Due to lower cobalt 
prices, in 2023 ASM made up approximately 4 kt of cobalt supply, 
accounting for only 2% of demand. In our base case, supply from 
ASM increases to 7 kt in 2030 and almost 10 kt in 2040. However, 
as global mined supply climbs in response to demand for cobalt for 
the energy transition, ASM accounts for a smaller share of supply 
moving forward. 

Due to ASM’s sensitivity to market fluctuations, the sector has 
historically played an important role in maintaining market stability: 
ASM sites take much less time to begin production compared with 
larger industrial operations, allowing traders and producers to top 
up supplies during shortages or sell off volumes when other sources 
are in surplus. This flexibility helps to balance supply and demand, 
with ASM acting as swing producers. However, as ASM supplies 
are projected to take up a smaller share of supply moving forward, 
their role as swing producers may be diminished. 

 The sector has historically been associated with human rights 
abuses due to its unregulated and informal nature. Disengaging 
entirely from ASM as a strategy does not constitute responsible 
sourcing and may exacerbate the root causes of child labour. To 
varying extents, ASM offers socio-economic advantages; losing 
these may heighten the local community’s vulnerability to other 
forms of exploitation. 

There have been various efforts to formalise the sector over the 
years. In 2019, the DRC government created the Entreprise 
Générale du Cobalt (EGC), a state-owned enterprise which is 
intended to hold the sole right to purchase, treat, transform, sell and 
export cobalt extracted by artisanal and small-scale miners in the 
DRC. The entity released a Responsible Sourcing Standard 
document in 2021, outlining its steps for formalising the sector. 
However, the EGC has not been fully operationalised since it was 
established. 

Formalisation of the sector could mitigate the worst forms of child 
labour, but could bring some unintended consequences as well. 
Addressing poverty at its core is essential for a lasting solution. This 
requires ongoing collaboration across actors and sustained 
community engagement. 
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https://mneguidelines.oecd.org/trends-in-stakeholder-reporting-mineral-supply-chains.pdf
https://mneguidelines.oecd.org/trends-in-stakeholder-reporting-mineral-supply-chains.pdf
https://mneguidelines.oecd.org/Interconnected-supply-chains-a-comprehensive-look-at-due-diligence-challenges-and-opportunities-sourcing-cobalt-and-copper-from-the-DRC.pdf
https://mneguidelines.oecd.org/Interconnected-supply-chains-a-comprehensive-look-at-due-diligence-challenges-and-opportunities-sourcing-cobalt-and-copper-from-the-DRC.pdf
https://issuu.com/oecd.publishing/docs/local_content_requirements
https://www.trafigura.com/media/zy2jpesz/2021_trafigura_egc_responsible_sourcing_standards_en.pdf
https://bhr.stern.nyu.edu/cobalt-2023
https://doi.org/10.1016/j.exis.2021.02.004
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Implications: Environmental and logistical bottlenecks mean that reliable cobalt supplies are far 
from assured

Environmental consequences from low-quality ores 
Cobalt mining practices are becoming more energy-intensive as 
copper-cobalt mines in the DRC near depletion and HPAL facilities in 
Indonesia take on a larger role in global cobalt extraction. 

As existing DRC mines edge closer to depletion, the country would 
have to develop new mines or dig wider and deeper in their existing 
open-pit and underground mines. The process of seeking better 
quality copper-cobalt ores would involve significant energy uses and 
emissions. 

Moreover, the increasing cobalt extraction from nickel mines in 
Indonesia is raising concerns on top of the existing environmental 
challenges. HPAL technology uses sulphuric acid at high pressure 
and temperature to recover nickel and cobalt separately from low-
grade deposits of nickel laterite ore. Additionally, new coal plants 
have often been added near HPAL facilities to accommodate an 
increase in power demand and provide affordable source of power to 
enhance the price competitiveness of mineral supply. 

In recent years, there has been a notable increase of the China-
backed Indonesia-based HPAL operations such as PT Halmahera 
Persada Lygend, PT Huayue Nickel Cobalt, PT QMB New Energy 
Materials and PT Huayou. In the high production case, almost half of 

the cobalt supply in 2040 is refined from laterite ore from today’s level 
of less than 30%. 

Cobalt mining has traditionally been supported by hydropower in the 
DRC, which led to relatively lower-emissions intensity associated with 
production. However, a combination of more energy-intensive 
operations in the DRC and the rise of Indonesia means that the 
average emissions intensity associated with cobalt production is set 
to rise substantially as production grows. This makes a strong case 
for strengthened regulatory and industry efforts to reduce emissions 
from cobalt production operations. 

Risks of supply concentration 
High concentration of cobalt mining in a single country owned and 
operated by foreign mining entities has shown the challenge of 
maintaining a secure supply. As exemplified by the recent disputes 
between the DRC government and foreign miners, the state’s 
endeavour to gain more control over its mines is forming into royalty 
disputes and sanctions on some of the largest mines in the world.  

Notably, the DRC state-owned Gécamines had suspended China-
based CMOC’s TFM, the world’s second-largest cobalt mine, in July 
2022 after an escalation in royalty dispute. CMOC holds an 80% 
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stake in the TFM copper-cobalt ore project and Gécamines holds 
20%. The mine resumed export in April 2023 after CMOC struck a 
USD 2 billion deal – a USD 800 million settlement between 2023 and 
2028 and at least USD 1.2 billion in dividends. 

More recently in April this year, the DRC suspended nine 
subcontractors working at mines run by the Kazakhstan-backed 
Eurasian Resources Group alleging that the firms are not controlled 
by Congolese nationals as required by law. The sanction affects 
companies’ operations under contracts, including Metalkol, the 
fourth-largest cobalt supply source in 2023. 

Risks of potential supply disruptions from the world's largest cobalt 
supplying nation persist, amid an ongoing tug of war between the 
DRC administration and foreign miners over ownership stakes in the 
region's vast copper and cobalt resources. 

Logistic constraints: Rocky roads from mines to ports 
There are also risks associated with logistics due to the fragile 
transportation infrastructure connecting the copper-cobalt mines in 
Central Africa located far inland to the nearest ports, the export 
corridors that would ship raw minerals overseas for refining. 

A large portion of DRC production currently relies on trucks to be 
transported over long distances by road, passing through several 
borders. Trucks would generally transport minerals from the so-called 
copper belt to Indian Ocean ports such as Beira in Mozambique, Dar 

es Salaam in Tanzania or Durban in South Africa, which take 17, 20 
and 25 days, respectively. The road networks are inconsistent with 
large sections in need of significant maintenance and improvement. 
In rainy seasons, many roads become inoperable. 

Truck deliveries have raised concerns for being more costly, slow and 
unreliable compared with railways. In October 2023, thousands of 
truckers in the DRC went on strike demanding logistics firms to pay 
an extra risk allowance of USD 700 per journey. The strike blocked 
exports of copper and cobalt produced by some of the biggest 
producers including CMOC’s Tenke Fungurume, Glencore’s Kamoto, 
Ivanhoe Mines’ Kamoa-Kakula, and Sicomines’ Mashamba West 
until coming to an end in November. These events related to logistics 
underscore that the possibility of short-term supply disruptions cannot 
be ruled out, even though overall supply and demand balances may 
appear stable. 

As logistical issues disrupt secure upstream supply, railway 
transportation via the Lobito Corridor has gained momentum in recent 
years. The corridor is an agreement to construct railways and 
supporting infrastructure to connect mines in Central Africa to the 
Angolan port city of Lobito. 

The United States and Europe recently announced significant 
financing plans for the Lobito Corridor to enhance material shipments 
via the Atlantic Ocean. In July 2023, the Lobito Atlantic Railway 
company secured a 30-year concession to provide railway services, 
contingent on investing USD 100 million in the DRC and USD 455 
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https://www.bloomberg.com/news/articles/2023-07-18/china-s-cmoc-strikes-2-billion-deal-to-end-congo-mining-dispute
https://www.bloomberg.com/news/articles/2024-04-04/congo-suspends-erg-subcontractors-at-major-cobalt-mine
https://www.bloomberg.com/news/articles/2024-04-04/congo-suspends-erg-subcontractors-at-major-cobalt-mine
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/metals/042924-duelling-rail-projects-hint-at-intensifying-contest-for-africas-critical-minerals
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/metals/042924-duelling-rail-projects-hint-at-intensifying-contest-for-africas-critical-minerals
https://www.trafigura.com/news-and-insights/press-releases/2023/concession-for-railway-services-transferred-to-lobito-atlantic-railway-in-angola/
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million in Angola through a public-private financing arrangement. In 
October 2023, the United States, the European Union, the African 
Development Bank, and the Africa Finance Corporation signed a 
MoU to co-operate on extending the Lobito Corridor, under the 
shared vision. 

Initial trial shipments via the Lobito Corridor began in December 
2023, loading copper from Kamoa-Kakula in Kolwezi and reaching 
the port of Lobito in just eight days. In February 2024, Canada’s 

Ivanhoe Mines and Trafigura became the first long-term users of the 
corridor. Meanwhile, China proposed a USD 1 billion project to 
upgrade the Tazara railway connecting Zambia’s copper belt to the 
port of Dar es Salaam in Tanzania. While the extent of the 
refurbishment plan remains unclear, the revitalisation of railways 
connecting Central Africa to both the Atlantic and Indian Oceans 
would help address some of the major logistical issues the region has 
long suffered from.
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Outlook for graphite 
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Demand: Batteries are driving demand growth for graphite to 2040, with demand from electric 
arc furnaces for steel production also rising fast 

Global graphite demand outlook by sector and scenario 
 

 
IEA. CC BY 4.0. 

Notes: EAF = electric arc furnace. Demand is for raw natural flake graphite and synthetic graphite. 
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Demand: As graphite maintains its dominant position in anodes, its demand is supercharged in 
climate-driven scenarios by the rapid deployment of EVs and battery storage

Graphite, a form of carbon commonly known for its use in pencil 
cores, traditionally serves various technical applications: as a 
lubricant, an electrical conductor, a refractory material or simply as a 
source of raw carbon. Historically, the metallurgical industry has been 
the primary consumer of graphite, employing it in crucibles, as an 
input for steelmaking and as electrodes in electric arc furnaces. 
However, the battery industry is rapidly emerging as the leading 
consumer of graphite, with projections indicating it may account for 
over half of total demand by the late 2020s. 

Graphite’s expanding role in battery anodes contributes to a robust 
short-term growth outlook, with global demand projected to double by 
2030 in the STEPS. By 2040, total graphite demand reaches 13 Mt 
in this scenario. Meeting announced climate pledges in the APS 
pushes up demand further close to 16 Mt by 2040 and to 18 Mt in the 
NZE Scenario, a fourfold increase from today’s levels. 

The EV industry emerges as a primary consumer of graphite. In the 
APS, this sector consumes 5.4 Mt in 2030, higher than current global 
production levels, representing 60% of total demand. Battery storage 
is also a significant contributor to demand growth. When considering 
other battery applications, such as those in electronics, the demand 
for graphite related to batteries – requiring specific grades and 

dedicated supply chains – is expected to account for 65% of total 
demand by 2040, compared with the 33% today. 

In EV batteries, while silicon is increasingly being doped in graphite 
anodes, it is unlikely to challenge graphite’s dominant position in the 
short term. However, we expect a continued shift towards higher 
silicon contents over time. This trend, coupled with the adoption of 
alternative anode chemistries such as lithium metal anodes, high 
silicon anodes (exceeding 50% silicon content) and hard carbon 
(used in sodium-ion batteries), gradually affects the pace of graphite 
demand growth in the longer term, leading to a moderate reduction 
in graphite demand in batteries post-2040. However, the speed of 
deployment of these alternative chemistries depends on overcoming 
significant technical and scaling challenges, such as ensuring high 
cycle life and resisting volume changes. 

In both the APS and NZE Scenario, there is a notable shift towards 
the increased use of electric arc furnaces over traditional blast 
furnaces, especially in Europe, aiming to decrease emissions 
associated with steel production. This increases demand for graphite 
electrodes, primarily based on synthetic graphite. By 2040, graphite 
demand for metallurgical applications reaches 3.4 Mt in the APS and 
3.8 Mt in the NZE Scenario, up from 1.5 Mt today.
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Supply: New natural graphite mining projects emerge in diversified regions, notably in Africa, 
but the production of battery-grade graphite remains highly concentrated 

Total and battery-grade graphite supply from existing and announced projects in the base case 
 

 
IEA. CC BY 4.0. 

Notes: Total supply includes all grades of mined and synthetic graphite. Refined battery-grade supply includes spherical graphite made from natural flake graphite 
and synthetic anode production.
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Supply: Options to synthesise graphite allow for sufficient supply volumes, but natural 
deposits are better able to support cheaper, diversified and less energy-intensive supplies  

Graphite is found and extracted from natural geological deposits in 
various forms (vein, amorphous, flakes). However, since the turn of 
the 20th century and the discovery of the Acheson process, the 
mineral can also be synthesised from fossil fuel-based products, such 
as petroleum coke, with an emissions-intensive process.  

Most battery producers globally are heavily reliant on China for 
graphite anodes. While sizeable natural graphite anode capacities 
exist outside of China, they depend almost entirely on refined 
graphite supply from China and exhibit low utilisation rates. 

Battery-grade graphite supply 

 
IEA. CC BY 4.0. 

Mining, a limiting factor to natural anode supply 
Currently, natural graphite mining is dominated by China, accounting 
for 80% of global production. In the base case, mined natural graphite 
reaches 2.7 Mt in 2030 and 3 Mt by 2040. The share of China 
declines to 70% in 2030 due to the growth of two emerging producers: 
Mozambique, notably with the Ancuabe project (60 kt), and 
Madagascar, with the Molo project (150 kt). Additionally, new players 
are emerging in Canada, India, Australia and Tanzania (Nachu 
project, 130 kt), aiming to cater to the growing battery market. 

Not all forms of natural graphite are suitable for entry into the battery 
supply chain. Manufacturers use natural flakes, from medium and 
fine grades, and their availability emerges as a key limiting factor in 
scaling up battery-grade anodes based on natural graphite. The 
production of natural battery anodes involves multiple steps, 
including spheronisation, a process of reshaping the graphite flakes, 
involving over 50% material losses. In the base case, the need for 
natural graphite anode supply reaches 750 kt by 2030, and this 
requires close to 1 700 kt of fine- and medium-grade flakes. Of the 
total 2 700 kt of graphite mined in 2030, about 70% is likely to be 
suitable grades. This brings the battery-grade flake market slightly 
above equilibrium, limiting the potential for additional natural graphite 
supply to the battery anode market. Additional mining capacities are 
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required to meet the necessary volumes of natural graphite anodes 
post-2030 in climate-driven scenarios. 

Refined natural graphite: A major diversification issue 
While some progress has been achieved in diversifying the mining of 
natural graphite, the production of spherical graphite, a refined form 
of natural graphite, remains highly concentrated. Currently, China 
accounts for 99% of the global market for spherical graphite. 
Although some downstream operations, such as coating and 
purification, are occasionally conducted overseas, industrial players 
in these processes become highly dependent on China for their 
feedstock supplies. 

The industry is developing new projects in geographically diverse 
areas, with a growing number of integrated projects. These include 
Northern Graphite (80 kt) and Nouveau Monde (32 kt) in Canada, 
Syrah resources (38 kt) in the United States and several projects in 
Europe, such as Talga resources of Sweden (12 kt). If these projects 
come online as planned, the share of China in spherical graphite 
supply is set to fall to 85% in 2030 and 80% in 2040 in the base case.  

Synthetic supply brings equilibrium to demand, at a cost 
Due to constraints on natural graphite supply, synthetic graphite 
production is increasing its share in batteries although its production 
is also dominated by a single player, China. Synthetic graphite has 
been largely used for other applications, notably electrodes, which 

required lower-quality products. However, in recent years, battery-
related synthetic graphite production has surged from zero to 40% of 
total synthetic graphite supply, rising to 55% by 2040. Synthetic 
graphite became a dominant input for battery anodes, commanding 
an 80% market share. 

Use of mined natural and synthetic graphites in batteries 

 
IEA. CC BY 4.0. 

Synthesis of graphite requires the supply of needle coke, a 
co-product from the oil and coal industries. There are surplus 
capacities to produce needle coke today, mostly in China, meaning 
that the supply of needle coke is unlikely to be a limiting factor for 
synthetic graphite supply in the near term, but this may change in the 
long term in climate-driven scenarios. 
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Implications: The large pipeline of announced synthetic capacities has the potential to balance 
the market, although this may lead to increased supply concentration and higher emissions 

Expected graphite supply from existing and announced projects and primary supply requirements by scenario 
 

 
IEA. CC BY 4.0. 

Notes: Primary supply requirements are calculated as “total demand net of secondary supply”. See Introduction for definition of the base case.
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Implications: Diversification is urgently needed but faces significant challenges  

In the base case, the anticipated supply of battery-grade spherical 
graphite and synthetic graphite is projected to be adequate to meet 
near-term demand. However, sustaining the long-term demand 
trajectory will require additional production volumes. The supply of 
battery-grade natural flake graphite may turn to deficits over the next 
decade. However, it should be noted that there is a substantial 
number of announced synthetic anode projects, primarily in China, 
exceeding the scale required in the NZE Scenario. Many of these 
projects are likely to experience low utilisation rates or may not come 
to fruition. However, this implies that any short supply of battery-
grade natural graphite could result in a further increase in the share 
of synthetic graphite to offset the deficit. 

However this comes at a cost. The extraction and conversion of 
synthetic graphite involves significantly higher greenhouse gas 
emissions compared with its natural equivalent, as it involves an 
electricity-intensive process relying on fossil resources. Although less 
energy-intensive graphite synthesis projects and techniques exist, 
such as lengthwise graphitisation, a higher proportion of synthetic 
graphite in anodes is expected to result in significantly greater GHG 
emissions during battery production. Nonetheless, some projects 
developed in areas with low-emissions power generation sources 
claim to achieve significant reductions in emissions compared with 
current supply chains.  

Moreover, China currently accounts for the vast majority of existing 
and planned synthetic graphite production capacity. Therefore, a 
further increase in the share of synthetic graphite in batteries would 
reinforce China's dominance in this sector. 

Following germanium, gallium and rare earth elements-related 
technologies, graphite is now subject to a system of export licences 
from China since December 2023. These controls specifically focus 
on graphite for battery grades (flake graphite, spherical graphite, 
high-purity products), considered “highly sensitive”, and exclude 
lower-quality grades, such as electrodes for metallurgical 
applications. 

These controls can have numerous ripple effects. The announcement 
has placed pressure on anode producers overseas to stockpile 
significant volumes. As implementation commenced in January 2024, 
export volumes to key anode producers in Japan and Korea 
plummeted well below previous monthly averages before returning to 
normal levels in March. Customers can apply for licences with a six-
month validity, a process that requires disclosure of the end user, 
creating significant rigidity in trade and discouraging risk-averse 
investors from expanding downstream capacities. 

Currently, 45% of EV and storage batteries are sold and installed 
outside of China, translating into 350 kt of graphite content in their 

IE
A

. C
C

 B
Y

 4
.0

.

1ea 

https://www.vianode.com/sustainability/life-cycle-assessment/
https://www.iea.org/policies/17933-announcement-on-the-optimisation-and-adjustment-of-temporary-export-control-measures-for-graphite-items


Global Critical Minerals Outlook 2024  

PAGE | 176  

2. Demand and supply outlook 

anodes. By 2030, this implied demand outside of China is set to reach 
2.2 Mt in the APS and 3.5 Mt in the NZE Scenario. When the 35% 
threshold for the share of a single supplier, targeted in the EU Critical 
Raw Materials Act, is applied, this means that 1.3 Mt needs to come 
from regions outside of China.  

In the base case, the expected supply outside of China falls 
significantly short of these material requirements. While additional 
projects in the early stage, not included in the base case, could 
narrow the gap somewhat — such as those in the United States, 
Korea, Saudi Arabia, India, Norway and Finland — the anticipated 
supply may still not be sufficient to meet the requirements. This 
indicates that achieving the diversification ambitions outlined in 
recent policy measures would be highly challenging without 
significant efforts to expedite the development of projects in 
geographically diverse regions. These projects would, however, need 
to move ahead amid strong competition from incumbent players and 
significant announced overcapacities in China, which may require 
strategic and co-ordinated support from governments.  

Ex-China battery-grade graphite requirements and pipeline of 
probable projects in the NZE Scenario 

 
IEA. CC BY 4.0. 

Note: High diversification case assumes that a number of early-stage projects 
in geographically diverse regions come to fruition.  
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Outlook for rare earth elements 
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Demand: Demand for magnet rare earth elements doubles between today and 2050 in climate-
driven scenarios  

Global magnet rare earth elements demand outlook by sector and scenario 

  
 IEA. CC BY 4.0 

Notes: REE = rare earth elements. The figures are for magnet REE only.
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Demand: EV motors and wind turbines drive demand for rare earth elements

Rare earth elements (REE) are a set of 17 nearly indistinguishable 
silvery-white soft metals. Several of these are often found together in 
many known deposits. Though relatively plentiful in the entire Earth’s 
crust, they have garnered the label “rare” because of how unusual it 
is to find them in a pure form. Rare earth elements are usually 
classified into light rare earths (LREE) such as lanthanum, cerium, 
praseodymium, neodymium, samarium and europium; and heavy 
rare earths (HREE) such as gadolinium, terbium, dysprosium, 
holmium, erbium, thulium, ytterbium, lutetium, scandium and yttrium. 
Light rare earths are often used in water purifiers (cerium) and 
hydrogen absorbers (lanthanum) and as stabilisers in catalytic 
compounds (lanthanum and cerium). Heavy rare earths are used to 
produce more energy-efficient phosphors for the displays of 
computers and phones as well as fluorescent lamps (yttrium and 
terbium) and in fibre optic cables and repeaters (terbium). 

Neodymium and dysprosium can handle a greater saturation 
magnetisation than more common magnetic elements such as iron, 
which allows for fabrication of stronger and smaller magnets. 
Combined with other elements, these magnets (NdFeB magnets) are 
among the strongest magnets in the industry, able to withstand 
temperatures as high as 230⁰ C. This section presents analysis and 
insights largely focusing on the four rare earth elements that are 
commonly used to manufacture modern permanent magnets: 

neodymium (Nd) and praseodymium (Pr) are the primary elements, 
while dysprosium (Dy) and terbium (Tb) are commonly used as 
additives to enhance the performance of Nd-Pr-based magnets.  

Magnets made with these elements play a very important role in clean 
energy transitions as they are used in automotive traction motors for 
EVs as well as in wind turbine motors. Electric motors and generators 
driven by rare earth permanent magnets represent the most energy-
efficient devices developed so far, making energy savings of about 
20-40% compared with ordinary motors. Moreover, the addition of 
small quantities (1-2 kg) of these magnet rare earth elements in a 
motor can dramatically reduce (60-80 kg of lithium, nickel, cobalt) the 
requirements for other critical minerals needed for an EV.  

The global demand for magnet REE nearly doubled between 2015 
and 2023 to reach 93 kt, while the share of clean energy 
technologies, driven by new EV sales and wind turbine deployments 
to meet climate ambitions, has expanded from just 8% to nearly 18% 
during the same period. In the APS, we see total magnet REE 
demand reaching 131 kt by 2030 and further to 181 kt by 2050, with 
the share of demand from EV motors rising most sharply from 7% in 
2023 to nearly 30% in 2050. The NZE Scenario sees a slightly 
accelerated ramp-up of EV sales and wind turbine deployment 
between today and 2030 compared with the APS, driving the total 
demand in this year to be 15 kt higher than in the APS. 
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Supply: Magnet rare earths have the highest geographical concentration for refining of all 
energy transition minerals 

Magnet REE production from operating and announced projects in the base case 
  

 
 IEA. CC BY 4.0. 
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Supply: Geographical concentration for mining sees some improvements om the horizon, but 
refining remains in very few hands

The production of rare earth elements is perhaps among the least 
geographically diversified of all key energy transition minerals. Their 
high level of geographical concentration is comparable to those of 
cobalt and natural graphite for mining; at the same time rare earth 
elements rank as the most concentrated in terms of global refining 
capacity. The share of the top three producers for mining of magnet 
REEs in 2023 stood at 85%, of which China alone accounted for 62% 
of global mined production. When looking at refining, the top three 
countries controlled the lion’s share of the refined output in 2023, with 
China’s dominance being even more pronounced than in mining as it 
single-handedly represented 92% of the global refined output.  

The expected supply of magnet REE from operating and announced 
mining projects rises by 44% and 52% respectively from today’s 
levels to surpass 107 kt in 2030 and reach 114 kt in 2040. The 
dominance of the top three countries in global mined supply reduces 
slightly, falling to around 81% of the total compared with 85% today. 
The expected refined supply from operating and announced projects 
rises similarly to 106 kt in 2030 and over 110 kt in 2040, with the 
share of top three refining countries remaining extremely high, falling 
marginally from 98% to 92% today. By 2030, China’s share of global 
refined output falls to 77%. 

The type of ores that the four magnet REE often come from is heavy 
sands (monazite sands), which also contain radioactive elements 
such as uranium and thorium, making their extraction quite 
challenging. Outside of China, very few countries have the 
infrastructure and the willingness to build solutions for the storage of 
these radioactive by-products. Processing a kilogramme of rare earth 
oxides can produce close to 1 kilobecquerel of uranium-235 (U-235) 
equivalent of radioactive elements. Proper storage is the only way to 
prevent this material from entering the environment through waste 
streams, but studies show that only 17% of operating rare earth 
miners align with the Global Industry Standard on Tailings 
Management (GISTM). Appropriate waste management 
performance will be vital to scaling rare earths supply chains in 
geographically diverse regions.  

In the upstream segment, only a handful of mines are operating at 
scale outside China and Myanmar (one each in the United States, 
Australia, Viet Nam and Brazil), and some mines are producing the 
rare earths as a by-product of manganese or titanium production. In 
general, newly announced projects have a lead time of eight years 
on average, making the scaling up of mined production beyond China 
a challenging proposition. The refining segment of the supply chain 
outside China is even more nascent than mining, with only a couple 
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of operating industrial-scale facilities existing in Malaysia and 
Estonia, some facilities in Australia nearing operation, and some 
smaller-scale refining units nearing operation in France and the 
United States.  

Regional mining trends 
On mining, a vast majority of total mined REE production as of 2024 
comes from China, notably from the Bayan Obo mines in Inner 
Mongolia. In the rest of the world, Mount Weld in Australia and 
Mountain Pass in the United States are leading producers. The two 
fastest growing regions in terms of mined production of magnet REE 
between 2015 and today have been Myanmar, which grew its share 
in global production from just 0.2% to 14%, and the United States 
whose share grew from 1% to 9% in the same period. In the period 
to 2030, China remains the top mining country for magnet REE 
supply, but Australia increases its share in the global total to 18% and 
the United States maintains its share similar to today’s levels at 7%.  

REE mining in Myanmar 
Most REE mining operations in Myanmar occur close to the Pang 
War-Tengchong border crossing with China in Kachin State, which is 
largely controlled by the Kachin Independence Organisation (KIO). 
As a result of the proximity of these critical resources to China, the 
vast majority is transported over the border for further processing and 
refining. While most tin concentrate sourced from Myanmar is 

processed in Yunnan Province, China, it should be noted that REEs 
sourced from Myanmar are far more difficult to trace. This is a result 
of the multiple REE processing facilities throughout China that often 
combine raw materials from diverse sources. The resilience of all 
global supply chains was tested during the pandemic. During this 
period, the trade of both tin and REEs from Myanmar to China was 
negatively impacted by major border port closures, notably at the 
Menglian, Diantan and Menglong ports, resulting from China’s zero-
Covid policy, exposing the existing fragility of this supply network. 

In April 2023, the KIO announced the suspension of REE mining in 
Kachin state from 4 September 2023, as protests highlighted 
environmental damage from mining and processing. Despite this, 
Chinese companies were permitted to gradually halt production in 
line with necessary steps rather than coming to an abrupt halt. 
Pressure has been building to comprehensively monitor mining 
operations in the region following environmental concerns, with the 
local government announcing inspections of REE mining operations 
in September 2023 that were expected to last only ten days, equating 
to one to three weeks of supply. However, after random inspections 
across more than 300 mining sites, the extended suspension has led 
to the temporary dismissal of local workers and uncertainty 
surrounding the resumption of operations as no new notices have 
been released by authorities. 

Chinese imports of REE material spiked significantly in August 2023, 
increasing by approximately 76% year-on-year, according to Chinese  
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trade data, prior to the implementation of the suspension. Stockpiling 
of REE material ahead of peak consumption was further driven by 
environmental inspections that took place in late August in Jiangxi 
province, a major REE production hub. In early 2022, REE 
manufacturers in Ganzhou, Jiangxi province, suffered production 
capacity reductions of at least 25% after border gates between 
Myanmar and China were shut down at the beginning of the year, 
illustrating the significance of the current suspension. 

While reserves should be sufficient for up to three to six months, any 
extended suspension of REE mining in Kachin state could be 
damaging for refineries in China reliant upon feedstock from 
Myanmar. The government-guided price for REEs in China has 
remained relatively low to incentivise downstream production, as 
magnet producers have found it increasingly difficult to pass 
additional costs to downstream end users, though this has caused 
poor financial performance for upstream operators. 

Regional refining trends 
On refining, Chinese dominance in 2023 remained unchallenged. In 
the rest of the world, refineries owned by Lynas in Malaysia, Viet Nam 
Rare Earth JSC (VTRE) in Viet Nam and Neo Performance Materials 
in Estonia (Silmet) are the few notable industrial-scale producers. 
The fastest growing region in terms of refined production of magnet 
REE between today and 2030 is Malaysia, raising its share in global  

Additional refined output of magnet REE between 2023 and 2030 
in the base and high production cases 

 
IEA. CC BY 4.0. 

Notes: The shares in the figure indicate share of additions to 2030 and not the 
absolute share of the country in global refining capacity. UK= United Kingdom. 
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refined output from 5% to 12%. While the overall picture for regional 
distribution of expected refined supply does not change much to 2030, 
there is an additional 29 kt of refined output between 2023 to 2030 in 
the base case and 31 kt in the high production case. The majority of 
additions to 2030 in the base case come from China, Malaysia, the 
United States and Australia. In the high production case, the 
emergence of France and Norway as refiners in Europe reduces 
China’s contribution to the total additions to 2030 by 3 percentage 
points. 

REE refining in Malaysia 
Lynas’ operation in Malaysia from 2012 made it the first REE refining 
plant outside China. After years without steady supply of REEs, 
Japan started sourcing the materials from Malaysia since 2013 – 
which has enabled Japan to recover and increase their 
manufacturing activities since then. Currently, Lynas produces rare 

earth oxides, carbonates, oxalates and chlorides in Gebeng, Pahang, 
with a total capacity of 22 000 tonnes per year.  

Recognising the potential of the downstream industry of magnet 
manufacturing as well as the advantages of having rare earth oxides 
(REO) production as raw materials in the country, the Malaysian 
government, through the Malaysian Investment Development 
Authority (MIDA), has been promoting the production of advanced 
materials including rare earth magnets under the Promotion of 
Investment Act (PIA) 1986. To continuously support this, MIDA 
announced that it will continue its collaborations with the relevant 
stakeholders to attract potential investors to develop the industry. The 
support will focus on downstream manufacturing activities, as well as 
integrated projects including rare earth metals manufacturing that can 
convert oxides into metals. 
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Supply: Expected supply nearly in line with requirements to 2030, but limited announcements 
of new projects with long lead times pose risks 

Expected mined magnet REE supply from existing and announced projects and primary supply requirements by scenario 

  
IEA. CC BY 4.0. 

Notes: Based on mined output. Primary supply requirements are calculated as “total demand net of secondary supply”, also accounting for losses during refining 
operations. See Introduction for definition of the base case.
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Implications: Supply risks arise from challenges to diversification of production

Demand-supply balance and secondary supplies 
For the four magnet rare earths mentioned above, the supply from 
today’s operating projects is sufficient to meet current demand, and 
this is broadly likely to be the case in 2025. Between 2025 and 2040, 
the majority of the supply increases come from operating mines, 
particularly Bayan Obo in China and Mount Weld in Australia, 
increasing their expected production (brownfield expansion). The 
primary supply requirements (total demand net of secondary supply) 
in the STEPS grow in line with the projected brownfield and greenfield 
expansion and can be satisfied if additions occur as planned. 
However, after 2025, for the NZE Scenario and 2035 for the APS, a 
gap emerges between projected primary supply requirements and 
supply additions. In the NZE Scenario, there is an implied supply gap 
of 5 kt in 2030 and 14 kt in 2040. The major concern for magnet REE, 
however, is not a huge gap between demand and supply like in the 
case of copper or lithium, but rather an extremely important level of 
geographical concentration of today’s as well as future mining and 
refining projects that expose this market significantly to supply 
disruptions. 

Primary supply requirements in the medium to long term are also a 
function of growing interest in recycling manufacturing scrap and end-
of-life magnets that will generate secondary supplies. In 2030, around 
35 kt and 40 kt of total magnet REE demand may be met using 

secondary supplies respectively in the APS and the NZE Scenario. 
Between 2030 and 2050, the secondary supply expands 1.7-fold in 
each scenario, to 60 kt and 67 kt respectively. Recycling so far has 
focused on the traditional “long-loop” recycling, which involves 
breaking down each element using various techniques to recover 
them as rare earth oxides that then have to be converted into metals 
before being cast into alloys and broken down into a fine alloy powder 
to make the magnets. It is an important but energy-intensive and 
expensive process. New technologies such as those of HyProMag, a 
UK-based company with its recycling facility in Birmingham, and 
MagREEsource, a French start-up that secured Euro 5 million to 
open its pilot site in Grenoble, have recently been in the news for their 
patented Hydrogen Processing of Magnet Scrap (HPMS) technique, 
which uses hydrogen as a processing gas to separate magnets from 
waste streams as a magnet alloy powder, which can be directly 
compactified into sintered rare earth magnets. This “short-loop” 
process does not require heat and is relatively quick, and magnets 
made with these recycled elements have been shown to have 
significantly lower enviromental footprint (CO2 emissions and water 
consumption) than those produced in China from mined minerals. 
Other companies using innovative recycling technologies, such as 
ReElement Technologies in the United States and Ionic 
Technologies in Northern Ireland, receiving support from major 
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companies provides further positive signals for increasing 
contributions from secondary supplies. 

Project funding grows steadily despite price declines 
Two major rare earths producers outside China, Australia-based 
Lynas Rare Earths Limited and US-based MP Materials Corp., are 
clamping down on costs to offset a sharp drop in prices and weak 
Chinese demand. Lynas’ average selling price for neodymium-
praseodymium (Nd-Pr) fell by 32% per kilogramme year-on-year 
between July and December 2023, while MP Materials witnessed a 
34% price dip to USD 5 622 per metric tonne of rare earth oxide 
concentrate year-on-year for the December 2023 quarter. This low-
price environment in recent months, in part caused by China 
producing in excess of demand, has created some tensions in the 
market, but many experts believe that long-term demand beyond 
2025 will remain robust. Industry expectations are that export credit 
agencies will continue to support rare earth developers outside 
China, despite the challenging price environment at the moment. 
Moreover, China will continue to be a strong driver of rare earths 
demand, as evidenced by China's BYD Company Ltd. overtaking 
Tesla Inc. as the top-selling EV maker in 2023. Under these 
circumstances, China may prioritise supply for the domestic market, 
leaving a deficit globally. 

Since the last major global discussion about potential disruptions in 
rare earth elements supply in 2011, almost no new large-scale 

facilities have come online. The feasibility of announced projects for 
these minerals has been very low outside China. Efforts for 
diversification can be seen from different parts of the world. In 
September 2023, the Malaysian government stated that it is 
considering a ban on unprocessed rare earth concentrate in order to 
boost domestic REE processing. In March 2024, it was further 
mentioned that the Malay National Mineral Council would assess a 
proposal to create a government-linked company for rare earth 
extraction. In the United States, USA Rare Earth (USARE) signed an 
offtake agreement with ReElement Technologies in March 2024 for 
supply of rare earth oxides to its magnet manufacturing facility in 
Oklahoma from 2025, with the goal of expanding to 900 tonnes per 
year by 2028. Additionally, the US Export-Import Bank sent letters of 
interest in March 2024 to provide up to USD 600 million in debt 
funding to rare earth developers Meteoric Resources and Australian 
Strategic Minerals. Meteoric Resources is developing the Caldeira 
project in Brazil targeting ionic adsorption clays, while Australian 
Strategic Minerals is developing the Dubbo project in Australia and 
downstream metallisation capabilities in Korea. This announcement 
from the United States follows a series of government backed 
investment in rare earth projects, with the US Department of Defense 
providing additional funding to Lynas Rare Earths for its Texas-based 
refinery, and the Australian government providing financial support to 
Hastings Technology Metals, Iluka Resources and Arafura 
Resources to continue development of their respective rare earth 
mines and processing facilities. 
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Global Critical Minerals Outlook 2024  

PAGE | 189  

2. Demand and supply outlook 

There are two broad classifications of magnets made from REE: 
bonded magnets (smaller magnets, mainly used for electronics or 
small motors) and sintered magnets (most commonly used in traction 
motors for EVs and wind turbines). Besides China, only two facilities 
in Japan are known to produce the latter at industrial scale. New 
project announcements from Neo Perfomance Materials in Estonia 
approved by the European Commission and some from the Korean 
company Star Group funded by POSCO could come online within the 
next years. Roughly, three-quarters of the unit cost of making 

permanent magnets is attributed to the raw materials and about 10% 
to energy costs, and the rest is labour costs. Labour costs (not labour 
intensity) are comparable to China in Europe and North America; 
however, energy costs are significantly lower in China. Today, 
original equipment manufacturers (OEMs) are hesitant to pay the 
30% premium – equivalent to around USD 30 to USD 50 per vehicle 
– that comes from energy costs and trade taxes for magnets made 
outside China, creating the biggest challenge for diversification of the 
industry in the rest of the world. 
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New technologies: Innovative extraction processes and new magnet technologies 

There is a constant development of new rare earth processing 
technologies by various industry participants globally, though many 
of these processes have struggled to make significant advances. This 
is not always the fault of the technology developer, however, with 
difficulties in acquiring necessary feedstock at commercially viable 
prices, as is the case for REEtec in Norway, also causing delays and 
setback at processors.  

Will ionic adsorption clay deposits change the game? 
Ionic adsorption clay (IAC) is also known as regolith-hosted ionic 
adsorption deposits (IADs), which contain rare earth elements 
adsorbed physically to the clay minerals surface, mainly kaolinite and 
halloysite. Weathering of igneous rock, primarily granite, that 
contains specific rare earth-bearing minerals results in the formation 
of IAC. The best environments for this process to occur are warm, 
humid and slightly acidic conditions in subtropical regions. Important 
source rocks typically have a relatively high background in rare earths 
and rare earth-bearing minerals in these rocks will include monazite, 
xenotime, bastnaesite, allanite, titanite and apatite. The hype 
surrounding this form of deposit comes from the hope that extracting 
rare earths that are loosely bonded to the surface of rocks is relatively 
simpler, less energy-intensive and cheaper than obtaining them from 
the depths of hard rock formations, and could also avoid the 

radioactive by-products that accompany the traditional mining 
processes for these minerals. 

Ore deposits containing physically adsorbed lanthanides are 
substantially lower-grade than other rare earth deposit types (hard 
rock); however, the low mining and processing costs make them 
economically attractive as sources of rare earths. Global resources 
of HREE are dominantly sourced from Chinese regolith-hosted IADs 
or clay deposits in Myanmar and Laos, in which the elements are 
inferred to be weakly adsorbed onto clay minerals. Similar deposits 
elsewhere might provide alternative supply for these high-tech 
metals, but the adsorption mechanisms remain unclear. 

Traditional REE projects based on hard rock developments are 
extremely capital-intensive and can cost USD 1 billion to 
USD 2 billion to build, for which most junior miners cannot secure 
funding. In recent years, focus in the junior miner space has shifted 
from highly capital-intensive hard rock REE projects to low capital-
intensity IAC projects which are enriched in HREE. Despite in-situ 
grades being lower than most hard rock projects, the mining is easier, 
leading to substantially lower capital expenditure and operating costs. 
Most clay operations involve digging or scraping of only the top 
twenty metres or so of earth, as opposed to blasting hard rock 
sources which may extend down to hundreds of metres or more. Clay 
material is soft and requires only breaking up, whereas hard rock 
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material needs to be crushed and ground, often in large quantities. 
Then there is the processing. Large-scale high temperature roasting 
and acid leaching for hard rock projects, compared with heap or vat 
leaching at atmospheric temperature and pressure for ionic clay 
projects. Last but not least, clay waste material is generally inert and 
can be backfilled into the mining area, meaning there is no need for 
tailings dams or dry stacking. 

In regolith deposits, Chinese miners found that weakly acidic 
ammonium sulphate or sodium chloride solution readily reclaims the 
rare earths from the ionic bonded clays, allowing the resulting crude 
solution to be chemically treated to eliminate contaminants for further 
solvent extraction separation and refining. This processing can be in-
situ leaching; heap leaching; or in-tank leaching with increasing cost 
and all with significant environmental impact. Generally, Chinese 
costs for REE reclamation from IAC deposits are low and despite the 
low recoveries peaking at around 30% to 40% in final products, these 
projects appear to be economic. 

The economic viability of IAC deposits remains uncertain, but they 
look increasingly attractive from perspectives of capital intensity, 
ease of working, carbon intensity and radioactive waste 
management. While China appears to have developed a low-cost 
method of reclaiming rare earths from IAC deposits, not all REE clay 
projects are IAC projects and it is important for prospective investors 
to have sufficient metallurgical testing carried out to establish the 

ionic adsorption capacity and suitability for ion exchange within all 
new clay discoveries. 

There has been a steady flow of announcements of IAC discoveries 
outside southern China and Myanmar in recent years, such as in 
Australia, Brazil and Uganda. How quickly these discoveries can be 
converted to projects operating at scale remains to be seen. In March 
2024, Appia Rare Earths & Uranium announced a maiden mineral 
resource estimate for its ionic adsorption clay PCH project in Goiás, 
Brazil. 

In addition to the growth in IAC type production, the most significant 
change in the rare earth space would be the growth of supply from 
heavy mineral sand (HMS) operations, which are expected to 
contribute volumes of not only Nd-Pr feedstocks but also provide 
notable quantities of Dy-Tb to downstream processors. While some 
HMS producers are looking to integrate production, as is the case 
with Iluka, Energy Fuels and Tronox, many producers will continue to 
supply material into the Chinese market. 

Alternative magnet technologies 
On the technology innovation side, the development of alternative 
magnet technologies such as iron nitride has been a key topic of 
interest for many stakeholders wanting to understand the potential 
impact on neodymium iron boron (NdFeB) magnets used in 
automotive applications. Niron Magnetics’ Clean Earth Magnet has 
attracted interest from General Motors in the United States, with 
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whom Niron has partnered for the development of EV drivetrains, 
starting with a demonstrator for the Chevrolet Bolt. Further funding 
for Niron has also come from Samsung and Stellantis. 

One apparent disadvantage of iron nitride magnets is that their 
coercivity is less than that of neodymium. Coercivity is a measure of 
the magnet’s ability to resist having the polarity of its field reversed 
when exposed to a strong opposing field. Without coercivity, the 

magnetic fields in a motor would rotate without turning the shaft. Initial 
assessments indicate that iron nitride will struggle to compete with 
incumbent neodymium iron boron magnets for automotive drivetrains 
as the importance of high magnetic density, high coercivity and field 
strength which the latter technologies bring are non-negotiable for 
compact motor and EV manufacturers.  
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Brief review of other key materials 
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Aluminium

Aluminium traded within a fairly narrow range of USD 2 100 to 
USD 2 450 per tonne over the past year, with the strong dollar and 
slowing industrial activity setting a ceiling on prices. This trend is likely 
to continue in the near term owing to the persistent slowdown in 
manufacturing as well as supply-side uncertainty. In the long term, 
global demand growth is expected to narrow the surplus, driven in 
large part by increasing utilisation in clean energy applications. 

Aluminium’s use as a lightweight structural element in solar PV 
installations and EVs is expected to remain as a primary demand 
driver. In addition, transmission requirements arising from increased 
electricity demand and renewable penetration are expected to boost 
the use of aluminium conductor steel-reinforced cables. Demand 
growth from traditional demand sectors in construction and 
manufacturing are likely to remain modest. 

On the supply side, drought risks in the southwestern Chinese 
province of Yunnan pose significant near-term potential for supply 
volatility and elevated prices. Hydro-powered Yunnan accounts for 
about 12% of Chinese aluminium production, but low water levels 
have resulted in production cuts totalling more than 1 Mt per annum 
between November 2023 and February 2024.  

The proportion of Russian metal within LME stocks has doubled from 
45% in February 2023 to over 90% in 2024 amid low overall stock 

levels. The LME’s April 2024 ban on accepting Russian aluminium, 
copper and nickel created opportunities for traders, which further 
dried up the liquidity for tradeable metal. 

Proportion of Russian metal within LME stocks 
 

 
IEA. CC BY 4.0. 

Source: IEA analysis based on London Metal Exchange. 
 
Global production levels are expected to be able to serve near-term 
demand increases. Despite slowing growth in China as primary 
production capacity reaches the government-mandated limit of 45 Mt 
per year, secondary production growth as well as new smelting 
capacity are expected to support long-term market growth.  
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Manganese: Demand surges driven by EV batteries, but significant concerns remain about the 
future supply of battery-grade manganese sulphate where China dominates supply 

Manganese demand in clean energy technologies by scenario 

  
IEA. CC BY 4.0. 

Source: IEA analysis based on US Geological Survey (2024), Minerals Commodity Summaries 2024.
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Manganese

Manganese demand is primarily driven by steel, as it is a key 
component of steel alloys. Currently, batteries account for a small 
share of total manganese demand; however, this share is set to 
increase rapidly due to the surging deployment of EVs. Manganese is 
a critical component of one of the dominant EV cathode chemistries, 
NMC, as well as now being utilised in the new variant of the current 
leading chemistry LFP known as LMFP, where LMFP is set to start 
taking market share. For instance, CATL’s LMFP cells have been 
confirmed for use in six models in China and are undergoing validation 
by Tesla, who are expected to use the cells in the Model 3 made in 
China. The addition of manganese increases energy density 
compared with traditional LFP. Other chemistries under development 
such as lithium nickel manganese oxide (LNMO) also use higher 
fractions of manganese compared with conventional nickel-rich 
cathodes. Therefore, this shift towards greater manganese contents in 
cathode chemistry is expected to drive a surge in demand. Manganese 
is also a key metal used in wind turbines as a critical part of steel 
components. 

By 2030 manganese demand from clean energy technologies 
increases almost threefold in the STEPS, over threefold in the APS 
and almost fivefold in the NZE Scenario. By 2050 manganese demand 
from clean energy technologies is a remarkable 11 times higher than 
today in the STEPS, 16 times higher in the APS and 17 times higher 

in the NZE Scenario. The rapid growth in EV deployment is responsible 
for the exceptional increase in manganese demand in clean energy 
technologies. This results in the share of demand from clean energy 
technologies increasing from 1% today to 15% in 2050 in the APS and 
17% in 2050 in the NZE Scenario. Thus, steel remains the dominant 
driver of total manganese demand. However, it is critical to note all of 
this remarkable growth in manganese demand from EV batteries will 
need to be high-purity manganese sulphate.  

Geographical distribution of manganese production and reserves 

 

IEA. CC BY 4.0. 

Note: Refining refers to production of battery-grade manganese sulphate. 
Sources: US Geological Survey (2024), Minerals Commodity Summaries 2024 
and IEA (2023), Critical Minerals Market Review 2023. 
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In terms of supply, mined manganese production is highly 
concentrated with the top three countries producing three-quarters of 
global supply. South Africa is the world's largest producer with 35% 
of production, followed by Gabon with a quarter and Australia with 
15%. This concentration already poses significant risks. Exports of 
manganese ore from Gabon dropped by 13% from 2022 to 2023 due 
to the military coup and a landslide on key rail infrastructure which 
required significant maintenance. This increased political instability 
and risk deters investment and causes concern for future supply 
disruptions for the key supply region. Gabon also has the highest 
grade (average 45%) compared with the other two leading producers 
Australia (42%) and South Africa (38%), thus its critical importance 
for global manganese supply. Australia’s GEMCO mine is the world’s 
second-largest manganese mine but it has suspended exports due 
to infrastructure damage from Tropical Cylone Megan in March. 
Operations and export sales will remain suspended until early 2025. 
Exports from South Africa also dropped by 7% following extreme 
weather, maintenance challenges and insufficient investment for key 
rail infrastructure transporting manganese ore. 

Nevertheless, there is potential for diversification, seen by comparing 
current production with reserves (defined as economically extractable 
resources). In terms of reserves, South Africa is indeed the largest 
with almost 20%, followed by Australia with 15% of the global total. 
China and Brazil hold significant reserves with 15% together. There 
are several qualifications which must also be taken into account when 
assessing reserves including the resource quality or any above-

ground constraints limiting potential. Also, critically, there is a need 
for updated geological surveys in emerging and developing 
economies, where the current surveys are out of date. 

However, the critical risk for manganese is the supply of high-purity 
manganese sulphates required for battery chemistries, a crucial issue 
given the remarkable growth from EV battery demand. While 
manganese is abundant, only around 1% of global supply is suitable 
for batteries. China dominates supply of battery-grade manganese 
sulphate, producing 97% of global supply. There are only two other 
refineries outside China in operation, in Japan and Belgium, though 
with several projects in development including in Canada, 
South Africa, Australia and the United States. With manganese 
sulphate prices relatively low due to slight surpluses from China, it is 
difficult for many other regions to compete with China on costs. This 
is proving challenging for new ventures to be competitive and secure 
investment. Some analysts even forecast a deficit in supply of 
battery-grade manganese sulphate as early as 2027, adding concern 
for ensuring sufficient supply for EV batteries. Nevertheless, the total 
dominance of China in the supply of high-purity manganese 
sulphates today is a major risk alone, making supply highly 
vulnerable to suddent changes in policy, geopolitics or supply shocks.
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Silicon

The silicon market is poised to be affected by two waves of demand 
growth from clean energy technologies. A first phase is related to the 
ramp-up of solar PV deployment, requiring close to 1.5 Mt in 2030 in 
the APS, and close to 2 Mt to meet the needs in the NZE Scenario. 
A second phase corresponds to the growing use of silicon in the 
battery industry, as a higher-performance substitute for graphite, with 
related demand reaching over 1 Mt in 2050 in the APS and the NZE 
Scenario. 

Silicon is produced in its metallic and crystalline forms using silica-
rich minerals, generally from high-purity quartzite. The existing silicon 
industry is already mature, supplied by an abundant resource, with a 
current global production already close to 3.8 Mt, but new demand 
trends related to clean energy (and also digital transitions) are 
transforming the supply chain, requiring larger volumes of higher-
purity products. Consumption was historically dominated by the 
aluminium alloy industry and silicone producers (silicon-based 
polymers, often found in rubber or oil-like products), calling for 
“metallurgical grade” of 99.99% (4N) purity silicon. Solar PV is known 
for requiring 99.9999% (6N) while electronic applications can require 
even higher purity, ranging up to 11N. Both electronic and solar PV 
uses may increase demand for high-purity products. 

Technological gains in efficiency are significantly reducing pressures 
on silicon resources, with requirements in solar panels declining from 

6.8 g/W in 2010 to 2.3 g/W in 2022 and close to 1.5 g/W in the latest 
generation of solar PV technologies. 

Silicon demand related to clean energy technologies  
by sector and scenario 

  
IEA. CC BY 4.0. 

For EV batteries, manufacturers are already adding small volumes of 
silicon in anodes, but further increasing this share faces significant 
technological hurdles, such as swelling during the charging cycle. 
Several start-ups are developing various silicon nanoproducts to 
reduce these effects, suggesting potential for new specialised silicon 
supply chains. For stationary storage, silicon uses are expected to 
remain small, due to lower energy density requirements. Similar to 
other minerals, the silicon refining industry has demonstrated the 
capacity to adapt to the rapid growth in demand, albeit at the expense 
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2. Demand and supply outlook 

of increasing concentration and significant price volatility. The supply 
was initially affected by a glut that began in 2015, followed by a period 
of supply tightness in 2021. Currently, there is an oversupply 
situation, with a high volume of capacities developed in China in line 
with its downstream solar PV capacities. Silicon prices fell by 74% in 
2023 to around USD 8 per kilogramme.  

China’s share of solar-grade silicon grew from 27% in 2010 to over 
80% today. The current price context and local energy prices are 
adding pressure on European solar-grade polysilicon manufacturers, 
with some capacities closing down. US restrictions on solar PV 
imports related to concerns of forced labour have increased demand 

for supplies outside of China, with some plants being developed in 
the United States recently. 

Recycling silicon remains challenging due to weak economic 
incentives, driven by the low cost of the material input and the 
prevailing low-price environment affecting the 6N refined silicon 
market. Historically, solar PV recycling players have prioritised base 
materials present in larger volumes (such as copper, aluminium and 
glass), or precious metals such as silver, rather than silicon. 
However, some European are developing plants designed to recycle 
silicon. 
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Phosphoric acid

The success of LFP battery chemistries is creating a market for a new 
input, iron phosphate, and its precursor – purified phosphoric acid. 
As LFP cathode production rises, so does demand for this high-purity 
input, reaching over 2 Mt in the APS by 2030 and close to 4 Mt in the 
NZE Scenario. Further demand growth for high phosphoric acid 
comes from next-generation lithium-iron phosphate manganese 
(LMFP) chemistries, whose higher performance is likely to further 
popularise EV batteries containing phosphate. In 2040, demand rises 
to almost 6 Mt in the APS and over 6.5 Mt in the NZE Scenario. 

Phosphates are cheaper than the metals they replace from previous 
battery compositions (cobalt, nickel) and are currently produced in 
vast quantities for fertiliser applications. About 220 Mt of phosophate 
rocks are extracted each year, containing about 28 Mt of phosphorus, 
and enough to produce over 80 Mt of phosphoric acid. 

Three challenges could arise from these developments: 

• Increased competition with agricultural supply – despite demand 
in smaller volumes and higher-grade requirements, additionnal 
demand from the energy sector could change supply and demand 
balances in the fertiliser market. 

• Geological deposits for phosphate rocks are sufficient, but 
questions remain regarding mining capacities, particularly the 

best deposits for the production of purified phosphoric acid. This 
process requires high grade and low rates of heavy metals such 
as cadmium. Some LFP supply chain investments are oriented 
towards countries with significant phosphate resources, such as 
Morocco, which also benefits from a number of favourable free 
trade agreements. 

• An ability for new players to access supplies already secured by 
refining. Once concentrated in China, LFP technologies have 
gained popularity elsewhere including among North American 
gigafactories. These new players need to find a channel to source 
materials reliably. 

Phosphoric acid demand from the EV sector by scenario 

 
IEA. CC BY 4.0.
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2. Demand and supply outlook 

Platinum group metals

Prices for platinum group metals (PGMs) remained under pressure 
for the past year, driven in large part by poor automotive sales. The 
basket price, defined as the average price of the five PGMs (platinum, 
palladium, rhodium, iridium and ruthenium) weighted by production, 
seems unlikely to increase meaningfully in the short term. Although 
the five PGMs occur together in nature, divergent market outlooks 
are complicating strategic decision-making for these elements.  

In the near term, prices for platinum, iridium and ruthenium are 
expected to remain stable, with platinum having modest upside 
potential. Rhodium and palladium are likely to remain under pressure 
due to lower demand for internal combustion engine (ICE) emissions 
catalysts, which represents about 90% of demand for rhodium and 
80% of demand for palladium. Future increases in platinum demand 
remain subject to the future of hydrogen fuel cell vehicle sales, along 
with demand from existing industrial and ICE applications.  

Palladium and rhodium demand are likely to decline structurally due 
to the uptake of EVs. In addition, growing secondary supplies are 
likely to exert further pressure on producers, especially for North 
American mines mining palladium-rich ores.  

Demand for iridium and ruthenium are likely to increase consistently 
in the coming years thanks to demand for membrane electrodes, 
including those used in proton exchange membrane hydrogen 
electrolysers. This is likely in spite of continued technical research 
and development to reduce the amount of precious metals per unit 
product. Price volatility in the iridium market is expected to continue, 
driven by concerns over long-term supply. However, given the 
relatively small contribution of iridium and ruthenium to the PGM 
basket, prices for these metals will have to increase significantly to 
motivate structural increases in supply. 

On the supply side, near-term shocks remain possible thanks to 
persistent electricity system issues in South Africa and geopolitical 
concerns impacting Russian palladium supplies from Norilsk. Since 
the second half of 2023, South African PGM miners including 
Sibanye-Stillwater, Anglo-American Platinum and Impala Platinum 
have announced cost-cutting measures to mitigate the impact of low 
prices. These measures, which include project deferrals and shutting 
shafts, have not meaningfully boosted prices, which have remained 
anaemic. If the current price environment continues, further closures 
might occur, jeopardising long-term primary supply for all five metals. 
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https://apnews.com/article/stillwater-mine-montana-palladium-platinum-layoffs-bc48f55d7b5c24c0a9b28e079cd85404
https://apnews.com/article/stillwater-mine-montana-palladium-platinum-layoffs-bc48f55d7b5c24c0a9b28e079cd85404
https://www.heraeus.com/en/hpm/company/hpm_news/2023_hpm_news/ruthenium_based_catalyst_to_reduce_reliance_on_iridium_for_pem_water_electrolysis.html
https://www.heraeus.com/en/hpm/company/hpm_news/2023_hpm_news/ruthenium_based_catalyst_to_reduce_reliance_on_iridium_for_pem_water_electrolysis.html
https://www.bloomberg.com/news/articles/2024-03-24/south-africa-s-eskom-sets-new-blackouts-to-replenish-reserves
https://www.reuters.com/markets/commodities/russias-nornickel-forecasts-2024-nickel-output-drop-after-5-fall-2023-2024-01-29/
https://www.reuters.com/markets/commodities/russias-nornickel-forecasts-2024-nickel-output-drop-after-5-fall-2023-2024-01-29/
https://www.miningmx.com/news/gold/56187-sibanye-stillwater-may-deepen-restructuring-after-r6-6bn-cut/
https://www.reuters.com/markets/commodities/amplats-says-restructuring-impact-3700-workers-2024-02-19/
https://www.reuters.com/markets/commodities/platinum-giant-impala-restructures-palladium-mines-cuts-spending-profit-slumps-2024-02-29/
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3. Risk assessments 

IEA’s mineral-specific “clean energy transition risk assessment” framework 

 
 
Notes: ESG = environmental, social and governance. “N-1” refers to the case that excludes anticipated supply from the largest supplier and projected demand from 
that country from global market balances. 
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Mineral-specific “clean energy transition risk assessment” framework 

Understanding potential risks across the critical mineral supply chain 
is an essential step to enhance readiness against potential 
disruptions and devise necessary policy actions. An approach to 
mineral security may vary depending on each mineral’s market 
context and risk exposure. Conducting structured risk assessments 
can assist policymakers in identifying vulnerabilities in the supply 
chain, devising appropriate security measures, and directing policy 
efforts to where they are most needed. 

We have performed “Clean energy transition risk assessments” for 
the six key energy transition minerals: copper, lithium, nickel, cobalt, 
graphite, and rare earth elements. These assessments are based on 
a comprehensive framework that combines both quantitative and 
qualitative analyses, to understand potential risk areas that could 
hamper progress towards energy transitions. The framework 
encompasses four main categories: supply risks, geopolitical risks, 
barriers to respond to disruptions, and exposure to environmental, 
social, and governance (ESG) and climate risks (see Annex for 
detailed evaluation criteria). 

The first category (supply risks) assesses five dimensions.  

• Pace of demand growth compares projected annual average 
demand growth rates in the Announced Pledges Scenario (APS) 

between 2023 and 2030 in relation to historical growth rates 
between 2010 and 2019. 

• Short-term market balances assesses the near-term balances 
between expected supply and primary supply requirements. 

• Long-term market balances in climate-driven scenarios 
reviews the balances between expected supply and primary 
supply requirements in 2040 in the APS. 

• Observed price volatility evaluates historical price volatility 
based on monthly prices between 2011 and 2023. 

• Impact on clean energy cost examines the share of a material 
in the total cost of end-use clean energy technologies to assess 
how price volatility could affect clean energy deployment. 

The second category (geopolitical risks) assesses five dimensions.  

• Geographical concentration of mined supply assesses the 
expected share of the top three producing countries for mining in 
2030 under the base case supply scenario. 

• Geographical concentration of refined supply assesses the 
expected share of the top three producing countries for refining in 
2030 under the base case supply scenario. 
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• N-1 supply and demand balances reviews market balances 
excluding the largest supplier by comparing the N-1 supply and 
material requirements in 2030 in the APS (refined product basis). 

• Export risks of major suppliers assesses the risks of trade 
restriction measures by examining the weighted average export 
restriction risk score of the current production portfolio for both 
mining and refining, based on the Organisation for Economic 
Co-operation and Development's (OECD’s) inventory of export 
restrictions on industrial raw materials and announced intentions.  

• Hurdles to develop new projects in diversified regions 
conducts qualitative assessments of challenges in building supply 
chains in geographically diverse regions, such as lead time, 
capital requirements and technological barriers. 

The third category (barriers to respond to disruptions) assesses 
four dimensions.  

• Visible stock levels reviews stock levels at major exchanges. 
While exchange stocks represent only a fraction of the industry's 
overall stock levels, they offer a valuable indication of an 
accessible buffer during disruptions. 

• Transparency of pricing schemes conducts a qualitative 
assessment of market liquidity, transparency of pricing schemes 
and the availability of financial tools to hedge price risks. 

• Availability of options to moderate demand assesses possible 
demand-side and technology-switching options to moderate 
demand growth in the event of supply tightness. 

• Status of secondary supply assesses the ability of secondary 
supply to ramp up during market tightness by examining the share 
of secondary supply in total supply and its potential for growth. 

The fourth category (exposure to ESG and climate risks) assesses 
five dimensions.  

• Environmental performance of mining reviews the weighted 
average enviromental performance score of today's mined 
production, based on selected indicators in Yale’s Environmental 
Performance Index.  

• Environmental performance of refining reviews the weighted 
average grid carbon intensity of the regions refining minerals 
today, considering that refining operations are highly electricity-
intensive. 

• Social and governance performance assesses the weighted 
average corruption, human rights and conflict score of today's 
mined production, based on relevant indicators in the V-Dem 
database.  

• Exposure to water stress assesses the share of mine 
production located in areas with high and extreme high-water 
stress and arid conditions. 

• Exposure to earthquake risks assesses the share of mine 
production located in areas with high earthquake risks.
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Overall: Lithium and graphite show the highest risk scores, though the specific areas of 
exposure vary by mineral 

Aggregate risk score by mineral 

 
IEA. CC BY 4.0. 
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3. Risk assessments 

Copper: Assessment results 

Area Score Rationale 
Supply risks Medium  
Pace of demand growth Low Projected pace of demand growth is in line with historical growth rates 

Short-term market balances Medium Supply could meet near-term demand, but risks of tightness if disruption occurs beyond usual range 

Long-term market balances High Expected base case supply falls significantly short of the primary supply requirements in 2040 
Observed price volatility Low Historical price movement has been less volatile compared with other commodities 

Impact on clean energy cost High Price spikes could significantly affect grid deployment (20% of capital costs). Copper in lithium-ion anode 
current collector is difficult to be replaced, thus price spikes can have major impacts on battery prices 

Geopolitical risks Low  
Geographical concentration: mining Low Expected top 3 share in 2030 is around 48% and top 1 share is around 23% 
Geographical concentration: refining Low Expected top 3 share in 2030 is around 60% and top 1 country accounts for less than half of global supply 
N-1 supply and demand balances Low N-1 supply in 2030 able to serve N-1 demand 
Export risks of major suppliers Medium Risk score 2.7 (mining 2.2/refining 3.3) 
Hurdles for diversification High Challenges of declining ore quality, very low global average grade (0.6%), few major resources of high 

quality to exploit. Capital and operating costs increasing, coupled with long lead times to build new mines 
Barrier to respond to disruption Low  
Visible stock levels Medium Able to monitor stock levels at major exchanges, but the current exchange stocks at low levels 
Transparency of pricing schemes Low Established regulated market trading with ample liquidity 
Availability of options to moderate 
demand 

Medium Scope to moderate demand through scaling up recycling and scrap use and substitution for aluminium. 
However, copper is irreplaceable for many applications (e.g. lithium-ion anode current collectors, subsea 
cables). The replacement of underground power lines with aluminium requires additional cost 

Status of secondary supply Low Sizeable secondary supply and growing direct use of scrap, which could be tapped in times of price spikes 

Exposure to ESG & climate risk Medium  
Environmental performance: mining Medium Weighted average score 47 
Environmental performance: refining High 467 g CO2/kWh 
Social and governance performance Low Weighted average score 0.68 
Exposure to water stress High 52% of mine production located in high-risk areas 
Exposure to earthquake risks Medium 46% of mine production located in high-risk areas 
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3. Risk assessments 

Lithium: Assessment results 

Area Score Rationale 
Supply risks High  
Pace of demand growth High Projected pace of demand growth is materially higher than the rates observed in the last decade 

Short-term market balances Low Sufficient supply expected to serve short-term demand 

Long-term market balances High Expected base case supply meets less than 40% of the primary supply requirements in 2040 
Observed price volatility High High volatile price movements observed in recent years 

Impact on clean energy cost High 20% of battery pack cost. Fluctuation of prices has major impacts on battery prices and deployment 

Geopolitical risks Medium  
Geographical concentration: mining Medium Expected top 3 share in 2030 is around 68% and top 1 share is around 33% 
Geographical concentration: refining High Expected top 3 share in 2030 is above 80% and top 1 country accounts for more than half of global supply 
N-1 supply and demand balances Medium Expected ex-China supply could serve around half of APS ex-China material requirements in 2030 
Export risks of major suppliers Medium Risk score 3.1 (mining 2.4/refining 3.8) 
Hurdles for diversification Medium New capacities do not necessarily involve higher capital, but need to overcome technological barriers 
Barrier to respond to disruption High  
Visible stock levels Medium Limited information about visible stock levels, but accumulated industry stocks are expected 
Transparency of pricing schemes Medium Early-stage regulated market trading, but liquidity is still lacking 
Availability of options to moderate 
demand 

High Limited options to reduce demand. Sodium-ion may ease concerns, but has limitations to be adopted in 
major transport segments 

Status of secondary supply High Limited share of secondary supply as of today, but set to increase in future years 

Exposure to ESG & climate risk Medium  
Environmental performance: mining Medium Weighted average score 59 
Environmental performance: refining High 531 g CO2/kWh 
Social and governance performance Low Weighted average score 0.78 
Exposure to water stress High 50% of mine production located in high-risk areas 
Exposure to earthquake risks Medium 26% of mine production located in high-risk areas 
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3. Risk assessments 

Nickel: Assessment results 

Area Score Rationale 
Supply risks Low  
Pace of demand growth Low Projected demand growth rates are in line with historical growth rates 

Short-term market balances Low Sufficient supply expected to serve short-term demand 

Long-term market balances Medium Expected base case mine supply meets a large portion of the primary supply requirements in 2040 due to 
the rise of Indonesian output, but lack of sufficient nickel sulphate capacity remains an issue 

Observed price volatility Low Historical price movement has been less volatile compared with other commodities 

Impact on clean energy cost Medium 6% of battery pack cost in 2023. Fluctuation of nickel prices can have major impacts on battery prices 

Geopolitical risks High  
Geographical concentration: mining High Expected top 3 share in 2030 is around 75% and top 1 share is around 61% 
Geographical concentration: refining High Expected top 3 share in 2030 is around 67% and top 1 country supplies more than half of global output 
N-1 supply and demand balances Medium N-1 supply serves 35% of N-1 requirements in 2030 in the APS 
Export risks of major suppliers Medium Risk score 3.9 (mining 3.8/refining 4.1) 
Hurdles for diversification High Most diversified projects in the pipeline in the base case or high production case are located in higher-cost 

jurisdictions, posing significant barriers to entry without mechanisms to incentivise high ESG performance 
Barrier to respond to disruption Medium  
Visible stock levels Medium Nickel exchange stocks at historically low levels 
Transparency of pricing schemes Medium Established regulated market trading but liquidity has been reduced considerably in recent years 
Availability of options to moderate 
demand 

Medium Possible to shift more towards lithium iron phosphate (LFP) or lithium manganese iron phosphate (LMFP) 
at the expense of long-rage electric vehicles 

Status of secondary supply High Limited share of secondary supply as of today, but set to increase in future years 

Exposure to ESG & climate risk High  
Environmental performance: mining High Weighted average score 35.5 
Environmental performance: refining High 603 g CO2/kWh, one of the highest 
Social and governance performance Medium Weighted average score 0.65 
Exposure to water stress Low 12% of mine production located in high-risk areas 
Exposure to earthquake risks Low 19% of mine production located in high-risk areas (Weda Bay / South Sulawesi assessed as low risk) 
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3. Risk assessments 

Cobalt: Assessment results 

Area Score Rationale 
Supply risks Medium  
Pace of demand growth Low Projected demand growth rates are in line with historical growth rates 

Short-term market balances Low Sufficient supply expected to serve short-term demand 

Long-term market balances Medium Expected base case mine supply meets 70% of the primary supply requirements in 2040 
Observed price volatility High Highly volatile price movements observed in the past decade 

Impact on clean energy cost Medium 2% of battery pack cost in 2023 with low cobalt prices, but the share was 5-6% in the past, which means 
cobalt would have modest impacts on battery cost and deployment 

Geopolitical risks High  
Geographical concentration: mining High Expected top 3 share in 2030 is around 84% and top 1 share is around 66% 
Geographical concentration: refining High Expected top 3 share in 2030 is around 84% and top 1 country supplies three-quarters of global output 
N-1 supply and demand balances Medium N-1 supply serves 37% of N-1 requirements in 2030 in the APS 
Export risks of major suppliers Medium Risk score 3.3 (mining 2.4/refining 4.1) 
Hurdles for diversification High The low-price environment and relatively downbeat demand outlook present challenges in building 

diversified assets whereas projects continue to be developed in the Democratic Republic of the Congo, 
Indonesia and the People’s Republic of China (hereafter “China”) 

Barrier to respond to disruption Medium  
Visible stock levels Medium Minimal amount of exchange stocks 
Transparency of pricing schemes Medium Early stage regulated market trading but liquidity is still lacking 
Availability of options to moderate 
demand 

Low Ongoing efforts to reduce cobalt use in cathode chemistries (e.g. LFP, LMFP) 

Status of secondary supply Medium Around 10% of secondary supply share, but set to improve in future years 

Exposure to ESG & climate risk High  
Environmental performance: mining High Weighted average score 36 
Environmental performance: refining High 533 g CO2/kWh 
Social and governance performance Medium Weighted average score 0.47 
Exposure to water stress Low 5% of mine production located in high-risk areas 
Exposure to earthquake risks Low 4% of mine production located in high-risk areas 
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3. Risk assessments 

Graphite: Assessment results 

Area Score Rationale 
Supply risks Low  
Pace of demand growth High Projected pace of future demand growth is significantly higher than the rate observed in the 2010s 

Short-term market balances Low Sufficient supply expected to serve short-term demand 

Long-term market balances Medium Expected base case mine supply meets two-thirds of the primary supply requirements in 2040, although 
synthetic graphite could fill the gap (at cost) 

Observed price volatility Low Historical price movement has been less volatile compared with other commodities 

Impact on clean energy cost Low Graphite is not a major part of total battery pack costs 

Geopolitical risks High  
Geographical concentration: mining High Expected top 3 share in 2030 is around 88% and top 1 share is around 69% 
Geographical concentration: refining High Battery-grade supply continues to be dominated by China, with 93% share (down from 100% today) 
N-1 supply and demand balances High Very limited supply potential to serve N-1 battery-grade graphite requirements in 2030 
Export risks of major suppliers High Risk score 4.4 (mining 4.5/refining 4.4) 
Hurdles for diversification High New projects are capital-intensive, requiring up to two times higher capital requirements than Chinese 

projects. New graphite project developers have limited financial capacity 
Barrier to respond to disruption High  
Visible stock levels Medium Limited information about visible stock levels, but accumulated industry stocks are estimated to exist 
Transparency of pricing schemes High Price reporting driven through survey pricing and unregulated platforms with limited liquidity 
Availability of options to moderate 
demand 

Medium Silicon could take growing shares in anodes, but unlikely to challenge graphite use in the near term 

Status of secondary supply High Share of secondary supply remains low, with limited ability to scale up secondary supply quickly 

Exposure to ESG & climate risk High  
Environmental performance: mining Medium Weighted average score 41 
Environmental performance: refining High 577 g CO2/kWh 
Social and governance performance High Weighted average score 0.3 
Exposure to water stress Medium Many natural graphite mines in Heilongjiang and Inner Mongolia, regions with medium water stress 
Exposure to earthquake risks Low Heilongjiang and Inner Mongolia are not exposed to major earthquake risks 
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3. Risk assessments 

Rare earth elements: Assessment results 

Area Score Rationale 
Supply risks Medium  
Pace of demand growth Low Expected demand growth rates are in line with historical growth rates 

Short-term market balances Low Sufficient supply expected to serve short-term demand 

Long-term market balances Medium Expected base case mine supply meets 70% of the primary supply requirements in 2040 
Observed price volatility High Highly volatile price movements observed in recent years 

Impact on clean energy cost Low While crucial for performance, rare earth elements are not a major contributor to final clean energy cost 

Geopolitical risks High  
Geographical concentration: mining High Expected top 3 share in 2030 is over 80% and top 1 share is around 55% 
Geographical concentration: refining High Expected magnet rare earth supply continues to be dominated by China, with 77% share 
N-1 supply and demand balances Low N-1 supply could serve N-1 requirements in 2030 in the APS 
Export risks of major suppliers High Risk score 4.5 (mining 4.1/refining 4.8) 
Hurdles for diversification High High entry barrier due to extensive resource endowment, accumulated technological know-how in the top 

producing country. Disadvantaged in terms of scale and costs (energy costs and cross-border trade taxes) 
Barrier to respond to disruption High  
Visible stock levels High Limited information about visible stock levels 
Transparency of pricing schemes High Price reporting driven through survey pricing and unregulated platforms with limited liquidity 
Availability of options to moderate 
demand 

Medium Alternative new technologies have lower magnetic density and coercivity, and may struggle to compete 
commercially with the rare earth-based alternatives that produce the strongest known permanent magnets  

Status of secondary supply Medium Share of secondary supply remains modest but hard to tap in times of price spikes 

Exposure to ESG & climate risk Medium  
Environmental performance: mining Medium Weighted average score 40.2 
Environmental performance: refining High 607 g CO2/kWh, one of the highest 
Social and governance performance Medium Weighted average score 0.34 
Exposure to water stress Medium Infrastructure located in Australia and Inner Mongolia (China) are in regions at high risk of water stress 
Exposure to earthquake risks Medium Infrastructure located in Inner Mongolia (China), United States, India and Japan are in regions of medium 

to high risk of seismic activity 
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3. Risk assessments 

Risk score by category: Lithium and copper are more exposed to supply and volume risks 
whereas graphite, cobalt, rare earths and nickel face more substantial geopolitical risks 

Risk score by category and mineral 
 

 
IEA. CC BY 4.0. 

Note: High = score above 2.33, Medium = score between 2.33 and 1.67, Low = score less than 1.67.
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3. Risk assessments 

Supply risks: Lithium and copper are most exposed to supply risks 

Risk score for supply risks – aggregate and individual dimensions 
 

Material Overall 
score 

Pace of 
demand 
growth 

Short-term 
market 
balance 

Long-term 
market 
balance 

Observed 
price volatility 

Impact on 
clean energy 

cost 

Lithium High  
(2.6) High Low High High High 

Copper Medium 
(2.2) Low Medium High Low High 

Cobalt Medium 
(1.9) Low Low Medium High Medium 

Rare earth elements Medium 
(1.7) Low Low Medium High Low 

Graphite Low 
(1.5) High Low Medium Low Low 

Nickel Low 
(1.5) Low Low Medium Low Medium 
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3. Risk assessments 

Supply risks: Prices for critical minerals tend to be volatile, often more so than for fossil fuels 
and base metals 

Price movement and volatility of selected commodities 
 

 
IEA. CC BY 4.0. 

Notes: Assessment based on the London Metal Exchange (LME) Lithium Carbonate Global Average, LME Nickel Cash, LME Cobalt Cash, LME Copper Grade A 
Cash prices, China flake graphite (-194 free on board) and neodymium oxide 99.5-99.9% Min China. Nominal prices. 
Sources: IEA analysis based on S&P Global and Bloomberg.
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3. Risk assessments 

Geopolitical risks: Most minerals are highly exposed to geopolitical risks 

Risk score for geopolitical risks – aggregate and individual dimensions 
 

Material Overall 
score 

Geographical 
concentration 

of mining 

Geographical 
concentration 

of refining 

N-1 supply and 
demand 
balances 

Export risks of 
major 

suppliers 
Hurdles for 

diversification 

Graphite High  
(3.0) High High High High High 

Nickel High  
(2.7) High High Medium Medium High 

Cobalt High  
(2.7) High High Medium Medium High 

Rare earth elements High  
(2.7) High High Low High High 

Lithium Medium 
(2.3) Medium High Medium Medium Medium 

Copper Low 
(1.6) Low Low Low Medium High 
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3. Risk assessments 

Barriers to respond to disruptions: Graphite, rare earth elements and lithium have relatively 
little ability to respond to potential supply disruptions 

Risk score for ability to respond to disruptions – aggregate and individual dimensions 
 

Material Overall 
score 

Visible 
stock levels 

Transparency of 
pricing schemes 

Availability of 
options to 

moderate demand 
Status of 

secondary supply 

Graphite High  
(2.5) Medium High Medium High 

Rare earth elements High  
(2.5) High High Medium Medium 

Lithium High  
(2.5) Medium Medium High High 

Nickel Medium 
(2.3) Medium Medium Medium High 

Cobalt Medium 
(1.8) Medium Medium Low Medium 

Copper Low 
(1.5) Medium Low Medium Low 

 

IEA. CC BY 4.0. 
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3. Risk assessments 

Exposure to ESG and climate risks: Most minerals are exposed to high environmental risks 

Risk score for exposure to ESG and climate risks – aggregate and individual dimensions 
 

Material Overall 
score 

Environmental 
performance - 

Mining 

Environmental 
performance - 

Refining 

Social and 
governance 
performance 

Exposure to 
water stress 

Exposure to 
earthquake 

risks 

Graphite High  
(2.4) Medium High High Medium Low 

Nickel High  
(2.4) High High Medium Low Low 

Cobalt High  
(2.4) High High Medium Low Low 

Rare earth elements Medium 
(2.3) Medium High Medium Medium Medium 

Lithium Medium 
(2.2) Medium High Low High Medium 

Copper Medium 
(2.2) Medium High Low High Medium 

 

IEA. CC BY 4.0. 
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3. Risk assessments 

Exposure to ESG and climate risks: Today’s refining operations occur in places with higher 
carbon intensity of the grid, mostly in regions relying on coal-based electricity 

Weighted average grid carbon intensity of today’s refining regions 

 
IEA. CC BY 4.0. 

Notes: The carbon intensity for natural gas-based power generation is around 427 gCO2/kWh. For all minerals, the weighted average carbon intensity of the grid is 
higher than this, hinting that operations take place in regions relying on coal-based electricity. In some places (e.g. Indonesia), the rise of refining operations is being 
served mainly by off-grid, which runs entirely based on coal. 
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3. Risk assessments 

Exposure to ESG and climate risks: Mining assets are exposed to growing water stress and 
earthquake risks 

Share of production volume by water stress and earthquake risk levels for selected minerals, 2023 
 

 
IEA. CC BY 4.0. 

Note: Water stress levels are as defined in the Aqueduct 3.0 dataset according to the ratio of total water withdrawals over the total available surface and groundwater 
supplies. Earthquake risk levels are as defined in the GEM Global Seismic Hazard Map (v2023.1) based on peak ground acceleration (PGA) with a 10% probability 
of being exceeded in 50 years.  
Sources: IEA analysis based on S&P Global, WRI (2019), Aqueduct 3.0, and GEM (2023), Global Seismic Hazard Map.
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3. Risk assessments 

Around 10% of global copper production faces supply risks related to droughts 

Water consumption intensity and drought risk in copper production by region, 2022 

 
IEA. CC BY 4.0. 

Notes: Production at risk is the exposure percentage of the production at risk due to drought. It reflects the interaction of how water is used on site in the context of 
identified external climate risks, the operations water source matrix, its water efficiency and operational resilience. Drought risks are based on statistical analysis of 
monthly precipitation data and trends. 
Source: Data provided by Skarn Associates.
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4. Implications 
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4. Implications 

Four focus areas for policy makers, industry, and consumers to promote reliable and 
sustainable supplies of critical minerals

The picture that emerges from the analysis in previous chapters is a 
complex one. It shows some commonalities across the critical 
minerals examined, notably in the combination of rising demand and 
high concentrations among suppliers. However, it also highlights the 
specificities of the outlook in each case, with different sources of 
strain and opportunities for growth and for substitution. 

This final chapter reflects on four broad themes that apply, to a 
greater or lesser extent, to all of the minerals examined. These areas 
constitute an agenda for future work by policy makers and industry 
as they seek to ensure reliable and sustainable supplies of critical 
minerals: 

 Investment in diversified supply. Long-term security of supply 
is typically a question of adequate investment, but in the case of 
critical minerals it is not only the adequacy of supply that matters 
but also the diversity. It can be very challenging for new entrants 
to gain a foothold in markets with well-established incumbents. 
This section looks at the financing options open to governments 
that are seeking to encourage or de-risk investments in diversified 
sources of supply.  

 

 Recycling, innovation, and behavioural change. Strategies for 
critical minerals security sometimes have an imbalanced focus on 
expanding supply, but measures to temper demand are essential. 
Recycling creates a valuable secondary source of minerals that 
relieves the pressure on primary supply; technology innovations 
have proven potential to ease strains on the supply side; and 
behavioural issues and consumer preferences can have strong 
implications for vehicle and battery sizes, and therefore on 
mineral requirements. 

 Market transparency. Transparency of pricing and market 
information brings important benefits to all aspects of the supply 
chain, but for the moment these aspects remain weak for many 
critical minerals. This section considers options to improve the 
quality of information available to market participants, including 
moves towards market-based price discovery. 

 Sustainable and responsible supplies. As production of critical 
minerals expands, it will be crucial to ensure that projects do not 
come at the expense of the people involved or result in local 
environmental damage. This section discusses how the benefits 
associated with mineral production, such as revenue and jobs, 
can be felt by producer countries and communities.
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4. Implications 

Investment in diversified supply 
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4. Implications 

Major capital investment is required across all minerals to meet demand in climate-driven 
scenarios 

Capital requirements for mining to meet 2040 demand in the APS and NZE Scenario  

 
IEA. CC BY 4.0. 

Notes: Capital requirements for the APS and NZE Scenario are calculated based on compiled capital intensity by region and production route. The values also 
assume an increased average capital intensity over today due to declining ore grades. 
Source: IEA analysis based on data from S&P Global and company reports.
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4. Implications 

The NZE Scenario requires around USD 800 billion of investment in mining between today and 
2040

Capital requirements to meet climate goals 
Large amounts of investment will be required to develop new supply 
sources to meet the required demand for critical minerals in climate-
driven scenarios. For mining, we estimate that approximately USD 
590 billion is required in new capital investments between now and 
2040 in the Announced Pledges Scenario (APS). As the Net Zero 
Emissions by 2050 (NZE) Scenario sees faster deployment of clean 
energy technologies, total capital requirements are about 30% higher 
at USD 790 billion over the same period (excluding sustaining capital 
expenditure). 

The largest investment among the critical minerals is in copper. 
Capital requirements to 2040 for copper mining are USD 330 billion 
in the APS and USD 490 billion in the NZE Scenario. These amounts 
reflect not only the significant levels of demand, but also escalating 
capital requirements per tonne of ore caused by declining ore quality. 
Although all minerals face this challenge, it is more acute in mature 
and established markets such as copper. Nickel sees the second-
largest levels of capital spending (USD 160 billion to 2040 in the NZE 
Scenario), followed by lithium (USD 80 billion). Lower but still 
significant amounts of investment are also needed for new refining 
and smelting facilities. Part of these increases in capital investment 

need to be made in a way that fosters a more diversified array of 
supply sources in the future.  

Key financing challenges  
Financing diversified critical mineral supply chains faces numerous 
challenges, primarily stemming from two underlying factors: high 
input costs and long-term price uncertainty. 

Supply-side cost inflation, driven by rising energy prices and declining 
resource quality over the past few years, have persisted even as 
commodity prices have dropped in recent years. Rising interest rates 
have further elevated capital costs for producers. As a result, margins 
have been reduced across the board, impacting operations at each 
stage of the value chain. During periods of weak prices, these factors 
led some producers across many commodities to reduce or defer 
spending on mines as well as midstream assets.  

Increasingly stringent environmental, social and governance (ESG) 
requirements have also influenced project costs in some advanced 
economies, making these assets less competitive compared with 
those in countries with lower regulatory standards. 

Although the volatile, cyclical nature of commodity prices is well 
understood by market participants, the policy focus on ramping up 
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the supply of critical minerals for the energy transition has been 
challenged by record price volatilty and persistent supply chain 
disruptions. Investors and producers have thus been reluctant to 
commit to large projects without sufficient confidence in the long-term 
business case for new and more diversified assets. 

The lack of transparent pricing for many minerals contributes to this 
uncertainty. Although price discovery for metals such as nickel and 
copper takes place on liquid exchanges, pricing of lithium, cobalt and 
graphite, among other materials, still relies upon bilateral contracts 
that are surveyed and reported by price reporting agencies (PRAs) 
(see section on market transparency). Uncertainty over capital costs 
exacerbates the challenges facing project developers. For instance, 
in recent years, several lithium raw material development projects 
experienced a more than 50% increase in estimated capital intensity 
between pre-feasibility studies or preliminary economic 
assessments, and definitive feasibility studies.  

Diversified refining and processing projects face additional 
challenges due to their limited pricing power, especially for non-
integrated assets, relative to powerful incumbents. Positioned 
between the raw materials and the downstream value chain, projects 
are exposed to a cost and revenue squeeze and need to navigate the 
price volatility between raw material prices and downstream 
component prices. Price hedging has often proved challenging in 
relatively small and illiquid markets. Many projects being developed 
in geographically diverse regions have a higher-cost profile than 

those in today’s dominant regions: for example, several coated 
spherical graphite projects under development in advanced 
economies have more than twice the capital intensity of those in the 
People’s Republic of China (hereafter “China”). Without specific 
government measures to reinforce the investment case, consumers 
and investors typically do not assign much value to diversification, so 
such projects often face major challenges in mobilising the necessary 
capital. Moreover, many companies that aim to develop new refining 
and processing projects in diversified regions are small in size with 
limited track records, making it challenging to mobilise debt financing 
at affordable rates.  

Government investment vehicles 
Governments can intervene in various ways to help finance more 
diversified value chains. These interventions can come from four 
main sources: government departments and policy banks, sovereign 
wealth funds (SWF), development finance institutions (DFI), and 
export credit/insurance agencies (ECA). These agencies may 
engage directly with private sector firms, through state-owned or 
backed enterprises, in a hybrid fashion, or in partnership with foreign 
counterparts. They have a number of policy options available to them 
that range from direct debt or equity investments to indirect financial 
support and de-risking measures that boost competitiveness. 

While there are often significant overlaps in the remits and 
capabilities of many of these institutions, they are differentiated in 
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their strategic focus, risk tolerance, and the time horizon of their 
investment decision-making, as outlined in the table at the end of this 
section. The support they provide can be either in the form of capital 
expenditure (capex) financing, operating expense (opex) support, 
and/or risk mitigation.  

Capex financing support 
The vast majority of financial support mechanisms for the critical 
minerals sector have focused on large upfront capital expenditures. 
These include finance for the construction of mines, refineries and 
processing plants, and factories. These transactions, like those in the 
private sector, can contribute to various parts of the capital stack – 
as loans, equity stakes, or grants.  

In the United States, the Department of Energy Loan Programs Office 
(LPO) has to date authorised more than USD 5 billion in conditional 
loan commitments for domestic minerals projects. Among these, the 
USD 2.26 billion conditional loan for Lithium Americas’ Thacker Pass 
mine is the largest public commitment for a single project.  

The French government, through the General Secretariat for 
Investment (SGPI), invested EUR 500 million as the anchor investor 
in a EUR 2 billion critical minerals fund managed by InfraVia, an 
infrastructure asset manager. In contrast to the approach taken by 
the US LPO and International Development Finance Corporation 
(DFC), which has invested directly in specific projects and 
companies, this investment relies on the external fund manager to 

identify the opportunity set and capitalise on them in alignment with 
French government policy.  

Opex support 
In addition to capex support, opex support measures are also 
adopted in ensuring the long-term bankability of projects given the 
decades-long investment horizons associated with planning, 
operating, and decommissioning. By lowering operating costs 
associated with mineral extraction and processing and helping 
stabilise long-term cash flows, higher-cost operations can improve 
economic competitiveness, thus helping the aim of diversification.  

One of the most prominent policy initiatives for supply chain 
diversification is the Inflation Reduction Act (IRA) in the United 
States. The use of various tax credits on both the supply and demand 
sides have led to significant investment in the downstream domestic 
supply chain as well as the formation of agreements with free-trade 
agreement-compliant upstream suppliers. In addition to investment 
support through capital cost tax credits (48C), there are also 
production cost credits (45X) which provide 10% production tax credit 
for critical mineral processors. These forms of opex support can be 
effective in improving the business case to stimulate new investment, 
but require more policy commitment as they incur sustained financial 
burden over the long term.  

Despite the attractiveness and importance of ongoing financial 
support mechanisms, their long-term nature also makes them more 
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sensitive to political headwinds. This is in contrast to direct capex 
financing mechanisms, where committed loans and disbursements 
cannot easily be clawed back after a change in administration. 

Risk mitigation and ancillary services 
A third group of financial measures comprises options that are 
intended to de-risk investments and crowd in other investors, rather 
than directly subsidising or financing projects. Common strategies 
include offering loan guarantees to reduce the financial risk for private 
investors by providing a sovereign backstop, insuring transactions 
against counterparty risks that may not be available at a reasonable 
rate from commercial insurers, and directly lowering the cost of debt 
by bridging the gap between rates available to public institutions and 
the firm or project seeking funding.  

These services are often offered by ECAs, which typically have 
expertise in risks associated with complex, multi-jurisdictional 
projects, in addition to or as an alternative to direct financing options. 

For instance, the Korean Export and Import Bank, as part of the 
government’s five-year plan to support battery supply chains, has 
increased the maximum loan size from 40% of the owner’s equity to 
50%, in addition to a preferential rate up to 120 basis points (bps) 
lower. Furthermore, the Korea Trade Insurance Corporation has 
announced an insurance policy discount of up to 20% in addition to 
increases in loan guarantees available.  

In 2022, Canada’s Critical Minerals Strategy introduced the 30% 
Critical Mineral Exploration Tax Credit (CMETC) aimed at helping 
companies raise equity capital by incentivising investors with tax 
benefits associated with flow-through shares. This functions by 
allowing investors to claim a tax deduction equivalent to a portion of 
exploration expenditures incurred by the company.  

The CMETC acts in parallel with, but cannot be claimed in addition 
to, the existing Mineral Exploration Tax Credit (METC) of 15%. The 
METC, originally set to expire in March 2024, was extended to March 
2025. The Prospectors and Developers Association of Canada 
estimates that flow-through share financing contributes over 65% of 
the funds raised on Canadian stock exchanges for exploration across 
the country. These tax credits do not subsidise upstream companies 
directly, but serve to encourage equity investment during the high-
risk exploration phase.  

Policy implications 
Many of these policy intervention tools (outlined in the table at the 
end of this section) are intended to support national or regional 
strategies to decrease the geographic concentration of critical 
mineral supply chains. This can involve developments in either 
domestic projects or foreign projects with strategically aligned states.  

Government departments and policy banks typically focus their 
spending on domestic projects and firms. For those without domestic 
reserves, DFIs and ECAs are the preferred vehicle given their 
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specific mandate for foreign transactions. SWFs and policy banks 
with broad investment mandates are not common in advanced 
economies seeking to diversify their critical minerals supply chains, 
but there are examples elsewhere. For example, the Saudi Public 
Investment Fund, which has a wide-ranging mandate to actively 
invest over the long term to maximise sustainable returns, has taken 
an active position in global critical mineral supply chains as a financier 
of domestic and foreign projects.  

Financial support from public agencies and institutions not only 
directly supports investments in projects, but may also serve three 
important but indirect functions: intergovernmental policy signalling to 
mitigate potential geopolitical risks, crowding in private capital, and 
freeing up funds for redeployment.  

Given the financial challenges associated with supply chain 
diversification, there are several aspects to consider when countries 
introduce policy intervention tools to support financing. First, 
cross-agency coordination. The multiple risks associated with mineral 
value chains – geopolitical, financial, environmental, etc. – mean that 

the expertise of various departments and agencies is required to 
ensure that investments meet domestic and international guidelines. 
Furthermore, investment mandates of agencies such as government 
policy banks and DFIs often overlap but without a specific mandate 
to focus on mineral security. Coordination and information sharing 
between agencies can contribute to strategic alignment, ensuring 
efficient allocation of resources.  

Second, tailored, fit-for-purpose investments. Given the numerous 
policy options available, investments in critical mineral supply chains 
should be tailored to meet specific strategic objectives, such as 
reducing import dependency, improving environmental sustainability, 
and ensuring the economic viability of domestic resources. A wide 
range of investment structures should be evaluated for their ability to 
address the unique risks at each stage of the supply chain.  

Finally, financial incentives should aim to be synergistic across the 
whole value chain, rather than focusing narrowly on one sector. In 
particular, midstream processing of mined material into intermediate 
products is often lacking the support seen for end-use sectors. 
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https://www.pif.gov.sa/en/
https://www.csis.org/analysis/how-reform-dfc-meet-us-critical-minerals-security-needs
https://www.csis.org/analysis/how-reform-dfc-meet-us-critical-minerals-security-needs
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While different public agencies and vehicles have distinct strengths and remits, political 
co-ordination is important in ensuring synergistic efforts  

Public institutions and vehicles that play a role in financially supporting critical minerals value chains 

 Ministries and programmes Sovereign wealth funds Development finance 
institutions 

Export credit and insurance 
agencies 

Description 
Government departments that 

develop, implement, and 
finance policies 

State-owned investment funds 
designed to manage and invest 

national wealth 

Organisations that provide 
financial support and expertise 
to development projects, often 

focused on EMDE 

Financial institutions that 
support national exports and 

facilitate international trade and 
investment 

Relative 
risk 

tolerance 

Low-medium: political 
questions on public finances 

lead to greater scrutiny 

Medium-high: asset allocation 
strategies consider potential for 

higher returns 

Medium: EMDE investments 
are associated with higher 

expected loss rates 

Low: safeguarding domestic 
export industries is the priority, 

not returns 

Key use 
case 

Policy alignment and direct 
financial support: aligning 

industrial policies with national 
strategies via broad-based 

domestic investment, including 
in non-industry sectors  

Long-term investment in 
strategic assets: investing in 

domestic and international 
projects across the value chain 

as part of a diversified asset 
portfolio 

Achieving co-benefits in the 
minerals sector: advancing 

more socially and 
environmentally responsible 

supply chains that also 
contribute to policy priorities  

Export facilitation and trade 
financing: assisting domestic 

companies in competing 
internationally, securing supply 

chains, and accessing new 
markets 

Examples 
of 

institutions 
DOE LPO (US) 

Public Investment Fund (Saudi 
Arabia), Minerals Income 
Investment Fund (Ghana)  

KfW (Germany), US DFC, IFC Export Finance Australia 
(Australia), K-Sure (Korea) 

 
Note: EMDE = emerging market and developing economies; DOE = Department of Energy; IFC = International Finance Corporation. 
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https://www.energy.gov/lpo/loan-programs-office
https://www.pif.gov.sa/
https://miif.gov.gh/
https://miif.gov.gh/
https://www.kfw-entwicklungsbank.de/International-financing/KfW-Entwicklungsbank/
https://www.dfc.gov/investment-story/sourcing-critical-minerals-support-global-clean-energy-transition
https://www.ifc.org/en/home
https://www.exportfinance.gov.au/
https://www.ksure.or.kr/rh-en/index.do
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A range of policy options can be deployed to address various financing challenges associated 
with each segment of the value chain  

Financial policy options available for promoting investment in critical mineral supply chains  

  Policy option Description Typical size 
(USD million) Examples 

C
ap

ex
 fi

na
nc

in
g 1 Grants Non-repayable awards, usually to 

support capital projects 1-100 
Australia: International Partnerships in Critical Minerals 
Grants (AUD 40 million) 
US: DoD grants to Albermarle for lithium production (USD 
90 million) and processing plants (USD 150 million) 

2 Concessional 
loans 

Loans with favourable rates and/or 
repayment terms 100-1 000 US: DOE LPO loan to Lithium Americas (USD 2.26 billion) 

3 Equity 
investments 

Taking stakes in key minerals 
projects with risk-sharing 10-100 

France: SGPI investment in equity fund (EUR 500 million) 
US: DFC stake in TechMet (USD 75 million) 
Germany: KfW raw materials fund (EUR 1 billion) 

O
pe

x 
su

pp
or

t 4 Tax credits 
Reductions in tax liability in 
exchange for investment or 

production targets N/A 
US: Inflation Reduction Act 45X (10% of production cost) 

5 Reduced 
royalties 

Increasing the operating income 
margin of the asset 

Australia: Western Australia nickel royalty assistance 
programme (50% rebate for 18 months) 

R
is

k 
m

iti
ga

tio
n 6 Loan 

guarantees 
Sovereign guarantees on private 

loans to reduce lender risk 10-100 Canada: Indigenous loan guarantee programme (CAD 5 
billion) 

7 Insurance 
products 

Protection against risks that may not 
be covered by commercial insurers 10-100 Japan: Loan insurance for procurement and equity 

investment 

8 Interest rate 
reduction 

Directly lowering the cost of debt for 
borrowers N/A Korea: KEXIM to lower rates for strategic industries, 

including batteries, by up to 120 bps 

Note: AUD = Australian dollars; DoD = Department of Defense; KEXIM = Korea Export-Import Bank.
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https://www.industry.gov.au/news/40-million-support-critical-minerals-projects-australia
https://www.industry.gov.au/news/40-million-support-critical-minerals-projects-australia
https://www.defense.gov/News/Releases/Release/Article/3522657/dod-enters-agreement-to-expand-domestic-lithium-mining-for-us-battery-supply-ch/
https://www.energy.gov/articles/biden-harris-administration-awards-28-billion-supercharge-us-manufacturing-batteries
https://www.energy.gov/lpo/articles/lpo-announces-conditional-commitment-lithium-americas-corp-help-finance-construction#:%7E:text=Today%2C%20the%20U.S.%20Department%20of,Pass%20in%20Humboldt%20County%2C%20Nevada.
https://www.iea.org/policies/18053-critical-minerals-and-metals-equity-fund
https://www.dfc.gov/investment-story/sourcing-critical-minerals-support-global-clean-energy-transition
https://www.kfw-ipex-bank.de/Business-sectors/Industry-Commerce/Resources-and-Recycling/Raw-materials/
https://www.iea.org/policies/16282-inflation-reduction-act-2022-sec-13502-advanced-manufacturing-production-credit
https://www.demirs.wa.gov.au/sites/default/files/atoms/files/248721_nickel_financial_assistance_program.pdf
https://www.demirs.wa.gov.au/sites/default/files/atoms/files/248721_nickel_financial_assistance_program.pdf
https://cdev.gc.ca/budget-2024-indigenous-loan-guarantee-program/
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/lng/060223-japan-bolsters-loan-insurance-for-lng-critical-minerals-purchase-hydrogen-supply-chains
https://www.spglobal.com/commodityinsights/en/market-insights/latest-news/lng/060223-japan-bolsters-loan-insurance-for-lng-critical-minerals-purchase-hydrogen-supply-chains
https://www.kita.net/board/totalTradeNews/totalTradeNewsDetail.do?no=74348&logGb=A9400_20230410
https://www.kita.net/board/totalTradeNews/totalTradeNewsDetail.do?no=74348&logGb=A9400_20230410
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Recycling, innovation, and 
behavioural change 
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Recycled volumes from manufacturing scrap and end-of-life equipment contribute to reducing 
the requirements for primary supply 

Primary supply requirements and projected secondary supply for selected minerals in the NZE Scenario 
 

 
IEA. CC BY 4.0. 

Note: Secondary supply of copper does not include direct use of scrap. 
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Technology innovation and demand-side measures can play significant roles in reducing 
mineral demand 

Mineral demand reduction potential for electric vehicle batteries and battery storage, 2030 
 

IEA. CC BY 4.0. 

Note: Technology change assumes a higher share of lithium-ion phosphate chemistries and sodium-ion batteries. 
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Scaling up recycling, continued investment in technology innovation, and promoting consumer 
behavioural changes play a crucial role in ensuring the security of mineral supplies

Every country’s strategy on critical minerals will inevitably reflect its 
specific circumstances, but it would be a mistake for such strategies 
to focus only on increased exploration, mining and refining 
investment. A comprehensive approach to security and sustainability 
of supply needs to also address the demand side of the equation, 
which plays a crucial role in narrowing supply-demand gaps while 
simultaneously mitigating the potential environmental and social 
harms associated with resource extraction and use. This 
encompasses elements such as innovation, recycling, behavioural 
measures and rigorous sustainability standards. The importance of 
unlocking the power of technology and recycling has long been a 
theme of IEA analysis and this was one of the key takeaways from 
the first-ever IEA Critical Minerals and Clean Energy Summit in 
September 20231.  

Recycling 
Recycling creates a secondary supply of minerals that relieves the 
pressure on primary supply from mining and refining. A strong focus 
on recycling can deliver triple benefits: complementing primary 

 
 

1 The IEA will delve deeper into the topic of recycling – covering various topics 
such as battery recycling, industrial scrap and mine waste – in a forthcoming 
report for the Italian G7 presidency. 

mineral supplies, improving security of supply for regions with limited 
resource endowments and enhancing environmental performance 
and waste management.  

For base metals such as aluminium, recycling practices are well 
established, but this is not yet the case for many energy transition 
minerals such as lithium, nickel (from electric vehicle [EV] and 
storage batteries) and rare earth elements (from wind turbines and 
EV motors). For battery metals, today’s feedstock for recycling is 
dominated by electronic waste and scrap from manufacturing 
processes, but this is set to change by the end of the decade as the 
first generation of electric vehicles reach the end of their life. Globally, 
around 30 GWh of spent electric car batteries is expected to be 
available for recycling by the end of the decade. 

While recycling would not eliminate the need for continued 
investment in new supplies, we estimate that by 2040, recycled 
quantities of copper, lithium, nickel and cobalt from clean energy 
applications could reduce primary supply requirements for key 
minerals by 10-30%. The security benefits of recycling can be far 
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https://www.iea.org/news/iea-critical-minerals-and-clean-energy-summit-delivers-six-key-actions-for-secure-sustainable-and-responsible-supply-chains
https://www.iea.org/news/iea-critical-minerals-and-clean-energy-summit-delivers-six-key-actions-for-secure-sustainable-and-responsible-supply-chains
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greater for regions with wider deployment of clean energy 
technologies due to greater economies of scale. A strong example of 
the environmental benefits comes from the aluminium industry, 
where recycling of post-consumer scrap has been shown to reduce 
emissions by 90% compared with primary aluminium. Furthermore, 
recent studies show that total GHG emissions for manufacturing a 
nickel-rich lithium-ion battery cell can be around 28% lower if made 
from recycled materials rather than virgin minerals. 

Recovering minerals from mine waste, also known as tailings 
reprocessing, is a growing area of interest. As ore grades decline, 
larger amounts of wastes are generated during mining, increasing the 
economic and environmental cost of tailings management. 
Advancements in processing technologies mean that some tailings 
have grades comparable to currently economical ore deposits. Thus, 
reprocessing can have various benefits: revenue opportunities, water 
recovery and environmental impact mitigation.  

Technology and innovation 
Technology advances also have a major role in alleviating potential 
supply strains. For example, significant reductions in the use of silver 
and silicon in solar cells over the past decade have contributed to a 
spectacular rise in deployment of solar PV. For grids, our projections 
indicate that deploying high-voltage direct current transmission lines 
more widely in electricity networks has the potential to shrink their 
material demand by 3% in 2030 and 10% in 2050. Similarly, a 

sensitivity case covering an accelerated global adoption of lithium-
iron phosphate chemistries and sodium-ion batteries could reduce 
mineral demand for EV batteries by around 13% in 2030 and 18% in 
2050 compared to the NZE Scenario’s base case. 

Behavioural changes 
Energy demand depends on the behavioural choices of millions of 
consumers worldwide. Behavioural changes are actions that energy 
consumers take to reduce wasteful or unnecessary energy 
consumption. Many of these changes take place as part of daily life, 
and involve using energy differently or using less of it. These changes 
depend in part on individual choices and evolving socio-cultural 
norms. However, it is systemic transformations brought about by 
targeted and well-designed policy interventions that count most in 
changing consumer behaviour, and these often depend on the 
availability of infrastructure of one kind or another. 

Behavioural changes in the NZE Scenario help to bring about a more 
equitable and just energy transition. But in terms of critical minerals, 
behavioural changes can also imply a more tempered demand that 
can help narrow the demand-supply gap, especially changes in 
behaviour related to transport needs. 

In 2022, electric SUVs accounted for over half of global electric car 
sales for the first time ever and took up 16% of total SUV sales. Such 
a consumer preference is contributing to a further increase in mineral 
demand as SUVs require larger batteries to power them. Behavioural 
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https://www.isi.fraunhofer.de/content/dam/isi/dokumente/ccn/2020/Fraunhofer_ISI_Urban_Mining.pdf
https://www.isi.fraunhofer.de/content/dam/isi/dokumente/ccn/2020/Fraunhofer_ISI_Urban_Mining.pdf
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-recycling-takes-the-drivers-seat
https://www.mckinsey.com/industries/automotive-and-assembly/our-insights/battery-recycling-takes-the-drivers-seat
https://www.sciencedirect.com/science/article/pii/S0921344922004037
https://www.sciencedirect.com/science/article/pii/S0921344922004037
https://www.iea.org/reports/world-energy-outlook-2023
https://www.iea.org/reports/world-energy-outlook-2023
https://www.iea.org/reports/world-energy-outlook-2023
https://www.iea.org/commentaries/as-their-sales-continue-to-rise-suvs-global-co2-emissions-are-nearing-1-billion-tonnes
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changes and targeted measures to tame the appetite for SUVs and 
other large vehicles could result in considerable demand reduction 
for battery metals. IEA projections based on these specific sensitivity 
cases show that measures to promote smaller electric cars lead to a 
more than 10% reduction in battery mineral demand by 2030 
projected in the NZE Scenario, compared with a counterfactual case 
where SUV demand continues to grow. In February 2024, the city of 
Paris took measures to moderate the average size of cars on the 
roads by voting for elevated parking tariffs for larger private vehicles. 
Other behavioural measures that can reduce car traffic and thereby, 
not just gasoline demand from internal combustion engine vehicles 
but also demand for battery metals for EVs, include increased share 

of carpooling, active modes of transportation and public transit in total 
road passenger transport. 

The IEA recently showed that, in the case of lithium, the combination 
of smaller EV battery sizes, alternative chemistries and recycling 
could reduce demand for lithium by 25% in 2030 in the NZE Scenario, 
saving an amount similar to today’s production volumes. With these 
reductions, new supplies would need to grow by 20% per year 
between today and 2030. The lithium industry managed to deliver this 
scale of growth in recent years. For example, lithium raw material 
supply grew by roughly 20% per year over the past five years. 
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Recycling rates for many materials have exhibited limited growth in the past, but growing 
policy attention and the rise of battery recycling are set to change the picture 

Share of secondary supply in total demand for selected materials in the NZE Scenario 
 

 
IEA. CC BY 4.0. 

Note: Secondary supply of copper excludes direct use of scrap. 
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Without the uptake of recycling and reuse, mining capital requirements to meet demand would 
have been a third higher 

Reduced mining capital requirements due to higher recycling and reuse in the APS and NZE Scenario 
  

 
IEA. CC BY 4.0. 
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Much stronger efforts are needed to scale up recycling and ease the strains on mineral supply 
in a net zero pathway 

Global battery recycling capacity surpassed 300 GWh in 2023, of 
which more than 80% was located in China, far ahead of Europe and 
the United States with under 2% each. Many technology developers 
and industry actors are seeking to position themselves in the future 
market for end-of-life EV management and have announced 
considerable capacity expansions. If all announced projects are 
developed in full and on time, global battery recycling capacity could 
exceed 1 500 GWh in 2030, of which 70% is in China, and about 10% 
each in Europe and the United States. The main sources of supply 
for battery recycling plants in 2030 will be EV battery production 
scrap, accounting for half of supply, and retired EV batteries, 
accounting for about 20%. From 2030, end-of-life batteries surpass 
manufacturing scrap as the primary source of recycling. 

Policy measures, including standardisation and alignment of battery 
waste and transportation codes (e.g. for black mass handling and 
cross-border transport to high-quality recyclers), the implementation 
of extended producer responsibility principles for EV batteries, the 
development of comprehensive collection infrastructure, and the 
initiation of information and communication campaigns, all play 
pivotal roles in encouraging the uptake of battery recycling. 

Despite the undeniably significant role of batteries in total mineral 
demand, as the clean energy transition ramps up in almost every 

major region, recycling efforts will need to extend to technologies 
beyond batteries as well. In addition to scaling up recycling 
infrastructure, efforts also need to be directed towards the 
maintenance and repair of products that will enable longer use. 

The share of secondary supply in mineral demand has remained 
fairly stable for the last decade, but this changes rapidly in the NZE 
Scenario. The share of secondary supply for nickel needs to grow 
from around 1% today to 3% in 2030, and that of lithium from 3% to 
5% in the same period. By 2040, secondary supply share of most 
major critical minerals would need to reach at least 15% under the 
NZE Scenario. 

If the share of secondary supply were to stay at today’s levels, capital 
requirements for mining to meet demand in climate-driven scenarios 
would have been a third higher, highlighting the significance of 
recycling in alleviating pressure on primary supply.  
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Policies and actions to mitigate increases in demand for critical minerals 

 

Policy area Description Examples 

Repair, refurbishment and 
remanufacturing 

Extending product lifetimes, reducing 
the need for new production 

• Siemens Gamesa’s lifetime extension programme 
for wind turbines 

Recycling  
Collecting, processing, and reusing 
materials that would otherwise be 
discarded as waste 

• Minimum recycled content requirements, extended 
producer responsibility regulations 

Substitution Replacing materials with renewable or 
more sustainable alternatives 

• Chemistry change for EV batteries 
• Adoption of alternative battery technologies 

Material efficiency  
Designing products and processes to 
minimise material use, waste, and 
environmental impact 

• Iridium loading reduction in proton exchange 
membrane electrolyser manufacturing 

• Reduced silicon use in solar PV 

Product-as-a-Service Business models that provide services 
instead of selling products 

• Vehicle-sharing schemes to increase utilisation of 
assets 

Behavioural changes 
Encouraging individuals to adopt more 
sustainable habits and practices such 
as reducing consumption 

• Opting for optimal size vehicles than larger cars 
• Reducing private car journeys via public transport 
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Market transparency 
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Market transparency brings important benefits to all aspects of the supply chain 

Despite strong expected increases in demand, market transparency 
of commodities such as cobalt, lithium, and rare earth elements 
remains limited, challenging price-hedging and discouraging 
investment and risk assessments. Market transparency covers both 
the question of pricing – including efficient market price discovery 
mechanisms and financial tools to hedge price risks – and 
information – the importance of publicly available data on 
consumption, supply, inventories, trade and ESG performance. 

Transparency of pricing and market information brings important 
benefits to all aspects of the supply chain: producers and consumers 
are able to hedge their price risk, plan their stocks and production, 
and negotiate fair contracts. Merchants and intermediaries are able 
to correct global supply and demand imbalances as efficiently as 
possible. Governments benefit by being able to plan ahead and 
ensure supply continuity. Information transparency enables the 
anticipation of potential risk areas, allowing policymakers to target 
support where it is most needed. 

Price transparency: Tailoring actions to each critical 
mineral’s market maturity level 
The primary element of a well-functioning market for minerals and 
metals is transparency of pricing. Efficient price discovery processes 
provide two main benefits to the market: first, they offer clearer 

market signals, aiding informed investment decisions; second, they 
facilitate the development of financial tools to mitigate risks, allowing 
for hedging by midstream operators (refining, recycling) and 
downstream consumers. 

In a developed, sophisticated market, this means that there is a clear 
“spot” price (i.e. for immediate delivery), as well as a futures price 
curve – i.e. information about prices for delivery months or years into 
the future. While some commodities such as copper and aluminium 
already benefit from established and regulated exchanges with ample 
liquidity, not all critical minerals benefit from such levels of market 
maturity. Many of their markets contend with market concentration, 
insufficient liquidity, and reliance on bilateral contracts. 

There are broadly four stages of development in price transparency. 
Some commodities, such as copper and nickel, are already traded on 
regulated exchanges, where both spot and future contracts can be 
publicly traded – but derivatives can also often be traded outside of 
these exchanges, as over-the-counter (OTC) forward contracts, 
where prices are less easily tracked (see figure below – “Stage 4. 
Established and regulated trading”). For others, such as lithium and 
cobalt, there are signs of growing trade activities at major exchanges, 
while remaining significantly less liquid (“Stage 3. Early-stage 
regulated trading”). Although traded derivatives markets are 
important in assessing market participants’ expectations, OTC 
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financial contracts are of particular utility in risk management, as they 
allow more effective price hedging.  

For the less liquid markets, market players rely on unregulated spot 
auction platforms (“Stage 2”) or surveys from price reporting agencies 
(PRAs) (“Stage 1”) or other key market actors, who may – or may not 
– meet the principles set out by the International Organization of 
Securities Commissions (IOSCO). The different stages of market 
maturity discussed here are indicative, and each element may face 
different circumstances.  

Market maturity levels for selected minerals 

 

IEA. CC BY 4.0. 

 
 

Price data are often much more limited for midstream processing than 
refined material. While for some commodities, such as copper, 
“treatment and refining charges” (the amount mines need to pay to 
smelt concentrate into cathodes) are tracked by agencies, data are 
less available for other commodities. The absence of data on refining 
costs and prices, as well as existing capacities and stockpiles, restricts 
further investments in midstream capacities, and thus their 
diversification. 

Some of the smaller commodities may have structurally insufficient 
liquidity pools for market-based price discovery mechanisms. In these 
cases, policymakers could consider various ways to incentivise or 
encourage contributions by market participants to PRAs’ platforms 
who adhere to the IOSCO principles or their equivalents, or to enhance 
data collection from businesses. Regulated markets also require deep 
liquidity pools for effective price discovery. In this context, 
governments could avoid actions that would further fragment liquidity 
pools. For cobalt and lithium in particular, there is a question as to 
whether physically-deliverable contracts could be possible. This would 
have the advantage of providing stocks data to the market, which gives 
some proxy data to the market as to supply and demand.  

Finally, there is a growing interest in pricing schemes that incorporate 
ESG performance. While many PRAs are introducing new price 
indices, it is uncertain whether these indices would achieve sufficient 
liquidity without policy and regulatory support to encourage consumers 
to consider sustainability aspects in their procurement decisions.  
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Classification of commodity markets by maturity level 

 
Stage 1 Stage 2 Stage 3 Stage 4 

 Survey 
pricing 

Unregulated 
platforms 

Early stage 
regulated 
trading 

Established 
and 

regulated 
trading 

Price 
discovery 

mechanism 

PRAs and 
market 

participants 

PRAs and 
trading 

platform 
Exchange Exchange 

Reporting 
frequency Monthly Weekly-daily Instant Instant 

Risk 
management 

tools 

Limited to 
bilateral 

agreements 

Futures and 
options with 

financial 
inter-

mediaries 

Traded 
futures and 

options  

Active 
derivative 
markets 

Examples 
Rare earth 
elements, 
graphite 

Platinum, 
palladium  

Lithium, 
cobalt 

Aluminium, 
copper, zinc, 

nickel 

 

Market information transparency 
Understanding critical mineral production and refining also relies both 
on public data and on mining and supply chain actors, with multiple 
benefits: allowing more informed investment decisions, facilitating 
supply risk identification along the supply chain, enabling systematic 
tracking of ESG performance, informing due diligence efforts, 
facilitating audit and verification of claims and ensuring better 
accountability. 

However, information transparency faces significant challenges – 
insufficient publicly available data, particularly on the midstream, 
underlaid by a lack of consensus on what data could or should be 
shared through the supply chain, and further disclosed to the public 
and consumers. 

Some nations already disclose significant data on mining volumes, 
given the economic and social importance of this activity in their 
jurisdictions. Stock exchanges and their regulators, particularly in 
Canada (NI National Instrument 43-101 Standards of Disclosure for 
Mineral Projects) and Australia (Joint Ore Reserves Committee 
[JORC] reporting code), have also played a crucial role in making 
more data on production and reserves of publicly traded mining 
companies accessible. 

Public data initiatives have the potential to offer valuable insights to 
stakeholders in the market. While some disclosures have been made 
under the Extractive Industries Transparency Initiative (EITI), 

IE
A

. C
C

 B
Y

 4
.0

.

1ea 

https://www.osc.ca/sites/default/files/pdfs/irps/ni_20160509_43-101_mineral-projects.pdf
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countries do not necessarily systematically disclose the information 
even if it is required under EITI. In addition to private disclosures from 
publicly traded companies, efforts are underway to classify and make 
data on resources more readily available, often held by geological 
surveys, with the United Nations Framework Classification for 
Resources (UNFC). 

For refining and trade, public statistics face challenges in portraying 
what is now becoming an essential section of many economies – 
even though they play a critical role in understanding complex supply 
chains. In particular, the Harmonised System (HS) codes can 
facilitate access to trade data for materials of growing importance. 
However, key commodities such as lithium ore, concentrate and 
chemicals or cobalt and manganese sulphates, essential to the EV 
battery, do not yet have harmonised codes, hindering efficient 
tracking of trade flows. 

Likewise, information about regional consumption is relatively lacking 
compared with production volumes, which hampers the granular 
understanding of market balances. All of these underscore the 
necessity of launching efforts to systematically collect reliable data 
consistently, beginning with identifying areas where publicly available 
data are most lacking. 

Traceability tools can also be a technical enabler, though not an end 
goal in themselves. There is a growing interest in decentralised 
databases, but the underlying challenge often lies in defining i) which 
data should be shared to achieve transparency objectives, in what 

frequency; ii) with whom this data should be shared; iii) how 
accountable data producers are; and iv) whether public enforcement 
is necessary to provide adequate incentives and ensure adherence 
to best practices. 
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Trade analysis is key to identifying bottlenecks in complex supply chains 

Lithium hydroxide supply chain, 2021 

 
IEA. CC BY 4.0. 

Notes: Values in kt of elemental Li. Lithium hydroxide supply chain includes trade of lithium-containing commodities (carbonates, ore concentrates) used as inputs for 
hydroxide production.  
Sources: IEA analysis, based on UN Comtrade and Wood Mackenzie.
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There is scope to improve codes for trade reporting to better track trade flows of raw and 
refined materials 

World Customs Organization HS codes for criticial mineral trades 

 Copper Lithium Nickel Cobalt Graphite Rare earth 
elements Manganese 

Mined 
2603.00 (“Copper 

ores and 
concentrates”) 

Included in 2530.90 
("Mineral 

substances not 
elsewhere specified 

or included") 

2604.00 (“Nickel 
ores and 

concentrates”) 

2605.00 (“Cobalt 
ores and 

concentrates”) 

2504.10 and 
2504.90 (“Natural 

graphite”) 

Included in 2530.90 
("Mineral 

substances not 
elsewhere specified 

or included") 

2602.00 
(“Manganese ores 
and concentrates”) 

Processed 

2825.50, 2827.41, 
2833.25 (copper 
chemicals) and 
the complete 74 
chapter ("Copper 

and articles thereof") 

2825.20 (Li oxide 
and hydroxide) 

2836.91 (Li 
carbonates), also 

included in 2805.19 
(“Alkali metals, 
including lithium 
metal”), 2833.29 
(“Sulphates”) and 
2827.39 (“other 

chlorides”) 

2825.40, 2827.35, 
2833.24 (Nickel 

chemicals), 7202.60 
(Ferronickel) and 
the complete 75 

chapter ("Nickel and 
articles thereof") 

2822.00 (Co oxides 
and hydroxides), 

8105.20 (Co mattes) 
and also included in 

2833.29 
(“Sulphates”) 

3801.1 (synthetic 
graphite) and 

3801.2 (natural 
graphite) 

2805.30, 2846.10, 
2846.90 

2820.10, 2820.90 
(manganese oxide 

and dioxide), 
7202.11, 7202.19 

(ferro-manganese),  
8111.00 

(manganese metal) 
and also included in 
2833.29 (sulphates) 

Secondary 
(waste, 
scrap...) 

7404.00 (“Cu waste 
and scrap”)  7503.00 (“Ni waste 

and scrap”) 
8105.30 (“Co waste 

and scrap”)   
Manganese waste 
and scrap is also 

included in 8111.00 

Notes  

EU imports lithium ores 
under domestic code 

25309040, China uses 
a ten-digit code for 
various lithium ores 

(2530909902 for 
spodumene…) 

  
No distinction between 

raw and refined 
battery-grade graphite 
in the HS code system. 

EU imports rare earth 
ores under domestic 

code 25309050, China 
under domestic code 

25309020. 
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Sustainable and responsible 
supplies  
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Critical minerals cannot be truly secure, reliable and resilient unless they are also sustainably 
and responsibly produced

The foremost reason to address the ESG risks within the mineral 
supply chain is to protect people, communities and the environment. 
Robust efforts to ensure that supply chains are responsible and 
sustainable will be necessary to ensure that energy transitions are 
people-centred and that the benefits associated with mineral 
production, such as revenue and jobs, are captured in producer 
countries and communities. In parallel, improving the ESG 
performance of mineral supply chains can yield important security-of-
supply benefits.  

In fact, without serious efforts to mitigate the ESG risks associated 
with mineral supply chains, there may not be sufficient supplies to 
support the rapid scale-up of clean energy technologies that is 
needed to reach climate goals and to avert the worst effects of climate 
change. Governments and companies alike have a role in developing 
sustainable and responsible supply chains. While companies may 
champion sustainable and responsible practices and transparently 
monitor progress, governments play a crucial role in incentivising 
corporate action and creating a regulatory environment conducive to 
high ESG standards.  

While there are many ESG risks that can lead to supply disruptions, 
we have identified six priority areas that have particularly important 
implications for security of supply: water, GHG emissions, 

biodiversity, human rights, communities and corruption. Each of 
these risks impacts security of supply in a different way, but broadly, 
failures in these areas can limit market access, create legal barriers, 
discourage investment, damage reputation, increase the likelihood of 
opposition from local communities, and in some cases physically 
prevent projects from operating.  

Critical minerals are often situated in regions characterised by 
elevated water stress. Developing infrastructure that ensures secure 
water access for local communities can help companies prevent 
conflicts where water access is limited. Policy responses that 
encourage water stewardship include conditioning public investment 
to or establishing specific targets for water quality, use and effluents 
that improve over time. 

Companies that do not reduce and report GHG emissions face risks 
to market access and their reputation. Corporate reporting can build 
onto existing standards and external verification to provide 
transparent and credible data. Investment in on-site renewables and 
energy efficiency can help drive decarbonisation efforts. 
Governments can improve or expand GHG reporting requirements 
and ensure that data on emissions are publicly available. 
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Operations that fail to address biodiversity impacts may face 
regulatory barriers and reputational and investment risks – especially 
for mineral deposits located in key biodiversity areas. Companies can 
minimise land use and related impacts by working on project design 
and implementing technologies tailored to each site. Governments 
can strengthen biodiversity protections in mining regulations and 
permits and improve monitoring and disclosure of biodiversity data. 

Enhancing human rights standards in mining operations can mitigate 
operational disruptions and reduce divestment resulting from human 
rights violations, including child labour and forced labour. 
Corporations and governments can enable supply chain 
transparency by embedding human rights risks in due diligence 
systems or regulatory frameworks, while supporting the continued 
implementation and enforcement of protections.  

Meaningful engagement with local communities and Indigenous 
Peoples can help projects obtain and maintain a social licence to 
operate. This rests on credible local community and Indigenous 
Peoples-led consultation schemes. Free, prior and informed consent 
of Indigenous Peoples and potentially impacted communities is a 
best practice, where not already required by law. 

Reducing corruption and governance risks can facilitate investment 
and strengthen public confidence in mining operations. This can be 
supported by targeted policies and the disclosure of permits, 

licences, and contracts; company beneficial ownership; and 
payments to governments. 

Considering the available levers for action, we have developed five 
key recommendations for policy makers to ensure that critical mineral 
value chains are sustainable and responsible:  

 Better regulations. Ensure legal and regulatory protections for the 
environment, workers, Indigenous Peoples and communities, backed by 
sufficient means of implementation and enforcement.  

 Targeted public spending. Channel public spending to encourage the 
development of better practices and to incentivise good performance.  

 Improved data. Strengthen the collection and reporting of granular and 
standardised data to enable benchmarking and progress tracking 
throughout the supply chain.  

 Increased transparency. Improve transparency throughout the supply 
chain, including by enhancing traceability, undertaking due diligence and 
reporting publicly on risks and mitigation actions. 

 Support sustainability standards. Support the development of initiatives 
that help companies demonstrate that their operations are sustainable and 
responsible while ensuring cross-compatibility and interoperability. 

Governments can play an important role in promoting improvements 
by incorporating the recommendations into their policy and 
investment decisions. These five recommendations are cross-cutting 
and can apply to all ESG risks
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IEA Critical Minerals Data Explorer

The IEA has integrated critical minerals into its long-term energy 
modelling framework. Last year, alongside the Critical Minerals 
Market Review 2023, the IEA Critical Minerals Data Explorer was 
launched. The explorer is an interactive online tool that allows users 
to easily access the IEA's projection data. This year the data explorer 
has been updated to now include long-term supply projection data as 
well as demand projection data for the key energy transition minerals 
(copper, lithium, nickel, cobalt, graphite and rare earth elements). 

The tool provides users with access to the IEA's demand projection 
results under various energy scenarios and technology evolution 
trends (through various alternative technology cases). Users can look 
up total demand for key energy transition minerals and projected 
mineral demand in the clean energy sector by technology and 
commodity, scenario and technology case. Long-term supply 
projections for the key energy transition minerals are now accessible 
in the tool. Supply projections are based on the project pipeline for 
each mineral in a base case and high production case based on the 
project’s probablity of coming online. 

The numbers are regularly updated to align with the latest energy 
projections. 
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IEA Critical Minerals Policy Tracker

The IEA launched the Critical Minerals Policy Tracker in November 
2022, which monitors and analyses the development of policies 
concerning critical minerals. This tool tracks policies across over 35 
countries, starting from an initial dataset of 200 policies and 
expanded to 450 policies by 2023. Updated annually to ensure the 
inclusion of new policies and any amendments, the latest update was 
completed in December 2023. While not exhaustive, this data tool 
provides an overview of the evolving landscape in mineral supply 
chain governance in the context of clean energy transitions.  

The data for the Tracker is primarily sourced from the IEA Policies 
Database, which encompasses an array of government-issued 
policies, laws, and regulations relevant to the energy sector. The 
methodology for data collection for the Critical Minerals Policy 
Tracker includes desk research and stakeholder submissions to 
capture policies in place within each of the focus countries and 
regions. For the 2023 update, a questionnaire was circulated among 
all IEA member countries via the IEA’s Working Party on Critical 
Minerals. Feedback from country delegates and external researchers 
further refines and validates the database entries. 

Policies tracked by this tool are categorised into three key areas: 
ensuring supply reliability and resiliency, promoting exploration, 
production, and innovation, and encouraging sustainable and 

responsible practices. Within each category, policies are further 
divided into five subcategories. This categorisation aids in the IEA’s 
systematic analysis of policy trends and differences across various 
countries and regions, providing stakeholders with insights into the 
global policy approaches to managing critical mineral resources. 
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Methodology

Scope 
The critical minerals model, added as a permanent module in the 
Global Energy and Climate (GEC) Model during the 2022 modelling 
cycle, assesses the mineral requirements for the following clean 
energy technologies: 

• low-emissions power generation 

o solar PV (utility-scale and distributed) 

o wind (onshore and offshore) 

o concentrating solar power (parabolic troughs and central 
tower) 

o hydropower 

o geothermal 

o bioenergy for power 

o nuclear power 

• electricity networks (transmission, distribution, and transformer) 

• electric vehicles (battery electric and plug-in hybrid electric 
vehicles) 

• battery storage (utility-scale and residential) 

• hydrogen (electrolysers and fuel cells) 

All of these energy technologies require metals and alloys, which are 
produced by processing mineral-containing ores. Ores – the raw, 
economically viable rocks that are mined – are beneficiated to 
liberate and concentrate the minerals of interest. Those minerals are 
further processed to extract the metals or alloys of interest. 
Processed metals and alloys are then used in end-use applications. 
While this analysis covers the entire mineral and metal value chain 
from mining to processing operations, we use “minerals” as a 
representative term for the sake of simplicity.  

We focus specifically on the use of minerals in clean energy 
technologies, given that they generally require considerably more 
minerals than their fossil fuel counterparts. Our model also focuses 
on the requirements for building a plant (or making equipment) and 
not on operational requirements (e.g. uranium consumption in 
nuclear plants). 

Our model considers a wide range of minerals used in clean energy 
technologies. They include copper, major battery metals (lithium, 
nickel, cobalt, manganese and graphite), rare earth elements, arsenic, 
boron, cadmium, chromium, gallium, germanium, hafnium, indium, 
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iridium, lead, magnesium, molybdenum, niobium, platinum group 
metals, selenium, silicon, silver, tantalum, tellurium, tin, titanium, 
tungsten, vanadium and zinc. 

Steel and aluminium are widely used across many clean energy 
technologies, but we have excluded them from the scope of this 
analysis. Steel does not have substantial security implications and 
the energy sector is not a major driver of growth in steel demand. 
Aluminium demand is assessed for electricity networks only as the 
outlook for copper is inherently linked with aluminium use in grid lines, 
but is not included in the aggregate demand projections. 

For the six key energy transition minerals – copper, lithium, nickel, 
cobalt, graphite and rare earth elements – we model total demand 
including uses in clean energy applications and other segments. 
Consumption outside the clean energy sector has been estimated 
using historical consumption by end-use applications, relevant 
activity drivers (e.g. GDP, industry value added, steel production, 
etc.) and material intensities. 

Demand 
For each of the clean energy technologies, we estimate overall 
mineral demand using five main variables: 

• clean energy deployment trends under different scenarios 

• sub-technology shares within each technology area 

• mineral intensity of each sub-technology 

• mineral intensity improvements 

• material efficiency measures (recycling, reuse and behavioural 
change) 

Clean energy deployment trends under the Stated Policies Scenario 
(STEPS), the Announced Pledges Scenario (APS), and the Net Zero 
Emissions by 2050 (NZE) Scenario are taken from the projections 
from the World Energy Outlook 2023, adjusted by latest information 
from the Global EV Outlook 2024 and other sources. 

Mineral intensity assumptions were developed through extensive 
literature review and expert and industry consultations, including with 
IEA Technology Collaboration Programmes. The pace of mineral 
intensity improvements varies by scenario, with the STEPS generally 
seeing minimal improvement over time as compared with modest 
improvement (around 10% in the longer term) assumed in the APS 
and NZE Scenario. In areas that may particularly benefit from 
economies of scale or technology improvement (e.g. silicon and silver 
use in solar PV, platinum loading in fuel cells, rare earth elements 
use in wind turbines, copper in buildings), specific improvement rates 
have been applied based on the review of underlying drivers. 
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Supply 
For the six key energy transition minerals, primary supply 
requirements have been assessed by deducing projected secondary 
supply from projected total demand.  

Secondary production is estimated with two parameters: the average 
recycling rate and the lifetime of each end-use sector. The recycling 
rate is the combination of the end-of-life collection rate (the amount 
of a certain product being collected for recycling) and the yield rate 
(the amount of material a recycling process can actually recover). For 
emerging technologies such as lithium-ion batteries, we assume 
collection rates increase at a faster pace. For batteries, the collection 
rates gradually increase from around 45% in the early-2020s to 80% 
by 2040 in the NZE Scenario. The yield rate is assumed to vary 
according to the technical limitations for the extraction of each 
mineral using the currently available recycling methods. The reuse 
rates are much lower than the collection rate for recycling as the use 

of second-life batteries (in grid applications) faces many technical 
and regulatory obstacles. Losses from manufacturing processes are 
also taken into account. For primary supply requirements for mined 
materials, a certain level of loss ratio during refining processes is 
assumed. 

Supply projections for the key energy transition minerals are built 
using the data for the pipeline of operating and announced mining 
and refining projects by country. These projections are divided into a 
base case and a high production case, whose categorisation is 
assessed through their probability of coming online based on various 
factors such as the status of financing, permitting and feasibility 
studies. 

We acknowledge the use of data on mining and refining projects from 
various professional information sources such as S&P Global Market 
Intelligence, Wood Mackenzie, Benchmark Mineral Intelligence, and 
Project Blue.
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Mineral-specific clean energy transition risk assessment – detailed evaluation criteria 

 

 

High Medium Low

Supply risks Assessment
methodology

Weight

Expected pace of demand growth Annual average demand growth rates 
in climate-driven scenarios vis-à-vis 
historical growth rates

10% Expected pace of growth 
between 2023 and 2030 in the 
APS is over 2 times higher than 
historical growth rates

Expected pace of growth 
between 2023 and 2030 in the 
APS is more than 20% higher 
than historical growth rates

Expected pace of growth 
between 2023 and 2030 in the 
APS is similar or lower than 
historical growth rates

Short-term market balances Balances between expected supply 
(base case) and primary supply 
requirements in 2026

20% Expected supply (base case) 
falls short of STEPS primary 
supply requirements in 2026

Expected supply (base case) 
able to meet STEPS primary 
supply requirements in 2026, 
but falls short of APS needs

Expected supply (base case) is 
higher than APS primary supply 
requirements in 2026

Long-term market balances in climate-driven scenarios Balances between expected supply 
and primary supply requirements in 
2040

30% Expected supply (base case) 
meets less than 60% of APS 
primary supply requirements in 
2040

Expected supply (base case) 
meets 60-80% of the APS 
primary supply requirements in 
2040.

Expected supply (base case) 
meets over 80% of the APS 
primary supply requirements in 
2040.

Observed price volatil ity Historical monthly price volatil ity 
between 2011 and 2023

20% Standard deviation of indexed 
historical monthly prices above 
35

Standard deviation of 
historical monthly prices 
between 25 and 35 (range of oil  
and gas)

Standard deviation of 
historical monthly prices below 
25

Impact on clean energy cost Share of a material in total cost of end-
use technologies

20% Price spikes could hamper the 
deployment of final 
technologies

Modest impact on final clean 
energy cost

Limited impact on final clean 
energy cost
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High Medium Low

Geopolitical risks Assessment
methodology

Weight

Geographical concentration of mined supply Expected share of top 3 producing 
mining countries in 2030

20% Projected top 3 country share 
remains above 80% in 2030 or 
top 1 country controls more 
than two thirds of global 

l

Projected top 3 country share 
between 65% and 80% in 2030 
or top 1 country controls more 
than 50% of global supply

Projected top 3 country share 
remains below 65% and top 1 
country controls less than 50% 
of global supply

Geographical concentration of refined supply Expected share of top 3 producing 
refining countries in 2030

30% Projected top 3 country share 
remains above 80% in 2030 or 
top 1 country controls more 
than two thirds of global 

Projected top 3 country share 
between 65% and 80% in 2030 
or top 1 country controls more 
than 50% of global supply

Projected top 3 country share 
remains below 65% and top 1 
country controls less than 50% 
of global supply

N-1 supply and demand balances Share of N-1 supply in N-1 material 
requirements in 2030 (refined product 
basis)

15% N-1 supply serves less than 
35% of N-1 requirements in 
2030 in the APS

N-1 supply serves between 35% 
and 60% of N-1 requirements in 
2030 in the APS

N-1 supply serves over 60% of N-
1 requirements in 2030 in the 
APS

Export risks of major suppliers Weighted average export restriction 
risk score of today's production 
portfolio both for mining and refining

15% Weighted average country risk 
score above 4

Weighted average country risk 
score between 2.5 and 4

Weighted average country risk 
score below 2.5

Hurdles to develop new projects in diversified regions Difficulties in building supply chains 
in geographically diverse regions 
(qualitative)

20% New capacities involve 
considerably higher capital 
and operating costs (than 
incumbent players) and long 
lead time

Building new capacities needs 
to overcome modest capital, 
lead time and technological 
barriers

Manageable capital, lead time 
and technological barriers.

Barriers to respond to disruption
Assessment

methodology
Weight

Visible stock levels Visible stock levels in major 
exchanges

25% Limited visibil ity in stock levels Possible to monitor visible 
stock levels in major 
exchanges, but volumes are low 
compared to historical average. 

    

Ample visible stock in major 
exchanges

Transparency of pricing schemes Qualitative assessment of market 
l iquidity and transparency of pricing 
schemes

25% Price reporting driven through 
survey pricing and unregulated 
platforms with l imited l iquidity

Early stage regulated market 
trading but with l imited 
l iquidity

Established regulated market 
trading with ample  l iquidity

Availabil ity of options to moderate demand Availabil ity of demand-side and 
technology switching options to 
moderate demand growth in case of 
supply tightness (qualitative)

25% Limited opportunities to reduce 
demand without sacrificing 
performance

Scope for technology switching 
and behavioural change to 
reduce demand, but requires 
substantial time and cost 
commitment

Viable opportunities to reduce 
demand in a short period of 
time 

Status of secondary supply Share of secondary supply in total 
supply and potential for growth

25% Share of secondary supply 
remains low and is not 
improving significantly

Share of secondary supply 
remains low but is improving 
or share remains high but with 
l imited improvement

Share of secondary supply 
remains high and is improving
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High Medium Low

Exposure to ESG and climate risks Assessment
methodology

Weight

Environmental performance: mining Weighted average enviromental 
performance score of today's mined 
production

30% Weighted average 
environmental performance 
score below 40

Weighted average 
environmental performance 
score between 40 and 65

Weighted average 
environmental performance 
score above 65

Environmental performance: refining Weighted average grid carbon 
intensity of today's refined production

30% Weighted average grid carbon 
intensity above 460 gCO2/kWh 
(world average)

Weighted average grid carbon 
intensity between  460 
gCO2/kWh and 380 gCO2/kWh

Weighted average grid carbon 
intensity below 380 gCO2/kWh 
(advanced economy average)

Social and governance performance Weighted average corruption, human 
rights and conflict score of today's 
mined production (based on V-Dem)

20% Weighted average social and 
governance score below 0.33

Weighted average social and 
governance score between 0.33 
and 0.66

Weighted average social and 
governance score above 0.66

Exposure to natural hazards and climate risks - water 
stress

Share of mines exposed to water 
stress risks

10% Share of mine production 
located in high, extreme high 
and arid areas equal or above 
50%

Share of mine production 
located in high, extreme high 
and arid areas between 25% 
and 50%

Share of mine production 
located in high, extreme high 
and arid areas below 25%

Exposure to natural hazards and climate risks - 
earthquake

Share of mines exposed to earthquake 
risks

10% Share of mine production 
located in high and very high 
earthquake risk areas equal or 
above 50%

Share of mine production 
located in high and very high 
earthquake risk areas between 
25% and 50%

Share of mine production 
located in high and very high 
earthquake risk areas below 
25%
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Key projection results 
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Copper demand 

 Historical Stated Policies Announced Pledges Net Zero by 2050 

Unit: kt Cu 2021 2023 2030 2040 2050 2030 2040 2050 2030 2040 2050 

Clean energy 5 380 6 311 10 314 12 188 12 972 12 001 16 343 17 466 14 842 19 636 19 416 

  Electricity networks 4 030 4 171 5 922 6 305 6 124 6 632 8 327 8 158 7 816 10 632 9 471 

  Electric vehicles 166 396 1 645 3 131 3 470 1 870 4 297 4 804 2 612 4 642 5 124 

  Solar PV 694 1 208 1 691 1 684 1 959 2 117 2 049 2 401 2 564 2 245 2 390 

  Other 490 536 1 055 1 068 1 419 1 382 1 670 2 103 1 850 2 116 2 430 

Other uses 19 548 19 543 20 341 21 997 24 671 19 127 20 036 22 046 18 399 19 434 21 473 

Total demand 24 928 25 855 30 655 34 185 37 643 31 128 36 379 39 512 33 241 39 069 40 889 

Share of clean energy 22% 24% 34% 36% 34% 39% 45% 44% 45% 50% 47% 

Notes: Demand is based on refined copper and excludes direct use of scrap. Electric vehicles demand includes both EV batteries and EV motors demand. 
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Copper supply  

 Mining  Refining 

 Historical Base case  Historical Base case 

Unit: kt Cu 2021 2023 2030 2040  2021 2023 2030 2040 

  Chile 5 660 5 311 5 211 4 053   China 10 383 11 547 14 788 14 788 

  DRC 2 014 2 678 3 183 2 145   DRC 1 562 1 978 2 235 1 381 

  Peru 2 282 2 644 2 377 1 067   Chile 2 270 2 058 1 719 1 321 

  China 1 828 1 865 2 128 1 856   Japan 1 514 1 499 1 614 1 614 

  Russia 862 960 1 215 1 019   India 497 549 1 060 1 060 

  Indonesia 753 863 948 861   -         

  Rest of world 8 026 8 187 7 350 3 888   Rest of world 8 747 8 706 10 506 9 781 

World 21 426 22 508 22 412 14 889 World 24 973 26 336 31 922 29 944 

Top 3 share 46% 47% 48% 54% Top 3 share 57% 59% 59% 59% 

 
Note: DRC = Democratic Republic of the Congo. 
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Lithium demand 

 Historical Stated Policies Announced Pledges Net Zero by 2050 

Unit: kt Li 2021 2023 2030 2040 2050 2030 2040 2050 2030 2040 2050 

Clean energy 38 92 381 868 1041 442 1 203 1 452 616 1 308 1 573 

  Electric vehicles 35 83 347 808 964 398 1 124 1 353 560 1 206 1 447 

  Battery storage 2 9 35 59 77 44 79 99 56 102 126 

Other uses 63 73 90 123 155 90 123 155 90 123 155 

Total demand 101 165 471 991 1196 531 1 326 1 607 705 1 431 1 728 

Share of clean energy 37% 56% 81% 88% 87% 83% 91% 90% 87% 91% 91% 
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Lithium supply 

 Raw materials  Chemicals 

 Historical Base case  Historical Base case 

Unit: kt Li 2021 2023 2030 2040  2021 2023 2030 2040 

  Australia 50 84 146 128   China 70 114 213 215 

  China 17 34 103 103   Chile 25 46 56 56 

  Chile 28 46 56 56   Argentina 7 9 47 40 

  Argentina 6 9 47 40   Australia 0 6 30 30 

  Zimbabwe 2 9 34 34   US 0 1 17 18 

  Canada 0 3 20 20   Korea 0 0 4 5 

  Rest of world 4 8 44 28   Rest of world 0 0 6 6 

World 107 194 450 408 World 102 176 373 370 

Top 3 share 89% 85% 68% 70% Top 3 share 100% 96% 85% 84% 

Note: Raw materials cover extraction of lithium from hard rock ore, as well as from clays and brines. Lithium chemicals cover the first production of lithium carbonate, 
hydroxide, sulphates and chlorides, and excludes reprocessing.
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Nickel demand 

 Historical Stated Policies Announced Pledges Net Zero by 2050 

Unit: kt Ni 2021 2023 2030 2040 2050 2030 2040 2050 2030 2040 2050 

Clean energy 240 478 1 585 2 411 2 074 1 953 3 381 3 132 2 794 3 584 3 094 

  Electric vehicles 148 299 1 184 2 081 1 799 1 338 2 862 2 508 1 825 2 921 2 634 

  Battery storage 7 12 18 0 0 22 0 0 28 0 0 

  Other 85 166 383 329 274 593 518 624 940 662 460 

Other uses 2 519 2 627 2 866 3 120 3 354 2 802 2 857 3 014 2 776 2 802 2 935 

Total demand 2 759 3 104 4 451 5 531 5 428 4 754 6 238 6 146 5 570 6 386 6 030 

Share of clean energy 9% 15% 36% 44% 38% 41% 54% 51% 50% 56% 51% 
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Nickel supply 

 Mining  Refining 

 Historical Base case  Historical Base case 

Unit: kt Ni 2021 2023 2030 2040  2021 2023 2030 2040 

  Indonesia 1 005 1 787 2 671 3 278   Indonesia 869 1 414 2 028 2 365 

  Philippines 390 391 345 157   China 882 1 065 965 964 

  New Caledonia 168 210 247 201   Japan 192 204 264 230 

  Russia 205 194 215 191   Russia 120 158 165 165 

  Canada 175 194 156 97   Finland 65 138 207 207 

  China 109 114 143 126   Canada 107 136 157 147 

  Australia 158 111 87 67   Australia 105 132 213 213 

  Rest of world 438 450 441 322   Rest of world 589 550 591 577 

World 2 649 3 451 4 304 4 439 World 2 929 3 796 4 590 4 867 

Top 3 share 60% 69% 76% 83% Top 3 share 66% 71% 71% 73% 

Note: Nickel refining includes nickel that is processed into either a metal, oxide, nickel pig iron, ferronickel, or sulphate and excludes outputs from intermediate 
production steps.
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Cobalt demand 

 Historical Stated Policies Announced Pledges Net Zero by 2050 

Unit: kt Co 2021 2023 2030 2040 2050 2030 2040 2050 2030 2040 2050 

Clean energy 36 64 155 187 216 177 260 303 243 279 323 

  Electric vehicles 34 62 151 187 216 171 260 303 236 279 323 

  Battery storage 2 3 4 0 0 5 0 0 7 0 0 

Other uses 145 150 169 198 222 167 194 218 167 193 217 

Total demand 181 215 324 385 438 344 454 521 410 472 539 

Share of clean energy 20% 30% 48% 49% 49% 51% 57% 58% 59% 59% 60% 
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Cobalt supply 

 Mining  Refining 

 Historical Base case  Historical Base case 

Unit: kt Co 2021 2023 2030 2040  2021 2023 2030 2040 

  DRC 121 157 215 135   China 130 172 231 228 

  Indonesia 3 20 50 47   Finland 14 19 20 20 

  Russia 6 8 8 8   Japan 5 6 13 12 

  China 7 7 8 7   Indonesia 0 0 9 9 

  Australia 8 8 6 5   Canada 7 7 8 3 

  Philippines 5 6 3 3   Korea 2 3 5 5 

  Rest of world 30 36 36 20   Rest of world 18 18 28 28 

World 179 240 326 225 World 176 224 313 305 

Top 3 share 75% 77% 84% 84% Top 3 share 86% 88% 84% 85% 

IE
A

. C
C

 B
Y

 4
.0

.

1ea 



Global Critical Minerals Outlook 2024  

PAGE | 271  

Annex 

Graphite demand 

 Historical Stated Policies Announced Pledges Net Zero by 2050 

Unit: kt 2021 2023 2030 2040 2050 2030 2040 2050 2030 2040 2050 

Clean energy 532 1 292 5 179 7 053 4 839 6 013 9 839 6 777 8 407 11 222 7 879 

  Electric vehicles 495 1 147 4 671 6 148 3 707 5 375 8 629 5 318 7 592 9 668 6 012 

  Battery storage 37 145 508 904 1 133 638 1 210 1 459 815 1 555 1 867 

Other uses 3 388 3 340 4 430 6 047 7 648 4 406 6 185 7 955 4 616 6 650 8 473 

Total demand 3 920 4 632 9 609 13 100 12 487 10 419 16 023 14 733 13 023 17 873 16 352 

Share of clean energy 14% 28% 54% 54% 39% 58% 61% 46% 65% 63% 48% 

Note: Demand is for raw natural flake graphite and synthetic graphite.
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Graphite supply 

 Mining (natural graphite)  Refined battery-grade supply 

 Historical Base case  Historical Base case 

Unit: kt 2021 2023 2030 2040  2021 2023 2030 2040 

  China 1 140 1 320 1 905 2 160   China 701 1 852 5 125 6 892 

  Mozambique 77 97 239 339   Japan 121 124 97 123 

  Madagascar 82 66 269 223   United States 12 16 69 123 

  Russia 28 29 34 51   Canada 0 0 31 80 

  Tanzania 0 0 33 39   Sweden 0 0 35 56 

  Canada 11 5 25 25   Finland 0 0 26 54 

  Rest of world 116 100 237 215   Rest of world 41 45 99 153 

World 1 455 1 617 2 742 3 052 World 875 2 037 5 481 7 481 

Top 3 share 89% 92% 88% 89% Top 3 share 97% 98% 97% 95% 

Note: Refined battery-grade supply includes spherical graphite made from natural flake graphite and synthetic anode production.
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Rare earth elements demand 

 Historical Stated Policies Announced Pledges Net Zero by 2050 

Unit: kt REE 2021 2023 2030 2040 2050 2030 2040 2050 2030 2040 2050 

Clean energy 11 16 40 48 57 46 64 78 62 72 80 

  Electric vehicles 3 7 23 36 40 25 46 51 33 48 52 

  Wind 8 10 17 12 17 22 19 27 29 24 28 

Other uses 67 76 87 105 123 87 105 123 86 104 123 

Total demand 78 93 127 153 180 134 169 200 148 176 202 

Share of clean energy 14% 18% 31% 32% 32% 35% 38% 39% 42% 41% 39% 

Note: Rare earth elements refer only to four magnet rare earths, neodymium, praseodymium, dysprosium and terbium. 
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Rare earth elements supply 

 Mining  Refining 

 Historical Base case  Historical Base case 

Unit: kt REE 2021 2023 2030 2040  2021 2023 2030 2040 

  China 32 47 58 62   China 53 70 81 86 

  Australia 4 5 19 20   Malaysia 4 4 13 13 

  Myanmar 6 11 10 10   United States 0 0 4 4 

  United States 6 6 7 7   Australia 0 0 4 4 

  Rest of world 6 6 13 14   Rest of world 2 2 5 5 

World 55 75 107 114 World 59 76 106 110 

Top 3 share 81% 85% 81% 81% Top 3 share 98% 98% 92% 93% 

Note: Rare earth elements refer only to four magnet rare earths, neodymium, praseodymium, dysprosium and terbium. 
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Abbreviations and acronyms
ACSR aluminium conductor steel reinforced 
ADMC African Minerals Development Centre 
APS Announced Pledges Scenario 
ASM artisanal and small-scale mining 
ASSB all solid-state battery 
BEV battery electric vehicle 
BTM behind-the-metre 
CAD Canadian dollar 
CATL Contemporary Amperex Technology Co., Limited 
CBAM Carbon Border Adjustment Mechanism 
CEEPI Clean Energy Equipment Price Index 
CME Chicago Mercantile Exchange 
CMETC Critical Mineral Exploration Tax Credit 
CMOC CMOC Group Limited 
CO2 carbon dioxide 
CO2-eq carbon dioxide equivalent 

COP28 28th Conference of the Parties to the United Nations 
Framework Convention on Climate Change 

CRMA Critical Raw Materials Act 
CSDDD Corporate Sustainability Due Diligence Directive 
CSRD Corporate Sustainability Reporting Directive 
CTP cell-to-pack 
DFC International Development Finance Corporation 
DFI development finance institutions 
DLA Defense Logistics Agency 
DoD Department of Defense 
DOE Department of Energy 

DRC Democratic Republic of the Congo 
DSTP deep-sea tailings placement 
EAF electric arc furnace 
EBIT earnings before interest and taxes 
ECA export credit/insurance agencies 
EGC Enterprise Générale du Cobalt 
EITI Extractive Industries Transparency Initiative 
EMDE emerging market and developing economies 
EREV extended-range electric vehicle 
ESG environmental, social and governance 
EU European Union 
EUR euro 
EV electric vehicle 
G7 
GEC 
Model 

Group of Seven intergovernmental forum 
Global Climate and Energy Model 

GHG greenhouse gas 
GHGRP Greenhouse Gas Reporting Program 
GISTM Global Industry Standard on Tailings Management 
GM General Motors 
HALEU high-assay low-enriched uranium 
HDPE high-density polyethylene 
HMS heavy mineral sand 
HPAL high-pressure acid leaching 
HPMS Hydrogen Processing of Magnet Scrap 
HREE heavy rare earth elements 
HVDC high-voltage direct current 
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IAC ionic adsorption clay 
IAD ionic adsorption deposit 
ICE internal combustion engine 
ICMM International Council on Mining and Materials 
IEA International Energy Agency 
IOSCO International Organization of Securities Commissions 
IPCC Intergovernmental Panel on Climate Change 
IRA Inflation Reduction Act 
IRMA Initiative for Responsible Mining Assurance 
KEXIM Korea Export-Import Bank 
KFM Kisanfu copper-cobalt mine 
KIO Kachin Independence Organisation 
Korea Republic of Korea 
LAC Latin America 
LCE lithium carbonate equivalent 
LDV light-duty vehicle 
LFP lithium iron phosphate 
LIBS laser-induced breakdown 
LME London Metal Exchange 
LMFP lithium manganese iron phosphate 
LMR-
NMC lithium-manganese-rich NMC 

LNMO lithium nickel manganese oxide 
LPO Loan Programs Office 
LREE light rare earth elements 
M&A mergers and acquisitions 
MAC Mining Association of Canada 
METC Mineral Exploration Tax Credit 
MHP mixed-hydroxide precipitate 

MIDA Malaysian Investment Development Authority 
MoU memorandum of understanding 
MSP Minerals Security Partnership 
Na-ion Sodium-ion 
NCA nickel cobalt aluminium 
NDC Nationally Determined Contributions 
NdFeB neodymium iron boron 
NMC nickel manganese cobalt 
NPI nickel pig iron 
NZE Net Zero Emissions By 2050 Scenario 
OECD Organisation For Economic Co-operation and Development 
OEM original equipment manufacturer 
OSBF oxygen-rich side blowing furnace 
OTC over-the-counter 
PAL pressure acid leaching 
PEM proton exchange membrane 
PEX polyethylene 
PGMs platinum group metals 
PHEV plug-in hybrid electric vehicles 
PIA Promotion of Investment Act 
PV photovoltaic 
PRA price reporting agency 
R&D research and development 
REE rare earth elements 
REO rare earth oxides 
RKEF rotary kiln electric furnace 
SGPI General Secretariat for Investment 
SHFE Shanghai Futures Exchange 
SIF Strategic Innovation Fund 
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Si-Gr silicon-doped graphite 
STEPS Stated Policies Scenario 
SUV sport utility vehicle 
SWF sovereign wealth fund 
SxEw solvent extraction and electrowinning 
TC/RC spot treatment and refining charge 
TFM Tenke Fungurume mine 
U-235 uranium-235 
UK United Kingdom 
UNFC United Nation’s Framework Classification for Resources 
US United States 
USD United States dollar 
VC venture capital 
XRF X-ray Fluorescence 

Units of measure 
bps basis points 
g CO2 grammes of carbon dioxide 
GW gigawatt 
GWh gigawatt-hour 
kg kilogramme 
km kilometre 
km2 square kilometre 
kt kilotonne 
Mt million tonnes 
Mtpa million tonnes per annum 
MW megawatt 
TWh terawatt-hours 
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3 6 6 0  m

3 6 7 0  m

3 6 8 0  m

3 6 9 0  m

3 7 0 0  m

3 7 1 0  m

3 7 2 0  m

3 7 3 0  m

3 7 8 0  m

3 7 9 0  m

3 8 0 0  m

3 8 1 0  m

3 8 2 0  m

2 0

3 0

4 0

1 0

2 0

3 0

4 0

5 0

1 0

F. G .

2 0

3 0

4 0

5 0

6 0

7 0

8 0

9 0

1 0 0

11 0

1 2 0



Block # Dimensions Rock type Density
Pyrite
(vol%)

Volume
(m )

 Tonnes
(t)

Pyrite
(t)

1
2
3
4
5
6
7
8
9

10

40 X 35
60 X 15
70 X 10
45 X 25
20 X 30
80 X 20
90 X 15
85 X 15
80 X 20
50 X 25

Massive pyrite
Semi-massive pyrite
Massive pyrite
Massive pyrite
Anhydrite zone
Anhydrite zone
Pyrite-silica

Quartz-chlorrite

4
4
4
4
3
3
3.75
3.75
3.5
3.5

80
60
80
80

<50
<50

50
40
30
20

87,970
226,200

38,480
238,570

9,420
100,530

95,430
85,120

100,530
49,090

1,031,340

351,860
904,780
153,940
954,260

28,270
301,590
357,850
319,190
351,860
161,990

3,885,590

281,500
542,870
123,150
763,410

14,140
150,800
178,930
127,680
105,560

32,400
2,320,440

Dimension Blocks
Volume

(m )
Calculated
tonnage (t)

3,885,600
2,695,000
1,190,900
2,320,440

30,000
329,860

1,031,300
701,163
330,160

109,950

Blocks 1 10
Blocks 1 6
Blocks 7 10
Blocks 1 10
1 2% Cu in blocks 1 10
50% anhydrite in blocks 5,6

Total size of deposit

Total pyrite content
Total Cu
Anhydrite zone

25 m
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Åpningsprosess for utforskning og utvinning av havbunnsmineraler på norsk kontinentalsokkel 

Grunnlagsstudie: Pelagisk økosystem 

Bakgrunn 

Lov om mineralvirksomhet på kontinentalsokkelen (havbunnsmineralloven) trådte i kraft 1. juli 2019. 

Loven gir bestemmelser om hvordan områder kan åpnes for undersøkelser og utvinning, herunder 

krav til gjennomføring av en konsekvensutredning. Regjeringen har igangsatt en slik åpningsprosess 

for relevante områder. 

Olje- og energidepartementet har forvaltningsansvaret for havbunnsmineraler og vil lede arbeidet 

med åpningsprosessen. Oljedirektoratet er departementets fagdirektorat og vil bistå departementet i 

gjennomføringen av konsekvensutredningen. Oljedirektoratet vil koordinere det faglige 

utredningsarbeidet og vil samhandle med andre relevante fagdirektorater herunder 

Miljødirektoratet som vil være miljømyndighet for mineralutvinning til havs. 

Et forslag til program for konsekvensutredning er under utarbeidelse og vil være gjenstand for en 

høringsprosess. Programforslaget foreslår tematiske fagstudier for utredning av virkninger på 

henholdsvis naturforhold og miljø, og antatte næringsrelaterte, økonomiske og sosiale virkninger. 

Vurdering av virkninger på naturressurser og miljø krever kunnskap om miljøtilstand og naturforhold 

innenfor område med mulig virksomhet og tilhørende influensområde. I tillegg er det viktig å ha 

oversikt over mangler og usikkerhet i kunnskapsgrunnlaget og videre kunnskapsbehov. 

Det er vurdert at den beste kunnskapsoversikten for natur- og miljøforhold i norske farvann finnes 

hos statlige forskningsinstitutter samt akademia. Det er derfor naturlig at de statlige instituttene 

utarbeider grunnlagsrapporter til konsekvensutredningen for sine respektive fagområder. 

For tema «pelagisk økosystem1» er det vurdert at Havforskningsinstituttet har den beste kunnskapen 

om utredningsområdet. Dersom ytterligere kunnskap besittes av andre institusjoner eller akademia, 

oppfordres det til dialog med disse for å sikre et best mulig kunnskapsgrunnlag. Bunndyrsamfunn 

tilknyttet dyphavsområdene blir beskrevet i en parallell studie ledet av Universitet i Bergen2, og 

inngår derfor ikke i arbeidsomfanget, men dialog og samarbeid er forutsatt som en del av dette 

oppdraget. 

Utredningsområde 

Det foreslåtte utredningsområdet omfatter områder med 100 - 4000 meters havdyp – generelt 

dypere enn 1500 meter, men med enkelte grunnere områder rundt Jan Mayen3. Utredningsområdet 

er vist i brunt i figur 1 og områder hvor havbunnsmineraler er identifisert ligger i hovedsak langs 

spredningsryggene (figur 2). De aktuelle områdene for mineralvirksomhet forventes å ligge langt fra 

kysten.  

1 Økosystemkomponenter og prosesser som er av særlig interesse for konsekvensutredningen med hensyn til 
det pelagiske økosystem 
2 Oljedirektoratet vil iinledningvis i arbeidet introdusere de to fagmiljøene for hverandre. 
3 Øya Jan Mayen, og en sone på 12 nm rundt denne, er vernet som naturreservat og inngår ikke i 
utredningsområdet. 
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Figur 1.  Kart som viser området der de geologiske betingelsene er tilstede for å påvise økonomisk interessante 
forekomster av polymetalliske sulfider og manganskorper. Det markerte området (i brunt) foreslås som 
utredningsområde for konsekvensutredningen.  



 

Figur 2.  Kart som viser områder med kjente sulfidfunn langs spredningsryggene. 

 

Arbeidsbeskrivelse 

Utvinning av havbunnsmineraler fra dyphavsområder kan medføre påvirkning i øvre vannlag og 

vannsøylen, eksempelvis relatert til utslipp av vannstrømmer og partikulært materiale. Mulige 

virkninger på miljø- og naturforhold fra slik virksomhet skal utredes gjennom spesifikke 

fagutredninger, anslagsvis i 2021/2022. Som bakgrunn for disse utredningene er det behov for en 

grunnlagsrapport som beskriver fysiske, kjemiske og biologiske prosesser i vannsøylen innen 

utredningsområdet. Siden det i disse områdene er tildels store vanndyp, og siden utredningsområdet 

også dekker et betydelig geografisk område, vil både fysiske, kjemiske og biologiske forhold ha stor 

variasjon, og sannsynligvis også svært ulike kunnskapsgrunnlag. En del av utredningsområdet 

overlapper eksempelvis med den Arktiske Front, normalt omtalt som av stor økologisk viktighet. 

Følgende forhold skal beskrives: 

• Oseanografi: 

o Kunnskap om havstrømmer i overflatelag og ulike vanndyp, herunder strømmønster, 

hastighet og retninger, vannmassefordeling. 

o Temperaturforhold varierende geografisk og med havdyp, samt sesongmessige 

variasjoner. 

o Næringssalter, klorofyll, oksygeninnhold og og havforsuring 

o Den Arktiske Front 

o Isutbredelse som relevant 

• Planktonsamfunn: 

o Sammensetning og fordeling «i tid og rom», inkl. relevante mikrobiologiske samfunn 

/marinkjemi/biogeokjemi  

• Fisk: 

o Relevante arter av bunnfisk og pelagisk fisk 



o Evt. gyte- og oppvekstområder, beiteområder 

• Sjøpattedyr: 

o Arter av sel og hval, eventuelle viktige områder med (sesongmessig) aggregering av 

dyr 

• Bentisk-Pelagisk kobling (jf. arbeid i regi av UiB) 

• Fremtidsutsikter; naturlig variabilitet og klimaendringer 

Det er viktig at det tydelig kommer fram hva vi har kunnskap om og hva vi ikke har kunnskap om 

innenfor utredningsområdet, og i hvilke geografiske områder vi har kunnskap og hvor vi evt. mangler 

kunnskap. Rapporten skal derfor angi en vurdering av kvaliteten på tilgjengelig kunnskap (både hos 

HI og basert på gjennomgang av litteratur) og, som relevant, beskrive ytterligere kunnskap som 

vurderes som nyttig knyttet til eventuelle fremtidige prosjekter for utvinning av havbunnsmineraler i 

området. 

Leveranse og tidsplan 

Resultatene fra arbeidet skal presenteres i en rapport (eksempelvis tilsvarende HI rapport 16-2012 til 

Olje- og energidepartementet i 2012 i struktur og detaljering) utgitt av aktuelt institutt og som skal 

være offentlig tilgjengelig.  

Et rapportutkast skal leveres for kommentarer forut for ferdigstillelse. Rapportutkastet forventes for 

kommentarer innen 15. mai 2021. 

Endelig rapport forventes levert i løpet av juni 2021. 

Eventuelle leveranser av data på GIS-format vil bli avklart i løpet av oppdraget. 

Budsjettramme 

Prosjektet har en ramme på inntil NOK 750 000,- eks. eventuell merverdiavgift. 
 



Havbunnsmineraler - Konsekvensutredningsprogram 
Naturforhold 
Forslag til utredning i regi av Universitetet i Bergen. 

Universitetet i Bergen (UiB) har siden slutten av 1990-årene hatt et omfattende marint 

forskningsprogram i dyphavet. Forskningene har vært rettet mot midthavsryggene og Norske-

Grønlandshavet har vært det primære undersøkelsesområdet. Siden 2007 har forskningen vært drevet 

frem av et senter for fremragende forskning i geobiologi, og de siste fire årene gjennom et  K.G. Jebsen 

Senter for dyphavsforskning.  

Forskningsinnsatsen har i stor grad vært rettet mot grunnleggende problemstillinger. Den har primært 

omhandlet geologiske og geobiologiske prosesser og liv i ekstreme miljø. Forskningen har ført til viktige 

gjennombrudd og ny grunnleggende forståelse - og til oppdagelsen av marine mineralressurser og 

særegne økosystemer i norske havområder. Den har også resultert i bred ny kunnskap om ulike 

naturtyper og økosystemer i norske dyphavsområder. Senter for dyphavsforskning ved UiB vil kunne 

sammenfatte denne omfattende kunnskapsbasen for å etablere et best mulig faktagrunnlag omkring 

naturforhold. 

Den tilgjengelig kunnskap er fordelt mellom publiserte forskningsartikler, PhD-avhandlinger og 

masteroppgaver, toktrapporter, observasjoner, datasett som foreløpig er upublisert, og individuell 

kunnskapsbase og innsikt. Store variasjoner i topografi og vanndyp, geologi, oseanografi, vannkjemi og 

geokjemi resulterer i et mangfold av naturtyper og stor variasjon i biologiske samfunn. Relevant 

kunnskap er fordelt over en rekke fagområder og fagpersoner. For at faktagrunnlaget skal bli dekkende 

vil vi engasjere en rekke forskere som i dag arbeider ved senteret, og forskere som tidligere har vært 

tilknyttet forskningsmiljøet. Alle har viktig førstehånds kunnskap som er fremskaffet gjennom egen 

forskning.  

Tema som vil bli dekket i faktagrunnlaget 

Faktagrunnlaget vil inneholde en generell del som inkluderer faglig bakgrunn og kontekst, samt en 

oversikt over forskningsaktiviteten i disse områdene. Den vil så ha en systematisk gjennomgang av de 

ulike økosystemene (naturtypene og deres biologiske samfunn) og deres sårbarhet. Kunnskapshull og 

usikkerheter knyttet til økosystemene sårbarhet vil også bli behandlet.  

Dyphavsmiljø og naturtyper 

• Vulkansk havbunn og naturtyper

• Sjøfjell, klipper og tilhørende naturtyper - deriblant områder med manganskorper

• Sedimentære avsetninger og naturtyper

• Aktive hydrotermale kilder og deres naturtyper

• Fossile (inaktive) hydrotermale avsetninger og deres naturtyper

• Dyphavsvannmasser og hydrotermale plumer

Biologiske samfunn knyttet til ulike naturtyper 

For de aktuelle naturtypene vil følgende bli beskrevet og omtalt: 

• Organismer rett over bunnen (hyperbenthos)

• Organismer tilknyttet bunnen (benthos)

• Organismer under havbunnen (infauna)

• Organismer i vannmassene (pelagiske organismer)

• Mikrobielle samfunn knyttet til aktive og fossile hydrotermale felt og annen havbunn

• Den geografiske utbredelsen av artene, grad av genutveksling mellom populasjoner og økosystemer

(konnektivitet)

Andre naturressurser 

• Genetiske og molekylære ressurser

• Fiskeriressurser

• Geotermiske ressurser
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Usikkerhet og metodikk 

Beskrivelse av usikkerhet og kunnskapshull vil utgjøre en viktig del av faktagrunnlaget. Dette vil bli 

fremhevet under hvert tema, og det vil også bli behandlet overordnet som et eget tema.  En gjennomgang 

av metodikken vil også være en viktig del av faktagrunnlaget. 

 

Bidragsytere 
Naturtyper: Prof. Rolf B. Pedersen, Senter for dyphavsforskning, UiB (vulkansk havbunn, tektoniske 

landskapsformer, aktive og inaktive hydrotermale felt), Prof. Haflidi Haflidason, Senter for 

dyphavsforskning, UiB, (sedimentær havbunn), Prof. Ingunn Thorseth (hydrotermale felt, 

geobiologiske samspill),  Dr. Thibaut Barreyre, Senter for dyphavsforskning, UiB, (hydrotermale felt, 

hydrotermale plumer, geotermiske ressurser). 

Biologiske samfunn: Dr. Bernt Rydland Olsen, Rådgivende Biologer AS / Høgskulen på Vestlandet, 

(plankton). Dr. Mari H. Eilertsen, Senter for dyphavsforskning, UiB (benthos). Dr. Jon T. Hestetun, 

NORCE Miljø (benthos). Dr. Anne Helene Tandberg, Universitetsmuseet i Bergen, UiB (hyperbenthos). 

Dr. Pedro Ribeiro, Senter for dyphavsforskning, UiB (benthos), Dr. Steffen Jørgensen, Senter for 

dyphavsforskning, UiB (dyp biosfære). Prof. Ida Steen, Senter for dyphavsforskning, UiB 

(hydrothermale mikrobielle samfunn, genetiske ressurser). 

 
Det skal opprettes dialog med andre universiteter og forskningsmiljø i Norge for å sikre at all relevant 

tilgjengelig kunnskap blir vurdert og omtalt. 

 

Omfang og kostnader 
Gruppen v bidragsytere består av forskere som alle har arbeidet ved Senter for Geobiologi og/eller K. 

G. Jebsen Senter for dyphavsforskning. Syv av bidragsyterne er enten tilsatt i midlertidige stillinger ved 

UiB, eller i selskaper som krever timebasert inntjening. Det er beregnet av hver av disse trenger ett 

månedsverk for å sammenstille eksisterende kunnskap, til koordinering, rapportskriving etc. Fire av 

bidragsyterne er i faste vitenskapelige stillinger. Hver av disse vil trenge to uker med teknisk assistanse 

for å gjennomføre oppdraget. Totalt vil dette utgjøre en kostnad på kr 1.350.000 ekskl. mva.  

 

 
 



Åpningsprosess for utforskning og utvinning av havbunnsmineraler på norsk kontinentalsokkel 

Grunnlagsstudie: Sjøfugl 

Bakgrunn 

Lov om mineralvirksomhet på kontinentalsokkelen (havbunnsmineralloven) trådte i kraft 1. juli 2019. 

Loven gir bestemmelser om hvordan områder kan åpnes for undersøkelser og utvinning, herunder 

krav til gjennomføring av en konsekvensutredning. Regjeringen har igangsatt en slik åpningsprosess 

for relevante områder. 

Olje- og energidepartementet har forvaltningsansvaret for havbunnsmineraler og vil lede arbeidet 

med åpningsprosessen. Oljedirektoratet er departementets fagdirektorat og vil bistå departementet i 

gjennomføringen av konsekvensutredningen. Oljedirektoratet vil koordinere det faglige 

utredningsarbeidet og vil samhandle med andre relevante fagdirektorater herunder 

Miljødirektoratet som vil være miljømyndighet for mineralutvinning til havs. 

Et forslag til program for konsekvensutredning er under utarbeidelse og vil være gjenstand for en 

høringsprosess. Programforslaget foreslår tematiske fagstudier for utredning av virkninger på 

henholdsvis naturforhold og miljø, og antatte næringsrelaterte, økonomiske og sosiale virkninger. 

Vurdering av virkninger på naturressurser og miljø krever kunnskap om miljøtilstand og naturforhold 

innenfor område med mulig virksomhet og tilhørende influensområde. I tillegg er det viktig å ha 

oversikt over mangler og usikkerhet i kunnskapsgrunnlaget og fremtidig kunnskapsbehov. 

Det er vurdert at den beste kunnskapsoversikten for natur- og miljøforhold i norske farvann finnes 

hos statlige forskningsinstitutter samt akademia. Det er derfor naturlig at de statlige instituttene 

utarbeider grunnlagsrapporter til konsekvensutredningen for sine respektive fagområder. 

For tema sjøfugl er det vurdert at Norsk polarinstitutt (NP) og Norsk instiutt for naturforskning (NINA) 

sammen har den beste kunnskapen om sjøfugl i utredningsområdet, hvor NP har hovedfokus 

overlappende med aktuelt geografisk område. Dersom viktig ytterligere kunnskap besittes av andre 

institusjoner eller akademia, oppfordres det til dialog med disse for å sikre et best mulig 

kunnskapsgrunnlag. 

Utredningsområde 

Det foreslåtte utredningsområdet omfatter områder med 100 - 4000 meters havdyp – generelt 

dypere enn 1500 meter, men med enkelte grunnere områder rundt Jan Mayen1. Utredningsområdet 

er vist i brunt i figur 1 og områder hvor havbunnsmineraler er identifisert ligger i hovedsak langs 

spredningsryggene (figur 2). De aktuelle områdene for mineralvirksomhet forventes å ligge langt fra 

kysten.  

1 Øya Jan Mayen, og en sone på 12 nm rundt denne, er vernet som naturreservat og inngår ikke i 
utredningsområdet. 
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Figur 1.  Kart som viser området der de geologiske betingelsene er tilstede for å påvise økonomisk interessante 
forekomster av polymetalliske sulfider og manganskorper. Det markerte området (i brunt) foreslås som 
utredningsområde for konsekvensutredningen.  



 

Figur 2.  Kart som viser områder med kjente sulfidfunn langs spredningsryggene. 

 

Arbeidsbeskrivelse 

Havbunnsmineralvirksomhet vurderes i utgangspunktet å ikke medføre høy risiko for direkte skade 

på sjøfugl, selv om mindre utslipp av drivstoff, hydraulikkvæske eller kjemikalier ikke kan utelukkes. 

Det kan imidlertid være problemstillinger som indirekte kan ha virkninger på sjøfugl, av ulik grad og 

karakter, herunder mulige partikkelutslipp som påvirker næringstilgang, lys på innretninger, osv. For 

å kunne vurdere virkninger på sjøfugl av denne type påvirkning er en grunnlagsrapport nødvendig. 

Grunnlagsrapporten skal adressere følgende tema basert på tilgjengelig kunnskap: 

• Arter som forekommer i området, omfang og bestandstilhørighet 

• Status for hekkebestander (Jan Mayen evt. andre bestander som benytter området til 

næringssøk i hekkeperioden) 

• Fordeling av sjøfugl i området i ulike sesonger, eksempelvis basert på SEATRACK 

• En vurdering av viktigheten av ulike delområder for sjøfugl (innenfor utredningsområdet)  

Rapporten skal videre angi en vurdering av kvaliteten på tilgjengelig kunnskap, kunnskapsmangler og, 

beskrive ytterligere kunnskapsbehov som vurderes som nødvendig for å avdekke eventuelle 

virkninger av mineralutvinning til havs på sjøfugl.  

Leveranse og tidsplan 

Resultatene fra arbeidet skal presenteres i en rapport utgitt av aktuelt institutt og som skal være 

offentlig tilgjengelig. 

Et rapportutkast skal leveres for kommentarer forut for ferdigstillelse. Rapportutkastet forventes for 

kommentarer innen 15. mai 2021. 

Endelig rapport forventes levert i løpet av juni 2021. 



Eventuelle leveranser av data på GIS-format vil bli avklart i løpet av oppdraget. 

Budsjettramme 

Prosjektet har en ramme på inntil NOK 500 000,- eks. eventuell merverdiavgift. 
 



Rapportvedlegg til grunnlagsrapport - Fiskeriaktiviteten i 

utredningsområdet for mineralvirksomhet 

Utenlandsk fiskeriaktivitet i deler av 
utredningsområdet hvor Norge ikke 
har fiskerijurisdiksjon 
Kristian L. Skaar  mars 2023 

Livet i havet – vårt felles ansvar 
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Rapportvedlegg 

 Utenlandsk fiskeriaktivitet i deler av utredningsområdet hvor Norge ikke har fiskerijurisdiksjon 

Utenlandsk fiskeriaktivitet i deler av utredningsområdet hvor Norge ikke har fiskerijurisdiksjon 

Sammendrag 

I forbindelse med åpningsprosessen for undersøkelse og utvinning av havbunnsmineraler 

på norsk kontinentalsokkel utarbeidet Fiskeridirektoratet en grunnlagsrapport om 

fiskeriaktiviteten i havområdene som skal utredes for åpning av mineralvirksomhet. 

Rapporten beskrev norsk og utenlandsk fiskeriaktivitet i de deler av utredningsområdet som 

er underlagt norsk fiskerijurisdiksjon, men ikke utenlandsk aktivitet i de delene av 

utredningsområdet som er internasjonalt farvann og som forvaltes av kyststatene via 

NEAFC. Utenlandske data fra internasjonalt farvann, for perioden 2013-2019, ble senere 

tilgjengeliggjort via ICES og publiseres nå som et vedlegg til grunnlagsrapporten. 

Rapporten beskriver fiskeriaktiviteten fra utenlandske fartøy i området basert på fisketimer 

og totalkvantum innenfor ruter på 15 km2.  
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1. Bakgrunn for rapporten 

I forbindelse med åpningsprosessen for undersøkelse og utvinning av havbunnsmineraler 

på norsk kontinentalsokkel utarbeidet Fiskeridirektoratet en grunnlagsrapport om 

fiskeriaktiviteten i havområdene som skal utredes for åpning av mineralvirksomhet. 

Rapporten beskrev norsk og utenlandsk fiskeriaktivitet i de deler av utredningsområdet som 

er underlagt norsk fiskerijurisdiksjon, men ikke utenlandsk aktivitet i de delene av 

utredningsområdet som er internasjonalt farvann og som forvaltes av kyststatene via 

NEAFC. Det ble derfor sendt en forespørsel via ICES om utlevering av sammenholdte 

sporingsdata og fangstatistikk for utenlandske fartøy i delene av utredningsområdet som er 

internasjonalt farvann. Data for perioden 2013-2019 ble oversendt Fiskeridirektoratet i 

slutten av 2022 og publiseres nå som et vedlegg til grunnlagsrapporten.  

2. Aktivitetsbeskrivelse 

2.1. Datagrunnlag og metode 

For å beskrive fiskeriaktiviteten for utenlandske fartøy i det gitte området ble det oversendt 

årsvise data for fisketimer og totalfangst basert på satellittsporingsdata (VMS) og loggbok 

data. For analyser av romlige fiskeridata benytter ICES seg av en standard metode (ICES, 

2017) hvor fisketimer og totalfangst summeres innenfor såkalte «c-squares» (0,05° x 0,05°, 

omtrent 15 km2 ved 60°N breddegrad). For mer om metode, metadata og begrensninger i 

data se kildeliste. 

VMS- og fangstdata for perioden 2013-2019 ble samlet inn på forespørsel til ICES 

medlemsland. I påfølgende tabell listes landene som leverte data av tilfredsstillende 

kvaliteten og hvilke land som ikke gjorde det.  

 

Tabell 1: Oversikt over hvilke medlemsland som har sendt inn av data og er med i 

analysen. Land i uthevet skrift er utelatt fra analysen.  

Land Innsendt data Land Innsendt data 

Belgia Ja Litauen Ja 

Danmark Ja Nederland Ja 

Færøyene Nei Norge Ja, men tatt ut 

Frankrike Ja Polen Ja 

Tyskland Ja Portugal Ja, men dårlig kvalitet 

Grønland Nei Russland Nei 

Irland Ja Spania Ja 

Island Ja Sverige Ja 

Latvia Ja Storbritannia Ja 

Estland Ja   

 

2.2. Fiskeriaktivitet 

Følgende kapittel viser fiskeriaktiviteten som fisketimer og totalfangst fra omtrent 15 km2 

store ruter. Mørkere farge representerer høyere kvantum fisket.  
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Figur 2.1 Oversikt over fiskeriaktiviteten fra utenlandske fartøy i de delene av internasjonalt farvann 
som er med utredningsområdet for mineralvirksomhet. Figuren viser årlig totalkvantum fisket fra den 
pelagiske flåten i perioden 2013-2016. Tabellen under viser totaltfangst (kg) for hele området og 
timer som fisketimer basert på fart (1,5 kn – 4,5 kn).  
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Figur 2.2 Oversikt over fiskeriaktiviteten fra utenlandske fartøy i de delene av internasjonalt farvann 
som er med utredningsområdet for mineralvirksomhet. Figuren viser årlig totalkvantum fisket fra den 
pelagiske flåten i perioden 2017-2019. Tabellen under viser totaltfangst (kg) for hele området og 
timer som fisketimer basert på fart (1,5 kn – 4,5 kn).  
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Figur 2.3 Totaloversikt over fiskeriaktiviteten fra utenlandske fartøy for perioden 2013-2019. Figuren 
viser årlig totalkvantum fisket fra den pelagiske flåten i perioden 2017-2019. Tabellen under viser 
totaltfangst (kg) for hele området og timer som fisketimer basert på fart (1,5 kn – 4,5 kn).  

2.2.1. Generell vurdering av fiskeriaktiviteten 

Figurene viser hvor det har vært aktivitet av utenlandske fartøy og gir et anslag over hvilke 

områder som kan være mer viktige enn andre. De viser også at det er kan være relativt 

store variasjoner fra år til år. Jevnt over fiskes det større kvantum i områdene sør for 69°N, 

samtidig som antall fisketimer i dette området er færre enn i området nord for 69°N. Sett fra 

et verdiskapings perspektiv vil området i sør dermed kunne betraktes viktigere enn i nord. 
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Figur 2.4 T.v. totalkvantum fisket og antall fisketimer for området sør for 69°N i perioden 2013-2019. 
T.h. totalkvantum fisket og antall fisketimer for området nord for 69°N i perioden 2013-2019.   

 

I dataene fra ICES er det kun oppgitt totalfangst per rute og det er derfor ingen 

opplysninger om art. Det fiskes både sild og makrell i området av den norske flåten og det 

derfor sannsynlig at dette gjelder også for den utenlandske flåten. Dette kan videre forklare 

noe av svingningene i kvantum fra år til år. 

3. Begrensinger i analysen 

3.1. Manglende data 

I grunnlagsdataene mangler det opplysninger fra fiskerinasjoner som blant annet Russland, 

Færøyene og Grønland. Dette fører til at den faktiske fiskeriaktiviteten sannsynligvis er 

høyere enn analysen viser. Det er likevel sannsynlig at områdene det fiskes i er de samme 

som vist på figurene, men at kvantum og intensitet er høyere.  

3.2. Redskapsopplysninger 

I grunnlagsdataene er not og flytetrål definert som pelagiske redskap, mens bunnredskaper 

som bunntrål, bomtrål, snurrevad og skrape er definert som bentiske redskaper. Havdypet i 

området som er med i analysen varierer fra 1800 m – 4000 m, og det er ikke kjent at det 

foregår et kommersielt fiskeri med bentiske redskaper i disse områdene. Likevel er det 

noen år oppgitt fangst med bentiske redskaper. Dette kan skyldes feil opplysninger i 

dagboken, men vi har likevel valgt å utelate fangst og fisketimer som er oppgitt å være tatt 

med bentiske redskaper. Fangst tatt med det som opplyses å være bentiske redskaper 

utgjør mindre enn 0,5 prosent av totalkvantum og mindre enn 4 prosent av totalt antall 

fisketimer, og anses derfor ikke å kunne påvirke totalbildet av fiskeriaktiviteten.  
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4. Kildeliste 

ICES 2017. OSPAR request on the production of spatial data layers of fishing  

intensity/pressure. In Report of the ICES Advisory Committee, 2017. ICES Advice 2017, 

ICES Technical Service, sr.2017.17. 8 pp 

ICES. 2022. Norwegian special request on the production of spatial data layers of fishing in 

areas relevant to future extraction of deep sea minerals. In Report of the ICES Advisory 

Committee, 2022. ICES Advice 2022, sr.2022.16. 

https://doi.org/10.17895/ices.advice.10.17895 

https://github.com/ices-taf/2022_sr.2022.16_TechnicalService 
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Regjeringen.no 

Høring av arealforslag - Utlysning 
av områder for mineralvirksomhet 
på havbunnen 
Høring I Dato: 26.06.2024 I Energidepartementet (http://www.regjeringen.no/no/dep/ed/id750/) 

Status: På høring 

Høringsfrist: 26.09.2024 

Høringsbrev 

Vår ref.: 24/1690 

Regjeringen presenterte sitt forslag til åpning av område og sin strategi for 

forvaltning av havbunnsmineralressursene på norsk kontinentalsokkel i Meld. 

St. 25 (2022-2023) «Mineralverksemd på norsk kontinentalsokkel - opning av 

areal og strategi for forvaltning av ressursane». Stortinget sluttet seg til 

hovedlinjene i strategien, herunder forslaget om å åpne et gitt område for slik 

virksomhet, i januar 2024 ved sin behandling av lnnst. 162 S (2023-2024). 

Kongen i statsråd fattet i april i år det formelle vedtaket om åpning av et 

nærmere avgrenset område for havbunnsmineralvirksomhet. 

Denne høringen av arealforslag i den første konsesjonsrunden er det neste, 

viktige skrittet i den etablerte ressursforvaltningsstrategien. De vilkår som 

framgår av Meld. St. 25 (2022-2023) og lnnst. 162 S (2023-2024), herunder for 

å ivareta hensynet til miljø, kunnskapsinnhenting, sameksistens og nasjonal 

sikkerhet, vil ligge til grunn for departementets gjennomføring av 

konsesjonsrunden. 



Den etablerte forvaltningsstrategien fastslår at Norge skal være 

verdensledende når det gjelder en fakta- og kunnskapsbasert forvaltning av 

havbunnsmineralressursene som er helhetlig, bærekraftig og forsvarlig. 

Hensynet til miljø vil bli ivaretatt i alle faser av virksomheten. Rammene for 

virksomheten skal være basert på føre-var-prinsippet og en økosystembasert 

tilnærming. 

Stabile og forutsigbare rammebetingelser forankret i fakta og kunnskap er 

viktig for å legge til rette for verdiskaping knyttet også til havbunnsmineraler. 

Departementet vil vektlegge det å etablere og opprettholde klare og 

forutsigbare rammevilkår for aktørene innenfor 

havbunnsmineralvirksomheten. Det vil videre legges opp til konkurranse om 

oppdrag til næringen slik at konkurransedyktige norskbaserte aktører kan 

delta i konkurransen om oppdrag knyttet til havbunnsmineralvirksomheten 

på kontinentalsokkelen. 

I tråd med den etablerte strategien for forvaltning av 

havbunnsmineralressursene, følges åpningsbeslutningen nå opp med å sette 

i gang prosessen med å utlyse områder og tildele tillatelser under 

havbunnsmineralloven. Den første konsesjonsrunden som nå sendes på 

høring markerer starten på arealtildelinger for havbunnsmineraler. 

Departementet vil føre en arealpolitikk som legger til rette for en skrittvis, 

kunnskapsbasert og rasjonell utforskning av det arealet som er åpnet for slik 

virksomhet. 

Gjennom konsesjonsrunden legges det til rette for konkurranse om arealer 

fra ulike kommersielle aktører. Departementet vil som del av dette legge til 

rette for at kommersielle aktører gradvis kan bygge opp en portefølje av 

tillatelser, slik at virksomhet kan vare over tid. Hensynet til nasjonal sikkerhet 

vil bli ivaretatt ved tildelinger av tillatelser under havbunnsmineralloven. 



Enhver tillatelse som tildeles vil bli gitt med et tilpasset arbeidsprogram for 

hvilken kartlegging som rettighetshaveren må gjennomføre. Disse 

arbeidsprogrammene vil bidra til kunnskapsoppbygging. Relevante data som 

hentes inn av rettighetshaverne, herunder data om geologiske forhold, 

biologisk materiale, informasjon om temperatur, strømforhold mv., må deles 

med staten. Kartleggingen under tildelte tillatelser vil skje i tillegg til den 

kartleggingen staten vil holde frem med framover. Den statlige kartleggingen 

av natur- og miljøforhold, herunder gjennom Mareano-programmet, vil legge 

til rette for en effektiv og skrittvis utforskning fra næringen samtidig som den 

styrker kunnskapsgrunnlaget til staten. 

Aktiviteten i arbeidsprogrammene består av undersøkelsesaktivitet og 

avsluttes med en ev. søknad om godkjenning av en utvinningsplan. Utvinning 

vil kun bli godkjent av departementet dersom rettighetshaverens 

utvinningsplan godtgjør at den planlagte utvinningen kan skje på bærekraftig 

og forsvarlig vis, slik at hensynet til miljø, sikkerhet og ev. annen virksomhet 

til havs i det aktuelle området er godt ivaretatt, og slik at sameksistensen 

med andre virksomheter, og både eksisterende og potensielt nye 

havnæringer, ivaretas. Utvinning av aktive hydrotermale strukturer vil ikke 

tillates. Videre vil slike strukturer beskyttes slik at de ikke blir skadet av 

virksomhet i tilstøtende områder. En utvinningsplan vil kun bli godkjent 

dersom det kan godtgjøres at utvinningen kan gjennomføres slik at det ikke 

medfører vesentlige negative virkninger for naturmangfoldet knyttet til de 

aktive strukturene. De første planene for utvinning av havbunnsmineraler 

som departementet legger opp til å godkjenne vil bli framlagt for Stortinget 

før departementet gjør dette. 

Forslaget til utlysning av områder for mineralvirksomhet på havbunnen som 

nå sendes på høring er innenfor de rammene Stortinget har lagt og er faglig 

forankret for å legge til rette for en skrittvis, kunnskapsbasert og rasjonell 

utforskning av det arealet som er åpnet for slik virksomhet. 



I arbeidet med forslaget til utlysning har departementet bedt 

Sokkeldirektoratet om å foreslå områder som direktoratet mener bør 

prioriteres for utlysning i den første konsesjonsrunden, innenfor det området 

som er åpnet. Dette innspillet, sammen med egne vurderinger, er grunnlaget 

for forslaget til utlysning som nå sendes på høring. Arealet som foreslås utlyst 

omfatter til sammen hele eller deler av 386 blokker. 

Høringsforslaget er basert på den oppdaterte kunnskapen som framkom 

gjennom åpningsprosessen og som åpningsbeslutningen ble tatt på 

bakgrunn av. Konsekvensutredningen som var en del av åpningsprosessen 

viser blant annet at aktivitet knyttet til leting etter havbunnsmineraler er 

generelt funnet å gi små miljømessige virkninger. Som det fremgår av 

forvaltningsstrategien for næringen vil departementet i forbindelse med 

utlysning av områder basere seg på ny, oppdatert kunnskap innhentet av 

både statlige og kommersielle aktører. Det bes på bakgrunn av dette om 

innspill til områder som kan være aktuelle å unnta av hensyn til miljø og 

sameksistens i høringen. 

Energidepartementet sender med dette forslag til utlysningsområder for en 

første konsesjonsrunde for mineralvirksomhet på norsk kontinentalsokkel, på 

offentlig høring. Kommentarer må være Energidepartementet i hende 

innen 26. september 2024. 

Med hilsen 

Dag Erlend Henriksen (e.f) 

avdelingsdirektør Jannicke Sahl 

seniorrådgiver 

Høringsnotat 

Kart - Forslag til utlysningsareal mineralvirksomhet.pdf 

(httR:/ /www. regjeringen.no/ co nte nta ssets/OSec 18fa 77324f85 b808227 a 9697 d 69a/fo rsl ag-ti I

utlY.sn i ngsa real-mine ra lvi rkso m het. RdfJ 
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> Høring av første konsesjonsrunde for havbunnsmineraler 
(http://www.regjeringen.no/no/aktuelt/horing-av-forste-konsesjonsrunde-for

havbunnsmineraler/id3047008/) 

Pressemelding I 26.06.2024 
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Ansvarlig for Energidegartementets sider: 

Ansvarlig redaktør: Arvid Samland 
Nettredaktør: Eivind Windingstad Stensrud 

Tlf: 22 24 90 90 
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Høring av første konsesjonsrunde 
for havbunnsmineraler 
Pressemelding I Dato: 26.06.2024 I Energidepartementet 

(http://www.regjeringen.no/no/dep/ed/id750/) 

Read in English (httR://www.regjeringen.no/en/aktuelt/Rublic-consultation-of-the-first-licensing-round

for-seabed-minerals/id3047008/). 

Energidepartementet har sendt forslag til utlysning av første 

konsesjonsrunde for havbunnsmineraler på offentlig høring. 

Dette er områder der selskapene vil kunne søke om 

utvinningstillatelser, slik at arbeidet med å undersøke og 

innhente kunnskap om hvorvidt det er grunnlag for bærekraftig 

mineralutvinning på norsk sokkel kan starte. 

- Verden trenger mineraler til det grønne skiftet, og regjeringen vil undersøke 

om det kan være mulig å utvinne havbunnsmineraler på en bærekraftig måte fra 

norsk sokkel. Et bredt flertall i Stortinget støtter regjeringens skrittvise 

tilnærming til forvaltningen av havbunnsmineraler. Denne utlysningen er et 

viktig neste skritt i forvaltningen av våre havbunnsmineralressurser. Hensyn til 

miljø vil ivaretas i alle faser av virksomheten. I dag sender vi på høring det 

området vi foreslår å lyse ut i første konsesjonsrunde. Planen er at tildeling av 

tillatelser kan skje i første halvår 2025, sier energiminister Terje Aasland. 



Regjeringen la frem forslag til åpning av areal og forvaltningsstrategien for 

havbunnsmineraler i Meld. St. 25. (2022-2023). Et bredt flertall på Stortinget ga i 

januar i år sin tilslutning til regjeringens forslag om å åpne et område på norsk 

kontinentalsokkel for havbunnsmineralvirksomhet og hovedlinjene i 

forvaltningsstrategien. På bakgrunn av dette vedtok Kongen i statsråd 12. april i 

år formelt å åpne et område i Norskehavet og Grønlandshavet for 

mineralvirksomhet. 

- Tilgang på mineraler er avgjørende for at verden skal lykkes med overgangen 

til lavutslippssamfunnet. Mineraler fra den norske havbunnen kan bli en kilde til 

å dekke deler av dette behovet. Den lange og gode erfaringen vi har i Norge med 

forsvarlig og bærekraftig forvaltning av ressurser til havs gjør oss godt 

posisjonert til å gå foran og forvalte disse ressursene på en forsvarlig og 

bærekraftig måte, sier Aasland. 

Sokkeldirektoratet har fått i oppgave å utarbeide et forslag til hvilken del av det 

åpnede området som bør gjøres tilgjengelig for søknader i første 

konsesjonsrunde. Som ledd i dette har direktoratet hatt kontakt med næringen 

for å avklare hvilke områder det er størst interesse for å kartlegge. Forslaget som 

nå sendes på høring er basert på forslaget fra Sokkeldirektoratet. Arealet i 

forslaget utgjør til sammen 386 blokker, og utgjør rundt 38 prosent av det 

området som ble åpnet i april. 



Fristen for høringsinnspill er 26. september 2024. 
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Bakgrunn 

Høringsrunden er en del av første konsesjonsrunde for mineralvirksomhet på 

norsk kontinentalsokkel. Etter høringen vil departementet gjennomgå 

høringsinnspillene. Deretter vil konsesjonsrunden bli utlyst. Utlysningen vil blant 

annet inneholde en søknadsfrist for selskapene, og opplysninger om krav og 

vilkår som vil pålegges søkere knyttet til blant annet miljø. Som en del av 

søknadene, vil selskapene også bli bedt om å inkludere et forslag til 

arbeidsprogram for arealet de søker på. 

Mottatte søknader vil behandles i henhold til publiserte og kjente 

tildelingskriterier. Departementet tar sikte på å tildele tillatelser i løpet av første 

halvår 2025. Rettighetshavere i en utvinningstillatelse må utarbeide et detaljert 

arbeidsprogram tilpasset det arealet som omfattes av tillatelsen, og de ressurser 

som man antar finnes der. Slik aktivitet antas kun å ha små miljøvirkninger, men 

vil bidra til viktig kunnskaps- og kompetansebygging. Arbeidsprogrammet vil 

normalt ha innlevering av utvinningsplan eller tilbakelevering av areal som siste 

milepæl. 

Rettighetshaverne vil også ha som krav å dele data med myndighetene, som er 

viktig for kunnskapsbygging om ressurser, miljø og naturverdier. Norge vil ha en 

skrittvis og forsvarlig utvikling av havbunnsmineralvirksomhet på norsk 

kontinentalsokkel. Hensynet til miljø og sikkerhet skal ivaretas i alle faser av 

virksomheten. 

Det er en nødvendig forutsetning for eventuell fremtidig utvinning av 

havbunnsmineraler å tildele utvinningstillatelser. Tildeling betyr imidlertid ikke at 

utvinning kan settes i gang. Før en eventuell utvinning kan starte, kreves det at 

rettighetshaverne har påvist ressurser, har identifisert en teknisk løsning som 

gjør utvinning lønnsom og har tatt investeringsbeslutning for prosjektet. 

Rettighetshaverne må deretter utarbeide en utvinningsplan, som inkluderer 

gjennomføring av en konsekvensutredningsprosess, som må godkjennes av 

departementet. For at departementet skal kunne godkjenne konkrete 

utvinningsplaner, må planen vise at prosjektet kan gjennomføres på en 

bærekraftig og forsvarlig måte. De første planene skal også forelegges Stortinget. 



Høringsforslaget er basert på den oppdaterte kunnskapen som framkom 

gjennom åpningsprosessen og som åpningsbeslutningen ble tatt på bakgrunn 

av. Konsekvensutredningen som var en del av åpningsprosessen viser blant 

annet at leteaktivitet kun vil ha små miljøvirkninger. Konsekvensutredningen 

viste også at med omfang av fiskeri og mulige arealkonflikter/virkninger av 

havbunnsmineralvirksomhet er det vanskelig å se for seg betydelige 

konsekvenser for fiskeriene innenfor det åpnede området. Som det fremgår av 

forvaltningsstrategien for næringen vil departementet i forbindelse med 

utlysning av områder basere seg på ny, oppdatert kunnskap innhentet av både 

statlige og kommersielle aktører. Det bes på bakgrunn av dette i høringen om 

innspill til områder som kan være aktuelle å unnta av hensyn til miljø og 

sameksistens. 

Energidepartementet 

TEMA 

Havbunnsmineraler 

RELATERT 

> Høring av arealforslag - Utlysning av områder for mineralvirksomhet på havbunnen 
(http://www.regjeringen.no/no/dokumenter/horing-av-arealforslag-utlysning-av-omrader-for

mineralvirksomhet-pa-havbunnen/id3046676/) 

> Åpning av område på norsk kontinentalsokkel for mineralvirksomhet 
(http://www.regjeringen.no/no/aktuelt/apning-av-omrade-pa-norsk-kontinentalsokkel-for

mineralvirksomhet/id3033970/) 

Nyhet I 12.04.2024 

> Se mer informasjon på Sokkeldirektoratet sine nettsider 
(https://www.sodir.no/aktuelt/nyheter/generelle-nyheter/2024/anbefalte-blokker-til-utlysning-pa

offentlig-horing/) 
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Kommunikasjonsenheten i ED (httR:l/www.regjeringen.no/no/deRled/org/avdelinger/komm/id86785/). 

E-post: info@ed.deP-.no (mailto:info@ed.deR.no). 

Telefon: 41 57 35 00 (ikke sms) 

Adresse: Postboks 8148 Dep, 0033 Oslo 

Besøksadresse: Akersgata 59, Oslo 
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2 The biological carbon pump
Abstract

This chapter summarizes the Biological Carbon Pump (BCP) – a series of biologically mediated processes that together
sequester carbon in deep ocean waters and regulate the ocean-atmosphere partition of carbon dioxide. First, the component
processes of the system are reviewed, including primary production, pathways of organic matter transfer to depth, and flux
attenuation. Next, the approaches used to quantify BCP carbon fluxes are compared, ranging from direct measurements to
indirect geochemical constraints, and technological advances are highlighted. The chapter then explores how carbon
sequestration by the BCP is quantified, and understood in terms of carbon remineralization depth and sequestration
timescales. The final section examines expected responses of BCP processes to anthropogenic climate change, spanning
from organism-level acclimation, to ecosystem restructuring, to global scale trends predicted by Earth System Models. The
chapter closes by exploring geoengineering strategies that aim to mitigate climate change by deliberately altering the BCP.
Keywords

Biological carbon pump; Carbon flux; Carbon sequestration; Climate change; Earth system models; Export production;
Flux attenuation; Flux pathways; Geoengineering; Marine snow; Organic matter; Primary production; Remineralization;
Sedimentation; Sinking velocity
Key points
• Describe the processes driving the Biological Carbon Pump (BCP), the different pathways of carbon flux, and their

spatial-temporal variability

• Review and compare approaches to quantify the BCP, ranging from small scale direct measurements to Earth System
Models (ESMs)

• Discuss the sequestration of carbon in the deep ocean by the BCP

• Explore expected responses of the BCP to climate change, and assess carbon dioxide removal (CDR) options involving
the BCP.

Introduction

The Biological Carbon Pump (BCP) comprises a series of biologically mediated processes that together sequester carbon in deep
ocean waters (Passow and Carlson, 2012; Boyd et al., 2019). Photosynthesis, only possible in the well-lit surface ocean, generates
organic carbon from dissolved inorganic carbon (DIC) species. The bulk of this organic matter is recycled in the upper ocean via
grazing and microbial hydrolysis, but a small fraction is transported, by sinking and other processes, into the deep sea, a process
known as export. Much of the exported material decomposes as it settles through the water column, whereas a much smaller
fraction survives to reach the seafloor sediments and is buried. Just as photosynthesis by autotrophs removes dissolved inorganic
materials (DIC and nutrients) from surface waters, the decomposition of sinking biogenic particles and excretion from heterotrophs
returns inorganic materials to the seawater, which is referred to as remineralization. Organic matter production in the surface and
remineralization in deeper waters has the net effect of transferring DIC to depth, against a concentration gradient (Fig. 1A), which is
why it is referred to as a pump. DIC sequestered at depth cannot exchange with the atmosphere, so the BCP acts to lower
atmospheric CO2.

Observed profiles of the ocean’s three main carbon pools reflect the cycling of carbon through the water column (Fig. 1).
Particulate and dissolved organic carbon (POC and DOC respectively) concentrations are relatively high near the surface where
organic matter is produced, and decrease rapidly with depth (Fig. 1B and C), whereas DIC increases with depth due to the
accumulation of remineralized carbon (DICrem) in the ocean interior (Passow and Carlson, 2012). Globally averaged, the BCP
maintains a vertical DIC gradient of �150 mmol between the surface and deep ocean (Fig. 1A). The remaining �100 mmol increase
is explained by the “solubility pump,” which describes the physical transport of surface water to depth in cold high latitude regions
where, “preformed” DIC (DICpre, the sum of saturation and disequilibrium) is elevated (Fig. 1A) due to the temperature-
dependence of CO2 solubility (Ito and Follows, 2003). Concentrations of DIC are typically 2–3 orders of magnitude higher than
those of organic carbon, and the fact that a � 150 mmol vertical DIC gradient is maintained by much smaller gradients in POC and
DOC implies fast turnover of organic carbon, relative to the timescale of ocean circulation. In addition to vertical gradients, the
interaction of the BCP with large-scale circulation drives lateral gradients in dissolved carbon species. Recently-formed (“young”)
deep water, e.g. in the North Atlantic, contains less remineralized DIC and more DOC than older deep waters, e.g. in the North
Pacific (Fig. 1C).

Transport of organic carbon to depth by the BCP may happen by three different pathways: physical transport, gravitational
settling and transport via vertically migrating organisms (Fig. 2). These transfer pathways provide sustenance to subsurface



Fig. 1 Geochemical constituents of the biological carbon pump. (A) Global-mean depth profile of dissolved inorganic carbon (DIC) concentration from the
GLODAPv2 preindustrial climatology (thick black line). DIC is divided into a “preformed” component (DICpre) transported from the surface and a remineralized
component (DICrem) that accumulates from organic matter decomposition. DICpre is calculated in the OCIM circulation model following Carter et al. (2021) and DICrem
is calculated by difference. (B) Particulate organic carbon (POC) concentrations from the GEOTRACES IDP2021 archive (translucent blue dots), which combines data
from the Atlantic, Pacific, Southern and Arctic Oceans. Red dots are averaged within depth bins that increase in thickness from 100 m to 500 m over depth.
(C) Dissolved organic carbon (DOC) concentrations from the climatology of Roshan and Devries (2017), averaged globally and in the North Atlantic and Pacific Oceans
(>40�N), representing the beginning and end of the thermohaline overturning circulation respectively.

Fig. 2 Pathways of the biological carbon pump. Left face shows the three main export pathways for organic carbon from the surface euphotic zone to the ocean
interior: gravitational settling of POC, physical export of POC and DOC, and active transport of carbon by vertically migrating organisms (zooplankton and fish).
Right face shows the return of respired CO2 to the surface via the large-scale ocean circulation, annotated with characteristic recirculation timescales for different
depth intervals, which reflect the time that respired carbon is sequestered out of contact with the atmosphere. Illustration by M. Osadciw, University of Rochester.

The biological carbon pump 3
heterotrophic communities and thus enable life in the dark ocean. The depth to which organic matter is transported before
remineralizing, determines the timespan that carbon is isolated from contact with the atmosphere, and thus the effectiveness of
carbon sequestration by the BCP (Fig. 2). Carbon remineralized above the wintertime mixed layer depth will be returned to the
surface within a year, whereas remineralization beneath �300 m can result in carbon storage for 100 years or more (often
considered a critical timescale for sequestration) and remineralization below 1000 m can lead to extremely efficient sequestration
for 1000 years or more (Fig. 2), (Passow and Carlson, 2012).

Two additional suites of biological processes also exert leverage on the ocean-atmosphere carbon balance. The Microbial Carbon
Pump (MCP) describes the process in which carbon is sequestered in a reservoir of very recalcitrant dissolved organic compounds.
These recalcitrant compounds may be produced in the surface ocean or released at depth during POC remineralization, and on
average remineralize on timescales of hundreds to thousands of years (Jiao and Azam, 2011). Because this turnover time is
similar to or longer than the timescale of ocean circulation, recalcitrant DOC accumulates throughout the ocean, explaining
why considerable DOC concentrations are observed even in the ocean’s oldest waters (Fig. 1C). Because carbon stored in the
recalcitrant DOC pool does not participate in ocean-atmosphere exchange, the MCP has the net effect of reducing atmospheric
pCO2 (Legendre et al., 2015).



4 The biological carbon pump
The Carbonate or Hard Tissue Pump (Rost and Riebesell, 2004) refers to the activity of organisms like coccolithophores, pteropods,
and foraminifera that use DIC to produce inorganic carbon shells or tests. Calcium carbonate production modifies inorganic
carbon speciation, lowering alkalinity and leading to outgassing of CO2 (Wolf-Gladrow and Zeebe, 2001). The Carbonate Pump
is also referred to as the Counter Pump, given that it works counter to the other carbon pumps, at least on short timescales
(see chapter by Hain).

The relative magnitude of these different carbon pumps is a key question of current research, but on immediate human
timescales the BCP is thought to be of central importance. Here, in this chapter, we will focus on the BCP, and on timescales
relevant for humans. We will describe the BCP, its functions, pathways and effects, as well as its quantification and efficiency.
We will end the chapter by looking at the future of the pump and possible opportunities to engineer our environment consciously
with the goal of removing CO2 from the atmosphere.
Description of the biological carbon pump

Primary production, defined as the amount of organic carbon generated by photosynthesis in the surface ocean, is the theoretical
maximum amount of carbon that may be exported by the BCP. Most of the organic carbon will be recycled within a few hundred
meters of the surface (Martin et al., 1987), but some portion will be exported to deeper waters or even to the sediments before
decomposition, or may even escape decay entirely and be deposited in the sedimentary reservoir. We will therefore first look at
primary production in the ocean (Section “Levels of primary production”), at drivers and spatial patterns (Section “Patterns in space
and time”), and introduce the concepts of new, export and regenerated production (Section “New, export and regenerated
production”) and the organic matter size continuum (Section “Organic matter size continuum”). Second, we will examine the
different pathways (“Pathways of the pump”) by which organic matter is exported from the surface to the deep ocean: Gravitational
sinking of particles (Sections “Gravitational sinking,” “Marine snow,” “Feeding structures,” and “Fecal pellets”), the activity of
vertically migrating organisms (Section “Active vertical migration”), and physical transport processes (Section “Physical export”),
that move both dissolved and particulate organic matter to depth. Each carbon molecule may experience a mix of these pathways
on its journey downward through the water column. Third, we will explore organic carbon flux attenuation (Section “Flux
attenuation”) and the processes that drive organic matter loss over depth (Fig. 1B and C), before finally examining the burial of a
tiny fraction of the organic matter produced in the surface ocean in seafloor sediments (Section “Sedimentation and burial”).
Carbon fixation: Photosynthesis and biomineralization

Levels of primary production
In the initial step of the BCP, phytoplankton convert CO2 into organic matter via photosynthesis, with the rate a function of the
average light climate that the phytoplankton cells experience. Photosynthesis is thus restricted to the sunlit surface waters. When
light is sufficient, the upper limit of primary production is set by the supply of macro- and micronutrients to the euphotic zone.
Nitrogen frequently limits primary productivity over annual timescales, whereas phosphorus is thought to limit global primary
production on timescales approaching its oceanic residence time of 9000–80,000 years (Tyrrell, 1999; Benitez-Nelson et al., 2000).
Besides C, H, and O, the two main components of phytoplankton organic matter are N and P, in the variable (Geider and La Roche,
2002; Weber and Deutsch, 2010) but roughly average molar proportion of 106C: 16 N: 1 P (Redfield et al., 1963), which is known
as the Redfield ratio. Diatoms which are often limited by low concentrations of silicic acid, have an average C: Si ratio of 8
(Brzezinski, 1985), although this ratio may vary from 3 to 40 depending on the species and the environmental conditions (Harrison
et al., 1990; Hoffmann et al., 2007). Diazotrophic (N2-fixing) phytoplankton are not susceptible to N limitation, but may be more
susceptible to P and Fe limitation than other taxa. In some parts of the ocean, N and P are both replete, and Fe limits phytoplankton
growth (de Baar et al., 2005; Martin and Fitzwater, 1988; Boyd et al., 2007). Trace elements such as Fe, Zn, Cd, Mg, I, Se, and Mo
are required for the synthesis of carbohydrates, lipids, proteins, biominerals, amino acids, enzymes, DNA, and other essential
compounds (Falkowski and Raven, 2007). Coccolithophorids produce external scales, called coccoliths, made of calcium carbonate
(CaCO3) (Paasche, 1999). Elements such as Na, Mg, P, Cl, K, and Ca are important for osmoregulation, buoyancy control, and the
maintenance of charge balance (Fagerbakke et al., 1999). Primary production depends on the availability of all elements a specific
phytoplankton species requires.

Global marine net primary production (NPP ¼ gross primary production minus phytoplankton respiration and photorespira-
tion) has been estimated from satellite retrievals as 50–60 Pg. C (4–5 Pmol C) each year (Westberry et al., 2008, Silsbe et al., 2016,
Field et al., 1998, Martin et al., 1987, Carr et al., 2006). This represents roughly half of the total (marine plus terrestrial) annual 105
Pg. C fixed each year (Field et al., 1998), despite the fact that marine phytoplankton comprise less than 1% of the total
photosynthetic biomass on Earth.

Patterns in space and time
Because NPP depends on light, nutrients and trace elements, its magnitude varies spatially and seasonally (Fig. 3). Rates of NPP in
coastal regions average 2000 g Cm−2 year−1, significantly outpacing the oligotrophic open ocean, where NPP averages 440 g C m−2 year−1

(Chavez et al., 2011). However, because the open ocean constitutes 90% of the area of the ocean, the bulk (� 80%) of the
ocean’s annual carbon fixation occurs there rather than in productive coastal regions. Oligotrophic open ocean areas include



Fig. 3 Spatial and temporal variability of organic matter production. (A) Annual-mean net primary production (NPP) estimated by the VGPM satellite algorithm. Red
line is the 1 mM NO3 contour (lower NO3 lies inside the contour, in subtropical regions). (B) Zonal-mean seasonal NPP climatology from the VGPM algorithm
(DJF¼December–January-February; MAM ¼ March–April-May; JJA ¼ June–July-August; SON¼September–October-November). (C) Zonal-mean annual
NPP compared between four different satellite algorithms (see text for details).
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the subtropical ocean basins, where nitrate concentrations are low and limiting (red line in Fig. 3A), as well as the Southern
Ocean, where N is abundant but Fe scarcity and a short growth season limit NPP (Fig. 3A) (Behrenfeld and Kolber, 1999).
Upwelling of nutrient-rich subsurface water near the equator, allows for elevated NPP compared to surrounding subtropical
waters. Elevated, but seasonal phytoplankton growth is obvious poleward of �40� north and south (Lutz et al., 2007). In the
Northern Hemisphere, NPP peaks in the boreal spring months (March-April-May, Fig. 3B) at �40�N, and in the boreal summer
(June-July-August) further poleward. Peak production in the southern hemisphere occurs in austral summer (December-January-
February) and the growth of the bloom is lower in magnitude than in the northern hemisphere and spatially confined to the
Subantarctic band (�40–50�S) and the Antarctic coastline (Fig. 3B).

NPP in Fig. 3 uses the Vertically-Generalized Production Model (VGPM, (Behrenfeld and Falkowski, 1997), the first
satellite-based global NPP algorithm, which takes reflected-light estimates of chlorophyll abundance as its primary input variable
and temperature and photosynthetically active radiation as additional inputs. Other algorithms have been developed since,
including a modified version of VGPM (Carr et al., 2006) the Carbon-based Production Model (CbPM, Westberry et al., 2008)
that uses backscatter-estimated POC rather than chlorophyll as its primary input, and the Carbon, Absorption, and Fluorescence
Euphotic model (CAFE, Silsbe et al., 2016) that is primarily based on energy absorption. These more recent algorithms predict
broadly similar spatial patterns and seasonal cycles, but tend to yield systematically higher NPP in the tropics and lower NPP at
high latitudes than VGPM (Fig. 3C).
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Different phytoplankton dominate NPP in the different marine regions. This spatial heterogeneity in phytoplankton composi-
tion and abundance reflects differences in ecosystem structure and function and ultimately impacts the efficiency of the BCP.
Diatoms, often dominate in upwelling and coastal regions of the ocean (Nelson et al., 1995), whereas in the open ocean prokaryotic
and eukaryotic picoplankton tend to dominate NPP (Chisholm et al., 1988; Liu et al., 1999; Steinberg et al., 2001). Coccolitho-
phores prefer stratified conditions (Le Quéré et al., 2005) and often form a bloom after the spring diatom bloom in the North
Atlantic, but are generally common around 60� N and 60� S (Iglesias-Rodríguez et al., 2002). Phaeocystis, may form large blooms in
nutrient-enriched areas such as the Ross Sea or the Arabian Gulf (Schoemann et al., 2005), whereas Trichodesmium, a nitrogen-fixing
taxa, thrives in oligotrophic regions (Westberry and Siegel, 2006; Capone et al., 2005). Dinoflagellates, which are motile and
frequently mixotrophic, are typically abundant in systems dominated by recycling. This spatial heterogeneity is overlaid by temporal
and/or seasonal succession of taxa as local conditions change.

Differences in environmental conditions and ecosystem structure can lead to seasonal successions in the plankton community
that vary between regions: Outside of the tropics, levels of marine primary productivity vary systematically throughout the year
(Heinrich, 1962; Smetacek et al., 1984) (Fig. 3B and C). Phytoplankton standing stocks and NPP peak in the spring following the
onset of water column stratification and the increase in available light (Smetacek and Passow, 1990), or in response to alterations in
the balance between rates of phytoplankton growth and zooplankton grazing (Behrenfeld, 2010). Depletion of nutrients in the
stratified water column by the summer inhibits phytoplankton growth and grazing by zooplankton reduces standing stocks.
Some areas may experience a small bloom of phytoplankton in the autumn when light levels are still adequate and the onset of
winter convection and overturning injects nutrients into the euphotic zone. Within the tropics, fluctuations in standing stocks
of phytoplankton are smaller and more frequent, often dominated by physical (e.g., mixing and upwelling) events. When iron
limits NPP, blooms may be associated with iron input events (Martin et al., 1991; Nishioka and Takeda, 1997), such as upwelling
(Coale et al., 1996), dust storms, icebergs (Lin et al., 2011) or coastal or river runoff (Johnson et al., 1999).

New, export and regenerated production
Whereas NPP sets the theoretical upper limit of carbon available for export via the BCP, the actual export flux is much smaller,
because the majority of NPP is converted back into CO2 and dissolved nutrients within the euphotic zone. These recycled nutrients
may then be used to fuel further carbon fixation. At steady state, carbon export may be approximated by operationally separating
NPP fueled by nutrients supplied from outside the euphotic zone (new production) from that fueled by recycled nutrients (regenerated
production). Such a separation can be achieved by considering the form nitrogen used for NPP, as winter mixing provides nitrate
from deeper layers, whereas recycled N is mostly in the form of ammonia (NH3) (Dugdale and Goering, 1967). In addition to
upwelling and mixing, new production can also be supported by external nutrient sources such as river inputs, nitrogen fixation,
and atmospheric deposition. The ratio of new to total primary production in the ocean, known as the f-ratio (Eppley and Peterson,
1979), is generally higher in upwelling environments than it is in oligotrophic regions of the ocean (Harrison et al., 1990; Laws
et al., 2000). On average, about 25% of the total global marine primary production is thought to be new production (Yool et al.,
2007), ranging from 7% to 70% from region to region (Laws et al., 2000).

When averaged over appropriate temporal and spatial scales, new production should be equivalent to export production, where
export production is defined at the net vertical transport of organic matter out of the euphotic zone. This concept is theoretically
useful, because estimates of new production are often easier to achieve than direct estimates of export. However, export and new
production may be spatially and temporally decoupled due time lags, horizontal advection and other processes, complicating the
translation from new to export production (Plattner et al., 2005; Laws and Maiti, 2019).

Organic matter size continuum
Organic matter in the ocean exists as a spectrum of different sized particulate organic matter (POM, which includes POC), as well as
in the form of dissolved organic matter (DOM, which includes DOC). Acoustic and optical particle counters reveal a continuous
particle size spectrum spanning from microns to centimeters, in which particle number density is often well described as a
power-law function of diameter (Stemmann and Boss, 2012; Picheral et al., 2010) (Fig. 4A). The “slope” of the particle size
spectrum (log-log plot) determines the relative abundance of small vs. large particles (steeper slope means small particles are more
dominant) and usually lies in the range −5 to −2. Particles larger than 0.5 mm, referred to as “marine snow” (Section “Marine
snow”), are thought to make the largest contribution to POC export despite their relative scarcity due to the strong relationships
between particle size and mass, and size and sinking velocity. Smaller particles may make an important indirect contribution to
export by aggregating into larger, faster-sinking particles.

DOC is released by actively growing phytoplankton (Sondergaard et al., 2000; Teira et al., 2001; Myklestad, 1995), during
grazing by zooplankton (Strom et al., 1997; Saba et al., 2011), during solubilization of POM by exoenzymes released by bacteria
(Smith et al., 1995; Ogawa et al., 2001), and by viruses (Suttle, 2007). DOC is operationally separated into different fractions
(Amon and Benner, 1996): The labile fraction is rapidly remineralized (in minutes to weeks) by microbes, meaning that it makes up
a small fraction of the total pool of DOC at any given time, the semi-labile fraction persists for months to a few years (Davis and
Benner, 2007; Repeta and Aluwihare, 2006), and the refractory fraction has an average age of �5000 years (Jiao et al., 2018). It has
been suggested that this refractory portion of DOC survives, because concentrations of each compound are too low to compensate
for metabolic costs of its utilization (Arrieta et al., 2015).

A fraction of DOM, specifically some exopolymers exuded by phytoplankton and bacteria, may spontaneously form gel-like
particles, such as transparent exopolymer particles (TEP) (Passow, 2000; Kepkay, 1994; Nagata et al., 2021) and protein-rich



Fig. 4 Characteristics of the POC assemblage. (A) Abundance vs. size spectrum of POC (left y-axis) measured by a combination of acoustic (black dots) and visual
(red diamonds) particle counters, spanning 4 orders of magnitude in particle diameter. Blue lines (right y-axis) show two sinking speed vs. size relationships (see text
for details). (B–H), photographs of different organic particle types: Mucus-rich aggregates in mesocosm (B, C), small natural aggregates collected with the snow
catcher, degrading salp pellet (F, 2 x 4 mm), degrading euphausid strings, large phytoplankton aggregate collected with snow catcher. (A) Adapted from
Stemmann L and Boss E (2012) Plankton and particle size and packaging: From determining optical properties to driving the biological pump. Annual Review of
Marine Science 4: 263–290 and Cael BB, Cavan EL and Britten GL (2021) Reconciling the size-dependence of marine particle sinking speed. Geophysical Research
Letters 48: e2020GL091771. (D, E) photos: C. Cisternas Novoa. (G) photo: K. Sharpe. (H) photo: E. Romanelli.
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Coomassie stainable particles (CSP) (Cisternas-Novoa et al., 2014; Long and Azam, 1996). TEP, which can be made visible by
staining with Alcian blue (Passow, 2002), exist in a size continuum from colloidal fibers to gel-like particles (Verdugo, 2012) and
are rich in acidic polysaccharides, especially deoxysugars (Mopper et al., 1991; Zhou et al., 1998), which grants them their surface
active properties. TEP contain C and N in proportions exceeding Redfield ratios (Engel and Passow, 2001), supplying a mechanism
for pumping of carbon in excess of what would be predicted from the availability of nitrogen (Schneider et al., 2004).

The role of DOC and gel-like particles within the BCP are varied, and not fully understood. DOC may be transformed into
recalcitrant material (the microbial pump). Physical transport processes may move DOC to the deep ocean (Section “Physical
export”). DOC utilized by bacteria, may become part of the sinking flux either when bacteria associate with fast sinking marine
snow or when bacteria enter the food-web, e.g. via grazing by protists (Azam et al., 1983). Aggregates have been shown to host
complete microbial loop communities (Azam and Long, 2001; Azam and Malfatti, 2007). Significant amounts of DOM also sink
within aggregates (Alldredge, 2000; Antia, 2005), where pore-water concentrations of dissolved materials are frequently elevated.
TEP are essential for the formation of sinking marine snow (Logan et al., 1995; Passow and Alldredge, 1995; Jackson, 1995), and
impact the exchange with the atmosphere, when accumulating at the sea surface microlayer (SML) (Cunliffe et al., 2013).
Pathways of the pump

Generally, three main export pathways that transport carbon from the surface ocean to the mesopelagic are recognized (Fig. 2):
Gravitational settling, transport due to active vertical migration, and physical transport processes. Rapidly settling particles may be
formed due to aggregation of smaller particles or due to biological activity, e.g. production of fecal pellets, feeding structures,
carcasses and molts. The mass vertical migration of zooplankton and fish between surface waters where they feed at night and the
mesopelagic zone, where they respire CO2, excrete DOC or egest POC as feces during the day, also efficiently moves carbon to depth.
Whereas the impact of zooplankton activity on these flux pathways has been investigated for decades, the potential role of fish is
only slowly emerging. Mixing processes, or subduction of water masses may move non- or slow sinking particles or DOC to depth.
The relative importance of the three pathways depends on physical conditions such as mixing and ecological factors including the
food-web structure (Laws and Maiti, 2019; Steinberg and Landry, 2017).

Gravitational sinking
Marine snow, defined as composite particles (“aggregates”) >0.5 mm (Alldredge and Silver, 1988; Silver, 2015), are viewed as the
major vehicle for gravitational settling of organic matter in the ocean, because they can traverse the distance between surface and
mesopelagic in a space of days to weeks (Beaulieu, 2002; Billet et al., 1983). Rapid transit time to depth and is a prerequisite for
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organic matter to reach 1000 m, beneath which carbon sequestration is particularly efficient (Fig. 2). Slowly sinking particles, such
as solitary phytoplankton cells, that sink at �1 m day−1 (Smayda, 1971) would require more than a year to reach the benthos of
even a relatively shallow continental shelf. Given the rapid rate of microbial decomposition of organic material in the ocean and the
abundance of zooplankton grazers, it is virtually impossible for a slowly sinking particle to reach the mesopelagic or seabed.
However, more recently, the paradigm that size is paramount in determining sinking velocity is being challenged (Section “Controls
on particle sinking velocities”).

Marine snow
Marine snow is formed either by biological activity of zooplankton or fish, which can produce mucus feeding structures, fecal
pellets, molts and carcasses, or by the physical aggregation of smaller particles, such as algae cells or detritus as well as inorganic
material such as biogenic silica frustules, calcium carbonate tests, or lithogenic minerals (Alldredge et al., 1993; McCave, 1984).
Physical aggregation requires collision followed by attachment of particles. Particles collide due to processes such as Brownian
motion, shear, and differential settling (Kepkay, 1994; Jackson, 1990), and collision rates depend on size and abundance of
particles (Burd and Jackson, 2009). The probability of particles attaching following a collision is controlled by the physical and
chemical properties of the particles’ surfaces, that is, their “stickiness” (Alldredge and Jackson, 1995; Burd and Jackson, 2009), which
makes TEP essential for aggregate formation and sedimentation (Logan et al., 1995; Passow and Alldredge, 1995; Passow
et al., 2001).

Characteristics (size, porosity, fragility) of marine snow vary widely depending on formation conditions (Fig. 4). In coastal areas
and in regions hosting large phytoplankton blooms, organic material reaching the deep often does so as aggregated phytoplankton
(Fig. 4F) (Turner, 2002). However, spatial and temporal variability is high, and fecal pellets may dominate flux as well (Fig. 4D and
E) (Turner, 2015; Ebersbach and Trull, 2007). Salp fecal pellets (Fig. 4D), appendicularian houses, or detrital aggregates may
dominate flux (Fig. 4G and H) (Phillips et al., 2009; Silver et al., 1998; Passow et al., 2001; Alldredge and Silver, 1988). Although
recognized as important for vertical carbon flux, sinking of dead organisms are exceedingly difficult to quantify (Steinberg and
Landry, 2017).

Diatom aggregates are a common type of marine snow and form after the large spring diatom blooms observed in many areas
(Alldredge and Silver, 1988). Phaeocystis, especially when co-occurring with diatoms or in the presence of lithogenic mineral
particles, may also contribute significantly to sinking marine snow, depending on conditions (Passow and Wassman, 1994; Hamm
et al., 2001; Dybwad et al., 2021). Even picoplankton are regularly observed in deep sediment traps, sinking as part of marine snow
formed via aggregation (Cruz and Neuer, 2019; Deng et al., 2016), or from feeding structures or feces (Richardson and Jackson,
2007). Dynamics in the surface ocean, especially food-web structure and particle composition determine the timing and type of
marine snow that dominates.

Sinking marine snow consists of structured microenvironments, offering surfaces, hiding places, enclosed spaces, and hot spots
of biological activity (Simon et al., 2002) that provide food and substrate to organisms in the meso-, bathy-, and abyssopelagic
zones and benthos, thereby coupling the surface layer with the dark ocean. Even though marine snow represents sites of elevated
rates of decomposition and nutrient regeneration, it contributes significantly to the transport of C, N, P, Si, and other materials to
the deep. Besides providing food for deep food-webs, sinking of marine snow contributes to the sequestration of carbon by
the ocean.

Feeding structures
Appendicularia (larvacea) generate intricate mucus houses, and pteropods and certain planktonic foraminifera produce relatively
large webs, also made of mucopolysaccharides, all of which are used to collect food particles (Alldredge, 2005; Kiørboe, 2011).
When these structures become clogged with material, they are discarded by the organism, which then builds another. In the case of
appendicularia, these feeding structures may be produced and discarded 6–26 times a day per individual (Sato et al., 2001; Fenaux,
1985). The abandoned structures, become marine snow (Alldredge, 2005; Lombard and Kiørboe, 2010), causing distinct sedimen-
tation events (Passow et al., 2001). In systems where appendicularia and dolioids dominate, fecal pellets and feeding structures
have been observed to provide fast sinking marine snow, whereas high copepod abundance resulted in comparably reduced
aggregate formation (Taucher et al., 2018). Recent surveys using cameras to monitor their abundance and sinking have suggested
that discarded appendicularian houses may be responsible for roughly a third of the particulate organic carbon (POC) flux to depth
in the ocean (Robinson et al., 2010).

Fecal pellets
Zooplankton also package material into potentially fast-sinking marine snow through their production of fecal pellets (Steinberg
and Landry, 2017; Ebersbach and Trull, 2007). Depending on the type of zooplankton, fecal pellets range in shape from oval,
spherical, conical, rectangular, or cylindrical, to coiled, (Yoon and Rosson, 1991) with their size also quite variable (Frangoulis et al.,
2004; Steinberg and Landry, 2017). The contribution of zooplankton fecal pellet carbon to total POC flux varies widely among
seasons, regions and with depth (Turner, 2015; Steinberg and Landry, 2017). The theoretical upper limit for fecal pellet flux is their
production rate, estimated as 6.2 Gt C Y−1 globally (Dilling and Alldredge, 2000; Anderson et al., 2013). The contribution of
recognizable fecal pellets to POC flux is usually<40% of POC flux (Turner, 2015). High fecal export may occur episodically, during
salp blooms (Stone and Steinberg, 2016; Steinberg et al., 2023). Copepod size, rather than abundance seems to determine most
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significantly which fraction of fecal carbon reaches great depth (Stamieszkin et al., 2015). First estimates on the relative importance
of fish pellet flux suggest regional contributions vary between 5% and 35% of the measured flux and are in the same range as flux
due to zooplankton pellets (Saba et al., 2021).

Active vertical migration
The active transport of carbon to depth by swimming organisms varies with migrator biomass and composition (Longhurst et al.,
1990). Migrating zooplankton and fish feed near the surface at night, then migrate to depth during the day where they respire
organic carbon to CO2 and excrete dissolved and particulate (fecal) material, transferring carbon from surface waters to depths of
200–800 m (Hidaka et al., 2001; Longhurst et al., 1990; Bianchi et al., 2013b). Migrant-mediated carbon flux is comparable to
8–80% of the sinking POC flux (Steinberg and Landry, 2017). Transport of respiratory carbon tends to be high when migrator
biomass is high, but environmental conditions like temperature and oxygen minimum zones impact this relationship (Steinberg
and Landry, 2017). Flux due to DOC excretion, fecal production and mortality at depth is challenging to quantify. The active flux of
carbon by vertically migrating zooplankton may partially explain the observed discrepancy between heterotrophic respiratory
demands for carbon in the mesopelagic realm and the observed sinking flux of POC (Burd et al., 2010; Steinberg et al., 2008).
Frequently ignored in BCP budgets is flux due to the ontogenetic (seasonal) migration of zooplankton, which is best understood for
the large copepods common in the North Atlantic and North Pacific (Steinberg and Landry, 2017). The annual transport and
metabolism of lipid-rich material (lipid pump) by large herbivorous Calanus is on the order of sinking POC flux (Jónasdóttir et al.,
2015). Respiratory and other active flux by migrating fish is roughly in the same order as that of zooplankton (Saba et al., 2021).

Physical export
Physical transport and mixing provide important conduits for organic matter to depth, owing to the strong vertical gradients of
particulate and dissolved organic carbon (Fig. 1B and C). For larger particles, physical transport is often negligible compared to
gravitational settling, but for small suspended particles and DOC physical export dominates the total export flux (Boyd et al., 2019).
Three discrete pathways have been recognized for physical export of organic carbon from the upper ocean, which operate at different
spatial and temporal scales. At the largest scale, suspended POC and DOC are advected to depth by the vertical component of the
ocean general circulation, which includes Ekman pumping (downwelling) in subtropical gyres, and subduction along sloping
isopycnals in regions of thermocline ventilation and water mass formation (Levy et al., 2013). In mid and high latitude regions,
strong seasonal variability in mixed layer depth drives carbon export by the “mixed layer pump.”Organic matter accumulates in the
surface mixed layer during spring and summer and is then diluted over depth during deep wintertime mixing. When the mixed layer
shoals in the following spring, much of the organic matter is left behind in the ocean interior at depths up to �400 m (Dall’olmo
and Mork, 2014; Bishop et al., 1986), therefore bypassing the upper few hundred meters of the water column where remineraliza-
tion is fastest and potentially driving efficient carbon sequestration (Boyd et al., 2019). The “eddy subduction pump” drives physical
export at the shortest temporal and spatial scales, including the mesoscale (10–100 km) and submesoscale (1–10 km). Carbon
export occurs when the strong vertical circulation associated with downwelling eddies and frontal systems carries POC and DOC
from the surface to depths of 100–350 m, although it should be noted that upwelling systems can have the opposite effect, returning
exported organic matter to the surface.
Flux attenuation

Physical export and active transport by migrating organisms can provide direct pathways to “shunt” or “inject” organic matter
directly to depths of hundreds of meters (Boyd et al., 2019), often bypassing flux measurement approaches (Steinberg and Landry,
2017). For gravitationally settling particles, the POC flux is generally observed to decrease (or “attenuate”) rapidly over depth in the
few hundred meters beneath the euphotic zone, and then more gradually in deeper waters (Martin et al., 1987). The rate of flux
attenuation is essentially driven by the balance between sinking velocity and POC loss rates due microbial remineralization or
grazing (Banse, 1990). Either faster remineralization or slower slinking will result in faster flux attenuation, and therefore shallower
remineralization of organic matter.

The nature of sinking particles continuously changes during their downward journey due to microbial, zooplankton and fish
activity, making carbon export and flux attenuation difficult to monitor or predict.

Controls on particle sinking velocities
Following Stokes Law, which describes solid spheres in laminar flow, sinking velocity would be expected to increase with the size
squared of the sinking particle and its excess density compared to seawater. Excess density of an aggregate is determined by the
excess density of individual components and the porosity of the aggregate. Assuming that Stokes Law is principally applicable, only
marine snow sized particles would sink at speeds high enough to reach the mesopelagic and beyond. Sinking velocities of marine
snow are mostly greater than 50–100 m day−1 andmay exceed 500 m day−1 (Alldredge and Gotschalk, 1989; Armstrong et al., 2009;
Ploug et al., 2008b). Fecal pellets sink even more rapidly, from 10’s to 100’s m per day for copepods and euphausid pellets to more
than 1000 m day−1 for salp pellets (Steinberg and Landry, 2017; Ploug et al., 2008a). Abandoned feeding structures collapse and
accumulate more particles, they reach sinking velocities of 50–800 m day−1 (Alldredge, 2005; Lombard and Kiørboe, 2010).
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Recently, variance in the POC flux through 400 m in several ocean basins was tied to the phytoplankton community, with the
largest fluxes associated with larger phytoplankton that tend to form aggregates (Guidi et al., 2009), supporting the role of particle
size as a dominant driver of efficient POC transfer to depth.

Sinking velocities of smaller particles, were traditionally considered too slow to carry significant amounts of carbon to the
mesopelagic or beyond (Alldredge and Gotschalk, 1989; Billet et al., 1983). However, more recent observations suggest, that small
particles can contribute significantly to sinking particle mass at depth (Giering et al., 2016; Richardson and Jackson, 2007; Durkin
et al., 2015; Dall’olmo and Mork, 2014; Guidi et al., 2009). Small particles may reach the mesopelagic due to fragmentation of
marine snow, or due to physical transport events, such as the mixed layer pump (Richardson, 2019). BGC-Argo data also suggest
that small particles are not efficient contributors to carbon sequestration, but their contribution to flux remains significant in the
mesopelagic due to fragmentation of large sinking particles, (Wang and Fennel, 2022). However, in-situ measurements using
neutrally buoyant devices, suggest that size is far less important in determining sinking velocities of particles than previously
believed (Iversen and Lampitt, 2020). A Bayesian hierarchical model framework was used to analyze a large data set of measured
sinking velocities, finding that sinking velocity of marine particles scales more closely with the square root of the particle diameter
than with diameter squared (Cael et al., 2021). This implies that excess density and aggregate porosity play a larger role in
determining sinking velocity than previously assumed.

The importance of aggregate density for POM flux was widely discussed as the so-called Ballast Hypothesis, which interpreted the
strong correlation between fluxes of mineral particles such as calcium carbonate, biogenic and lithogenic silica (e.g., from dust) with
POC fluxes (Deuser et al., 1983) to suggest that mineral incorporation enhances POC flux (Armstrong et al., 2002; Klaas and Archer,
2002; Francois et al., 2002). However, this regression approach cannot differentiate between cause and effect (Passow, 2004; Passow
and De La Rocha, 2006). Moreover, the accumulation of minerals on organic aggregates causes aggregates to condense and fragment
into smaller particles (Passow and De La Rocha, 2006; De La Rocha and Passow, 2007). The competing processes of density
addition and size reduction mean that the relationship between sinking velocity andmineral content is not straightforward (Hamm,
2002; Lee et al., 2009; Ploug et al., 2008a). Nevertheless, an impact of ballasting minerals on sinking velocity has been observed in
laboratory experiments (De La Rocha and Passow, 2007; Iversen and Ploug, 2010) and in field observations (Sanders et al., 2010;
Fischer and Karakaş , 2009; Lee et al., 2009).

In contrast, positively buoyant Transparent Exopolymer Particles, TEP, may reduce sinking velocity when abundant in aggregates
(Engel and Schartau, 1999; Azetsu-Scott and Passow, 2004). Whereas originally it was thought that high TEP concentrations
would lead to high sedimentation rates (Riebesell et al., 2007), it is now clear that an overabundance of TEP compared to non-TEP
POC will lead to reduced sinking velocities and delayed POC sedimentation events (Mari et al., 2017).
Controls on loss rates
Flux attenuation and its spatial and temporal variability is influenced not only by sinking velocity, but also by the physical,
physiological, and ecological factors that drive loss rates of POM due to zooplankton and bacterial and viral activities.

Consumption of POM through feeding decreases the total amount of carbon potentially available for sinking, and, in addition,
the feeding activities of zooplankton change the size, number, composition, and sinking velocity of the remaining carbon (Dilling
and Alldredge, 2000; Goldthwait et al., 2005; Noji, 1991; Koski et al., 2007; Lombard and Kiørboe, 2010) by repackaging the
portion of the organic matter that is not assimilated into fecal pellets (Turner, 2002; Steinberg and Landry, 2017). Like other types of
marine snow, fecal pellets (especially crustacean fecal pellets) frequently fall victim to ingestion (coprophagy) and fragmentation
(coprorhexy) by copepods and protozoo-plankton while sinking (Noji, 1991; Poulsen and Iversen, 2008). Mesozooplankton
also reduce the particle flux by breaking up aggregates into smaller particles while swimming, which affects not only sinking velocity
but also remineralization rate (Goldthwait et al., 2005). Fragmentation of sinking particles via swimming zooplankton has been
estimated to account for up to half of all flux attenuation (Briggs et al., 2020). In addition, this fragmentation can release DOM from
the aggregate that would have otherwise been transported to depth within the pore water of the sinking particle (Alldredge, 2000).

Marine snow, including fecal pellets and aggregates are hotspots of activity with high remineralization and solubilization rates
resulting in turnover times within hours to days (Azam, 1998; Azam and Long, 2001; Kiørboe et al., 2004; Smith et al., 1992).
Bacterial hydrolysis (Arnosti et al., 2012) plays a major role in the decomposition and carbon specific remineralization rates of
marine snow, which were determined experimentally to range from 0.08 day−1 to 0.20 day−1, and are temperature dependent with a
3.5 fold decrease at 4�C compared to 15�C (Iversen and Ploug, 2010; Iversen and Robert, 2015). Hydrolytic enzymes, such as
proteases, polysaccharidases, and glucosidases released by bacteria, are especially effective within the confined spaces of marine
snow (Grossart et al., 2007; Simon et al., 2002; Ziervogel et al., 2010). These enzymes act to digest dissolved and particulate organic
matter, turning it into lower molecular weight DOM that is directly available for uptake and consumption. Although some of
the solubilized material is taken up by aggregate-associated bacteria, sinking aggregates leave behind them a plume enriched in
nutrients and DOM that serve as a food source for free-living bacteria and as a chemical cue for colonizing and/or feeding organisms
to locate the organic-rich aggregate (Kiørboe and Jackson, 2001; Ploug and Grossart, 2000; Cho and Azam, 1988). These complex
interactions between attached and free microbial communities, POC, and DOC (Azam, 1998; Azam and Malfatti, 2007) affect
colonization and turnover rates of particles, (Ploug et al., 2008b; Ploug and Grossart, 2000) resulting in high spatial and temporal
variability in loss rates of marine snow. Bacteria not only participate in the degradation of sinking aggregates, but may also have
a key role in the aggregation process through their stimulation of phytoplankton to produce sticky, surface-active exudates, like TEP
(Gaerdes et al., 2011; Koch et al., 2014). The role of viruses, while acknowledged, has rarely been quantified (Suttle, 2007).
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Flux attenuation with depth
When applied to an individual marine snow particle the ratio between sinking velocity (in m/day) and the loss rate due to
remineralization, fragmentation or solubilization (in day−1) determine the particle’s remineralization length scale (in m), defined
as the distance over which the carbon flux declines by about 63% (1/e) (Kwon et al., 2009). If the concept is applied to all organic
carbon sinking out of the surface ocean, then the average remineralization rate and sinking velocities of all organic carbon, which
include non-sinking organic matter, determine overall flux attenuation. A number of empirical models have been fit to in-situ
measurements of POC flux, of which the “Martin Curve” has become the most widely used (Martin et al., 1987; Buesseler et al.,
2020). The Martin Curve relates the flux (F) at any depth (z) beneath the euphotic zone depth (zeu) to the flux at the base of the
euphotic zone (Feu) via a power-law relationship:

Feu ¼ F
z
zeu

� �−b
(1)

Here b is the Martin exponent, which determines the rate of flux attenuation over depth - larger b means faster attenuation and
shallower POC remineralization. Qualitatively, the Martin Curve is similar to an exponential decline over the top few hundred
meters, but attenuates more slowly at depth. Quantitatively, the relationship can be derived by assuming a linear increase in the
remineralization length scale over depth, which could reflect either increasing velocity or decreasing remineralization rate with
depth (Kriest and Oschlies, 2008). An exponent of −0.858 was derived by fitting Eq. (1) to flux trap data from the North Pacific
Ocean (Martin et al., 1987), and this has been adopted as a canonical value in modeling and flux estimation. However, subsequent
observations have revealed significant variability in b (−0.4 to −1.6), indicating that the canonical version of the Martin Curve
cannot be applied universally. Recent work has focused on identifying systematic regional patterns in b, and understanding its
mechanistic controls (Section “Carbon sequestration by the biological pump”).
Sedimentation and burial

Of the net 50–60 Pg. C (4–5 Pmol C) fixed into organic matter in the surface ocean each year, approximately 0.5 Pg. C reaches the
seafloor (at depths greater than 1000 m) but only about 0.002–0.16 Pg. C (0.01–0.3% of NPP) are preserved in ocean sediments
(Hedges and Keil, 1995; Seiter et al., 2005). The accumulation of sedimentary organic carbon varies greatly from place to place, with
continental margin sediments accounting for the majority (Hedges and Keil, 1995; Deb and Mandal, 2021; de Haas et al., 2002).
Only a small fraction of the total sedimentary organic carbon accumulates in the open ocean, although it accounts for 80% of the
NNP, suggesting a low preservation efficiency of 0.02% compared to 1.4% on continental shelves and slopes. In low productivity
regimes the underlying seabed experiences low sedimentation rates, low rates of organic matter degradation, and deep oxygen
penetration that reduces preservation (Jørgensen et al., 2022). Additional variability in preservation efficiency can be driven by the
nature of settling organic matter, and the biological, geochemical, and physical attributes of its environment (LaRowe et al., 2020;
Jørgensen et al., 2022). It has been noted that estimates of organic carbon oxidation and burial in the global seafloor often exceed
measured organic carbon fluxes in the water column, emphasizing uncertainties in BCP budgets (Jørgensen et al., 2022).
Quantifying organic matter fluxes

Building a quantitative and mechanistic understanding of the BCP at the global scale requires the accurate measurement and
upscaling of the organic matter fluxes that redistribute carbon from the surface to the deep ocean. A wide range of methodologies
have been developed to achieve this, from direct measurement of sinking particles (Section “Measurement of sinking particle flux”)
to indirect geochemical constraints (Section “Remineralization tracers”). In general, sinking particle fluxes have received the most
attention and are routinely measured across a range of spatial and temporal scales, facilitating global upscaling using remote sensing
and empirical models (Section “Upscaling gravitational POC export”). Organic matter fluxes mediated by migrating organisms and
physical processes have proven more challenging to quantify (Section “Estimating physical export and active transport”), and global
rates of these processes remain relatively unconstrained (Section “Total export and double counting”).
Measurement of sinking particle flux

Various approaches have been developed to quantify the sinking flux of POC, each with unique strengths and weaknesses. Moored
or free-floating sediment or particle interceptor traps directly collect sinking particles (Section “Sediment traps”). Particle-reactive
nuclides can be used to estimate particle fluxes based on disequilibrium conditions (Section “Particle reactive radionuclides”).
Visual estimates of particle concentration can be converted to flux estimates by applying empirical estimates of sinking velocity
(Section “Marine snow catchers and UVP”). Most recently, BGC-Argo floats have been used to estimate seasonal export based on
beam attenuation (Section “BioARGO”). Direct comparisons between these different approaches are often difficult because each
integrates over different temporal and spatial scales (Section “Comparison of measurement methods”).
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Sediment traps
The collection of particles in sediment traps is perhaps the most direct method for estimating sinking POC fluxes in the ocean
(Estapa et al., 2020; Buesseler et al., 2007a). Although there are many different sediment trap designs in operation, sediment traps
generally comprise a funnel or cylinder that channels sinking material into a cup for collection (Fig. 5), where it is poisoned with
formalin or mercuric chloride to prevent microbial decomposition. Traps can be tethered to the seafloor (usually deployed at a
fixed location at>1000 m depth), or they may drift at a fixed depth in the water column supported either by tether to a surface float
or by regulating their buoyancy in the case of modern Neutrally Buoyant Sediment Traps (NBSTs, Buesseler et al., 2007a). NBSTs
follow the local currents at their deployment depth, whereas surface-tethered trap trajectories are governed by a combination of
surface currents and winds (Estapa et al., 2020). Trap deployments may span days to a year. Fluxes are then calculated by dividing
the accumulated organic matter mass by the collection time and trapping area, yielding average rates over days to months.

Overall, sediment traps have provided an incredible wealth of information concerning the flux of POM as well as of CaCO3,
biogenic and lithogenic silica to depth (e.g. Armstrong et al., 2002; Francois et al., 2002; Honjo et al., 2008). In addition to flux,
they allow changes in particle composition over depth to be quantified, revealing for example the preferential remineralization
of nitrogen and phosphorus relative to carbon (Schneider et al., 2003), and preservation of ballast minerals relative to organic
matter (Armstrong et al., 2002). Further recent advances in sediment trap design have allowed particles to be trapped in gel layers for
microscope analysis, imaging, and classification (Durkin et al., 2015) or incubated in-situ to quantify POC respiration rates via
oxygen consumption (McDonnell et al., 2015).

Like all observational methods, sediment traps are not without their limitations (Buesseler et al., 2007a; Honjo et al., 2008).
Migrating zooplankton (‘swimmers’) may swim into the traps and be retained and measured, although they are not actually part of
the sinking flux. Traps may also over- or under-collect particles due to hydrodynamic effects, especially near the surface where rapid
flow of water over collectors can result in the advection of material into or around the traps (Estapa et al., 2020). In particular,
surface-tethered traps are thought to over collect swimmers and POM in general (Buesseler et al., 2000) and traps with conical/
funnel shaped collectors are thought to preferentially collect larger particles (Baker et al., 2020). NBSTs with cylindrical collectors
appear to largely mitigate most biases and are increasingly seen as the “gold standard” for accurate collection (Baker et al., 2020;
Estapa et al., 2020). Following collection, both POM and undersaturated biominerals such as celestite and biogenic silica, may be
solubilized in sediment traps, especially during long deployments (Antia, 2005), thereby underpredicting the total flux of all these
constituents.

Further problems are encountered when attempting to interpret flux profiles from arrays of sediment traps as a record of a
1-dimensional “rain” of sinking particles originating in the surface. Depending on their deployment depth, traps may collect
particles that were transported to depth in part by vertical migration or physical mixing. Additionally, due to the advection of
sediment traps and sinking particles by depth-varying ocean currents, traps integrate the flux across a “statistical funnel” that collect
Fig. 5 Common approaches for measuring gravitational POC flux. (A) Neutrally-buoyant sediment trap with cylindrical collectors. (B) Surface- tethered sediment
trap with conical collector. (C) Marine snow catcher. (D) Depth profiles of the 238U–234Th parent-daughter radionuclide pair. POC export from the top 100 m can be
estimated by integrating the deficit of 234Th (blue shading) relative to secular equilibrium, in which parent and daughter activities are equivalent. Excess 234Th below
100 m (red shading) reflects release during POC remineralization (data: E. Black). (A) Photo from M. Estapa.
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from a surface source region of 10s to 100s of square km (Siegel et al., 2008; Liu et al., 2018). Together, these effects can lead to
particles “appearing” at depth without being recorded by shallower traps (Boyd et al., 2019).

Particle reactive radionuclides
Radionuclides in the uranium decay series serve as useful tracers of POC flux, owing to the propensity of decay products to scavenge
(adsorb) onto sinking organic particles (Bacon and Anderson, 1982). Tracer pairs consist of a soluble parent nuclide and a
particle-reactive daughter, and include 238U–234Th, 234U–230Th, and 235U–

231Pa. In each case, the half-life of the parent exceeds
the mixing time of the ocean and its distribution throughout the ocean is uniform or correlated to salinity (Buesseler et al., 1992).
In the upper ocean the observed activities of 234Th, 230Th, and 231Pa are lower than expected from secular equilibrium (parent
activity ¼ daughter activity). The disequilibrium provides a measure of the uptake of the daughter onto sinking particles, which can
then be vertically integrated to estimate the flux of the particle-adsorbed nuclide (Coale and Bruland, 1985; Buesseler et al., 1992).
By measuring the ratio of nuclide to POC in particles collected at that depth horizon, the flux of nuclide can be converted into an
estimate of the POC particle flux (Buesseler et al., 1992).

In the 238U–234Th pair, the daughter nuclide decays rapidly with a half-life of 24.1 days and the 234Th deficit is largely confined
to the upper �100 m where particles are abundant and scavenging is fast enough to maintain disequilibrium (Fig. 5). Vertical
profiles of 234Th are therefore commonly used to gauge POC export from the surface euphotic zone (e.g., Buesseler et al., 1998) and
the method was recently applied over large basin scales during the GEOTRACES program (e.g. Anand et al., 2018; Black et al., 2018).
Beneath the euphotic zone, a layer exceeding secular equilibrium is sometimes observed, which can be used to quantify 234Th
from remineralizing particles (Black et al., 2018, Fig. 5). In the 234U–230Th pair, radioactive decay is a negligible sink of dissolved
230Th (75,400 year half-life) compared to particle scavenging, meaning the flux of particle-adsorbed 230Th can be approximated by
simply integrating 234U activity down to the depth horizon of interest (Anderson et al., 2016; Pavia et al., 2019). This nuclide pair
can therefore be used to reconstruct particle fluxes through the entire water column (Pavia et al., 2019), and integrates over the
scavenging residence time of 230Th, on the order of tens of years (Pavia et al., 2020).

The main weakness of these methods lie in the estimation of reactive nuclide to carbon ratios, which vary widely with the
composition of POM (Buesseler et al., 2006) and may be biased if only a subset of the scavenging particles are collected (Pavia
et al., 2019).

Marine snow catchers and UVP
Marine snow catchers (MSC) (Lampitt et al., 1993) are large volume (about 100 Liter) water sampler that partition particles by their
sinking velocity (Riley et al., 2012; Giering et al., 2016). Following deployment and retrieval, the MSC is secured in an upright
position, and particles allowed to gravimetrically settle for commonly exactly 2 h. Non-sinking particles are then collected from the
top section of the MSC, while the water in the base section includes slow and fast sinking particles as well as macroscopically
visible marine snow that can be hand collected. Particle flux is calculated from the measured particle concentration in each speed
category and a range of sinking velocities estimated from settling time and height of the MSC.

Underwater Vision Profilers (UVPs, Picheral et al., 2010) provide another opportunity to convert measured particle abundance
to estimated fluxes, but provides no internal estimate of sinking velocity for the conversion. Instead, size spectra observations
derived from particle imaging (Fig. 4) are converted to POC mass and flux using allometric relationships that link aggregate carbon
content and sinking velocity to size. The parameters are constrained by comparison to independent flux estimates from sediment
traps (Guidi et al., 2008, 2015; Cram et al., 2018).

The strength of the UVP approach is that observations are relatively fast and economical compared to sediment traps, and data
can be retrieved from the entire water column (usually down to 2000 m in a single cast (Kiko et al., 2022)). Therefore, if a universal
scaling relationship exists between size and flux, this approach can expand the number and range of flux profiles by orders of
magnitude. However, such a universal scaling is unlikely given that other particle properties such as shape (spherical aggregate vs.
cylindrical pellets) and density (ballast content and porosity) vary significantly between regions and likely even between size
categories (Stemmann and Boss, 2012). It is therefore desirable to calibrate the relationships at local scales and across narrower
size ranges, which is currently a challenge given the small number of overlapping UVP and sediment trap observations. Another
limitation is that UVP provides (quite literally) an instantaneous snapshot of the particle assemblage in �5 L of water per meter
(Picheral et al., 2010), making this method especially prone to biases by under or oversampling episodic events (Stemmann and
Boss, 2012).

BioARGO
To overcome the gaps in spatial and temporal resolution that limit most flux measurement methods (Section “Sediment traps,”
“Particle reactive radionuclides,” and “Marine snow catchers and UVP”), seasonally-integrated export estimates are increasingly
conducted using data collected by autonomous platforms, especially BGC-Argo floats. These floats, which on average work
continuously for 4 years once deployed, measure a range of parameters at regular intervals (e.g. every 10 days), including: beam
attenuation (optical backscattering), a proxy for POC; in vivo chlorophyll fluorescence, a proxy for phytoplankton biomass; and
oxygen concentration between the surface and 2000 m. When the float surfaces, data is transmitted back to researchers via satellite.
The high temporal and spatial resolution of data collected via a large array of Argo floats provides statistically strong information,
likely accounting for episodic events more robustly than other techniques.
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The vertical POC flux across the base of the euphotic zone can be estimated from such data assuming that it equals the
accumulation of POC within the mesopelagic during the transition between winter and summer (Dall’olmo and Mork, 2014; Wang
and Fennel, 2022). Flux of large and small particles may be assessed individually by separating the baseline and spike signals in
beam attenuation data and applying inversion models. Remineralization and fragmentation of particles as they sink can be
quantified by incorporating O2 data (Wang and Fennel, 2022), using a series of assumptions including constant sinking velocities,
remineralization and fragmentation rates.

Underwater gliders are another class of autonomous platforms that have found success in closing spatio-temporal gaps that
elude traditional measurement methods. Specifically, they have found use in mapping the POC distribution across small-scale
physical features like fronts and eddies (Omand et al., 2015), allowing physical particle export by these ephemeral events to be
quantified (Section “Estimating physical export and active transport”).

Comparison of measurement methods
It is difficult to directly compare fluxes measured by different methods, as each method integrates over different temporal and
spatial scales, and includes different pathways of downward transport. UVP and MSC based flux estimates cover the smallest
spatio-temporal scales, whereas traps integrate over days to weeks, radionuclides integrate over weeks (234Th) to years (230Th) and
regional scales, and Bio-ARGO can integrate up to seasonal and basin scales. Additionally, drifting sediment traps underestimate
small particles due to hydrodynamics (Buesseler et al., 2007a), whereas MSC and UVP can undersample rare large particles that may
be absent from the volume of water collected or imaged (100 L for MSC, 5 L per meter for UVP). Whereas traps, UVP, MSC, and
Bio-ARGO floats collect or observe sinking particles directly, 234Th export measures particle disappearance, hence the degree to
which active migration is included in the measurements differs between these approaches. Nevertheless, despite their differences it
is desirable to combine data from multiple approaches to build large particle flux datasets to calibrate upscaling methods
(Section “Upscaling gravitational POC export”) and validate prognostic biogeochemical models. Recently, sediment trap and
234Th-based export estimates have been compiled for this purpose (Bisson et al., 2018) given that both estimates integrate export
over timescales (days to weeks) suitable for constraining monthly flux climatologies, yielding a dataset of >1700 measurements
that records spatial and seasonal flux variations (Fig. 6A).
Remineralization tracers

An alternative approach for quantifying particulate organic matter fluxes is to examine the geochemical signatures of their
remineralization (oxygen depletion, nutrient release) in the ocean interior, rather than the particles themselves. Remineralization
tracers must be combined with information about water mass ventilation to quantify remineralization rates and the flux of organic
matter that supplies them (Jenkins, 1987). These approaches integrate over ocean basins and ventilation timescales (years to
hundreds of years depending on depth) and therefore provide a stronger time-mean flux constraint than the methods discussed in
Section “Measurement of sinking particle flux”. However, while oxidation of organic particles is often assumed to be the only source
of remineralization tracers (Keeling et al., 2010; Weber et al., 2016), they can also accumulate due to the decomposition of dissolved
organic matter, complicating their interpretation (Burd et al., 2010).

Oxygen utilization rates
Oxygen is supplied from the surface into the ocean interior by the physical processes of advection and mixing, largely in mid-high
latitude regions. After leaving the surface, water masses accumulate an oxygen deficit due to the oxidation of organic matter during
remineralization, referred to as apparent oxygen utilization (AOU) and quantified based on undersaturation (Jenkins, 1982; Kadko,
2009). Dividing AOU at a point in the ocean interior by an estimate of ventilation age (time since water mass left the surface) yields
the oxygen utilization rate (OUR), averaged across the transport pathway from the surface. Integrating OUR over depth then
yields the total amount of oxygen consumed beneath the euphotic zone each year, which can be converted stoichiometrically to
estimate the POC export flux (Jenkins, 1982).

In these applications, it is critical to select an appropriate tracer for the ventilation age of subsurface water from the available
options (e.g., chlorofluorocarbons, radiocarbon, 3H–

3He, 7Be). The timescales recorded by some of these tracers are not suitable for
resolving the circulation of the upper mesopelagic zone (Kadko, 2009), and in all cases the measurements are not trivial and
subject to uncertainty. Even with perfect ventilation age information, the OUR approach can overestimate remineralization rates by
up to a factor 3 in shallow waters close to water mass formation regions, where rapid diffusive mixing can decouple AOU and age
(Koeve and Kahler, 2016). In other regions, POC fluxes estimated from depth-integrated OUR have been shown to significantly
exceed direct constraints from sediment traps, partially because DOC remineralization accounts for upwards of 20% of the oxygen
loss (Burd et al., 2010).

Remineralized nutrients
Like oxygen, subsurface macronutrient distributions can be broken into two components: one transported from the surface ocean
(preformed nutrients) and one that accumulates along circulation pathways due to organic matter decomposition (remineralized
nutrients) (Broecker et al., 1985). The remineralized nutrient distribution contains information about the rates and patterns of
remineralization in the water column (Anderson and Sarmiento, 1994). Recently, an approach was developed to extract this rate
information in a data-constrained ocean circulation model, by computing the remineralization source required to balance transport



Fig. 6 Global patterns of POC export. Top: Observed POC flux at the base of the euphotic zone measured by sediment traps and the 238U–234Th nuclide pair,
compiled by Bisson et al. (2018). Bottom: Global upscaling estimates from studies that use empirical and mechanistic (food-web) models trained by subsets of the
observations. Numbers in the top left give the integrated global POC export flux in Pg. C/yr. Number in the top left give the integrated global POC export in units of.
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divergence of PO4 in the ocean interior (Weber et al., 2016; Weber and Bianchi, 2020). Replacing the ventilation age tracer used in
OUR calculations with a circulation model that is optimized to match CFC, radiocarbon, and 3He observations circumvents the
limitations of any one tracer, and better accounts for the effects of diffusive mixing near the surface (Koeve and Kahler, 2016).
Furthermore, remineralization rates can be diagnosed at sufficient vertical resolution to reconstruct the POM flux profile through
the entire water column (Weber et al., 2016), revealing systematic regional differences in flux attenuation (see Section “Metrics of
carbon sequestration”).

Limitations of this approach include the assumption that dissolved organic phosphorous (DOP) remineralization makes a
negligible contribution to PO4 remineralization at depth (Abell et al., 2000; Torres-Valdés et al., 2009) and the need to assume an
organic C: P ratio to convert to POC flux. In principle, the latter limitation could be overcome by applying the samemethod to AOU
instead of remineralized PO4, given that the O2: C respiratory quotient is much more stable than organic matter C: P (Tanioka and
Matsumoto, 2020; Martiny et al., 2013). However AOU does not record organic carbon oxidation during denitrification and is more
strongly influenced by DOM remineralization since DOC penetrates much deeper than DOP (Abell et al., 2000), so is a more
ambiguous tracer of the particle flux than remineralized PO4.

Upscaling gravitational POC export

Upscaling methods
To quantify carbon export at the global scale, sparse in-situ measurements of the sinking POC flux must be extrapolated to spatially
continuous global products. In general, this is achieved by leveraging the high spatiotemporal resolution of satellite NPP estimates,
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and using observations to train empirical or mechanistic models that predict the so-called “particle export ratio” (pe-ratio), i.e. the
fraction of NPP routed to sinking particles that leave the surface euphotic zone or top 100 m (Dunne et al., 2005). In the case of
mechanistic food-web models, in-situ measurements are used to calibrate uncertain parameters governing aggregation, grazing,
egestion of fecal pellets, and POC loss due to respiration by the surface microbial community.

Empirical analyses find that temperature is a key variable relating POC export to NPP, with lower fractional export in warmer
waters (Dunne et al., 2005; Laws et al., 2011; Henson et al., 2011). Food-web models have linked this relationship to the
temperature-dependence of microbial respiration of POC (Laws et al., 2000; DeVries and Weber, 2017; Nowicki et al., 2022),
which require a 2–3 increase in respiration for each 10 �C warning to reproduce in-situ flux measurements. The empirical model of
Henson et al. (2011) finds that temperature alone can explain �50% of variance in 234Th-based measurements of the pe-ratio,
whereas other empirical models (Dunne et al., 2005; Laws et al., 2011) find that NPP is a secondary key predictor, with higher
NPP resulting in higher fractional export. The same relationship emerges indirectly in food-web models, because, when NPP is high,
large phytoplankton dominate, and aggregate into large fast-sinking particles (Siegel et al., 2014).

Global patterns and rates
In general, the global patterns of POC export predicted by upscaling methods (Fig. 6) resemble the satellite-derived NPP estimates
(Fig. 3) they are derived from. However, spatial gradients in POC export tend to be stronger than NPP, due to the compounding
effects of higher pe-ratios in cold, productive regions. In low latitudes, most approaches agree that POC export increases strongly
between oligotrophic subtropical gyres (20–50 mg/m2/day) and productive tropical upwelling regions (50–100 mg/m2/day), while
high latitude regions are less well constrained. The food-web models of Siegel et al. (2014), Devries andWeber (2017), and Nowicki
et al. (2022) predict annual-mean POC export rates in the subarctic Atlantic and Pacific that are similar to (or slightly lower than)
tropical regions, whereas the empirical models of Dunne et al. (2005) and Henson et al. (2011) suggest that subarctic export is
�2-fold higher than any other region (Fig. 6). These differences likely stem from two factors. First, the empirical models link POC to
chlorophyll-based NPP products, whereas the more recent food-models tend to use carbon-based NPP products that estimate
higher tropical productivity (Fig. 3C). Second, food-web models tend to predict a weaker overall effect of temperature on the
pe-ratio than empirical models (Siegel et al., 2014; Henson et al., 2011), especially for larger particles that are rapidly exported
from the surface. In the Antarctic region of the Southern Ocean, direct measurements of particle flux (traps and 234Th) are especially
scarce (Bisson et al., 2018); Fig. 6A) making it a particularly challenging region to upscale, and recent compilation of Bio-ARGO data
suggests that all models significantly underpredict POC export south of 50�S (Arteaga et al., 2018).

Globally, upscaling models estimate that 4–9.6 Pg. C/yr. is exported from the euphotic zone as sinking POC (Fig. 7), with the
empirical models of Henson et al. (2011) and Dunne et al. (2005) representing the upper and lower limits, respectively. In both
limiting cases, it is possible that the global estimate is biased by the choice of in-situ data used to fit the model. Henson et al. (2011)
used a compilation of 234Th-based export measurements available at that time, which may be biased low compared to a more
complete compilation of 234Th and trap-based measurements (Bisson et al., 2018). On the other hand, Dunne et al., 2005
combined sediment trap and 234Th measurements with “net community production” data, which integrate the effect of all export
pathways and would therefore overestimate the sinking POC flux (see Section “Estimating physical export and active transport”).
Averaging the available upscaling estimates yields a range of 7 � 1.5Pg. C/yr., which closely overlaps with the range of 7.1 � 2
predicted by the CMIP6 suite of Earth System Models (ESMs) that resolve ocean biogeochemical cycles (Henson et al., 2022).
Unlike the upscaling methods discussed here (which link satellite NPP to particle export measurements) ESMs attempt to predict
Fig. 7 Global carbon export by each pathway of the BCP. Gravitational, Physical (POC), and Active transport estimates are from Boyd et al. (2019), which compiles
prior global estimates and scales up local-scale rates; Physical (DOC) is from Roshan and Devries (2017), which combines machine learning mapping of DOC
with an ocean circulation model. All components is from Nowicki et al. (2022), which is the first study that attempts to simultaneously constrain all of the export
pathways in a data-assimilation model. Error bars are uncertainty estimates from the original data sources.
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the entire marine organic carbon cycle mechanistically, from phytoplankton growth to particle export and remineralization.
The convergence of these distinct methods suggests that gravitational POC export is now relatively well constrained at the global
scale (Boyd et al., 2019).
Estimating physical export and active transport

Organic carbon export by physical advection and mixing, and by vertically migrating zooplankton and fish (Fig. 2) have only
recently been recognized as globally-significant processes, and their large-scale rates remain poorly constrained compared to
gravitational POC export (Boyd et al., 2019). Of these pathways, physical export of dissolved organic carbon is perhaps best
understood (Hansell et al., 2009). By combining observed DOC profiles with measurements of mixed layer depth and AOU,
down-welling and detrainment of DOC from the mixed layer have been estimated to export 10% to 75% as much carbon as
gravitational POC settling at local scales (Carlson et al., 1994; Emerson, 2014). Globally, two recent modeling studies that leveraged
large DOC datasets found that physical DOC export sums to�2Pg. C/yr. globally (Roshan and DeVries, 2017; Nowicki et al., 2022).

Small, slow-sinking organic particles are also detrained from the mixed layer during spring, driving annual POC export that is
25–100% as large as the gravitational flux, according to calculations using satellite-derived POC and ARGO mixed layer estimates
(Dall’olmo and Mork, 2014). Eddy subduction provides an additional conduit for POC supply to depth, given that eddies can mix
down to>300 m and POC exhibits a very strong concentration gradient across this depth range (Fig. 1B). Bymapping POC, oxygen,
and temperature anomalies using an array of gliders in the North Atlantic, recent work showed that subduction of POC can rival or
exceed the gravitational flux at the scale of an individual eddy (Omand et al., 2015). At the global scale, a high resolution modeling
study found that all physical pathways combined export �2Pg. C/yr. of POC from the mixed layer (Levy et al., 2013), similar to
the physical DOC export, while extrapolating local measurements leads to a large uncertainty range of 0.1–2.6Pg. C/yr. ((Boyd et al.,
2019); Fig. 7).

Carbon export by vertically migrating zooplankton has traditionally been quantified by combining sediment traps with net
trawls that measure the diel change in biomass (Hidaka et al., 2001), and more recently by leveraging acoustic ADCP data and
metabolic models (Bianchi et al., 2013b; Davison et al., 2013). Together, these approaches find that “active transport” amounts to
10–60% of the local gravitational POC flux. A simple upscaling of these local rates to the global ocean suggests a global export flux
of 0.9–3.6 Pg. C/yr. by active transport ((Boyd et al., 2019), Fig. 7), whereas predictions of global biogeochemical models that
resolve the process mechanistically (Aumont et al., 2018; Nowicki et al., 2022) lie at the low end of this range (�1Pg. C/yr.).
Total export and double counting

A recent global modeling study (Nowicki et al., 2022) explicitly resolved all export pathways (gravitational, physical, and active
transport) and constrained them with NPP POC, DOC, and O2 datasets, finding a combined carbon export of 10.2 � 0.5Pg. C/yr.
This is close to the estimate of 11.1Pg. C/yr. derived from an older upscaling (Laws et al., 2000) that used net community
production, rather than sediment trap and 234Th data, to link satellite NPP to export. Net community production quantifies the
total organic carbon loss from the surface ocean based on nutrient and oxygen budget analysis, and therefore this estimate should
also combine all three export pathways. Interestingly, summing the central values from ranges of independent estimates for
gravitational settling, physical export, and active transport (Fig. 6) yields �12.5 Pg. C/yr., around 20% higher than the Nowicki
et al., 2022 estimate.

This suggests that some previous studies focused on single export pathways may have overestimated their global magnitude,
which could occur if there is overlap in the carbon export attributed to different pathways by the methods described in Sections
“Measurement of sinking particle flux,” “Remineralization tracers,” “Upscaling gravitational POC export,” and “Estimating physical
export and active transport” (referred to as “double-accounting” by Boyd et al., 2019). For instance, sediment trap and 234Th
estimates of the gravitational flux may also capture the active transport pathway to some degree, and some physical pathways
like eddy subduction may export POC that would have otherwise settled out of the surface ocean, and would therefore be included
in estimates of the gravitational pump (Boyd et al., 2019). Better distinguishing and quantifying the carbon export by each pathway
is an important challenge for the next decade of BCP research, because each pathway will likely respond differently to global
change and the overall perturbation of the BCP hinges on their relative importance.
Carbon Sequestration by the biological pump

From the perspective of the global carbon cycle and climate, the most important metric of the BCP is not the export flux of organic
carbon from the surface ocean, but the magnitude of the regenerated DIC inventory it maintains in the ocean interior (Fig. 1A)
(Nowicki et al., 2022). This is often referred to as sequestered carbon, and represents the total amount of carbon isolated from
exchange with the atmosphere in the deep ocean due to the net effect of organic matter export from the surface and remineralization
at depth (Devries et al., 2012; Boyd et al., 2019).
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Metrics of carbon sequestration

Because oxygen is consumed while DIC accumulates during remineralization, ocean-integrated AOU provides a simple diagnostic
metric for the total amount of carbon sequestered by the BCP (Ito et al., 2004; Carter et al., 2021; Wilson et al., 2022). The observed
AOU inventory of �200Pmol O2 (Gregoire et al., 2021) translates to �1700 Pg of stored carbon assuming standard C:
O2 remineralization stoichiometry of −117:170 (Anderson and Sarmiento, 1994). However, AOU may significantly overestimate
the true oxygen utilization (TOU) in deep ocean waters that are ventilated from undersaturated high latitude surface regions
(Ito et al., 2004). A model-based decomposition of the oxygen distribution that better accounts for high latitude undersaturation
finds a TOU inventory of �140 Pmol O2, which implies biological carbon sequestration of �1200 Pg. C (Carter et al., 2021).

A closely related concept to the AOU-based definition of carbon storage is the so-called “efficiency” of the BCP, based on the
degree of biological nutrient (usually PO4) utilization (Toggweiler, 2003). In this framework, subsurface PO4 is broken into: a
preformed component (Ppre) that represents PO4 that goes unutilized by plankton in the surface ocean and is transported physically
to depth (Broecker et al., 1985), and a remineralized component (Prem) that accumulates in the ocean interior alongside respired
carbon and AOU (Anderson and Sarmiento, 1994). Because the oceanic PO4 inventory is conserved on millennial timescales
(Paytan and McLaughlin, 2007), the BCP can be thought to have weak and strong limits, in which the entire PO4 inventory is
either preformed or remineralized, respectively (Ito and Follows, 2005). More complete nutrient utilization transforms Ppre into
Prem and drives the BCP toward its strong (or “efficient”) limit (Toggweiler, 2003). Phosphate is chosen as the defining nutrient in
this framework, because even though nitrate is generally more limiting to phytoplankton growth and has a shorter oceanic residence
time (Gruber and Galloway, 2008), the marine nitrogen inventory is thought to be closely coupled to PO4 by regulatory feedbacks
linking denitrification and nitrogen fixation (Tyrrell, 1999; Deutsch et al., 2007). In the contemporary ocean, subsurface waters
hold�1.1Pmol of remineralized PO4, which translates to�1300 Pg of sequestered carbon assuming a C: P remineralization ratio of
106 (Carter et al., 2021). This represents only a third of the total PO4 inventory of �3.3 Pmol, indicating that biological carbon
storage lies closer to its weak theoretical limit than the strong limit and highlighting the potential leverage of high latitude nutrient
utilization over global climate (Section “Climate sensitivity of carbon storage”).

Recently, a mechanistic metric has become popular that links carbon storage to both the organic matter supply to depth and the
time required for respired DIC to recirculate back to the ocean surface, referred to as the “sequestration timescale,” and denoted tseq
(Devries et al., 2012; Weber et al., 2016; Siegel et al., 2022). For a given carbon remineralization rate, slower recirculation to the
surface results in more efficient sequestration, and the total regenerated DIC that accumulates in the ocean interior is proportional
to tseq (Devries et al., 2012). The total ocean carbon storage (Cseq) by the BCP is calculated as:

Cseq ¼
Z
V

rremin xð Þtseq xð Þ:dV (2)

Here rremin is the time-mean remineralization rate in units of carbon/m3/time, and x is the three-dimensional location vector (Siegel
et al., 2022). In practice, this framework (referred to hereafter as the tseq framework) is most applicable for quantifying carbon
storage in the context of an ocean biogeochemical/circulation model, where the distribution of rremin is known and tseq can be
calculated as the “first-passage” from each location (x) in the ocean interior to the surface (Primeau, 2005). Conceptually however,
it provides insights that are equally applicable to the real ocean. Because deeper waters take longer to recirculate to the surface,
the tseq framework identifies the remineralization depth of organic matter as a critical determinant of carbon storage by the BCP
(Weber et al., 2016; Kwon et al., 2009).
Geographic variability of POC flux attenuation

Climate model simulations support the importance of remineralization depth in driving carbon sequestration, and therefore the
ocean-atmosphere carbon balance (Kwon et al., 2009). In a model that assumes a “Martin-Curve” POC flux profile, adjusting the
Martin exponent from 0.4 (slow attenuation, deep remineralization) to 1.4 (fast attenuation, shallow remineralization) results in a
100-200 ppm increase in atmospheric pCO2 (Kwon et al., 2009). In particular, the amount of organic carbon that remineralizes
deeper than 1000 m is a key determinant of carbon storage by the BCP in climate models (Wilson et al., 2022), because respired
DIC released beneath this horizon can be sequestered for hundreds of years before recirculating to the surface (Fig. 2). The “transfer
efficiency” (Teff) of organic carbon to 1000 m (fraction of the export flux that reaches 1000 m) is therefore often used as a simple
metric of remineralization depth (Lam et al., 2011).

Predicting the impact of climate change on ocean carbon sequestration, requires a mechanistic understanding of the controls on
remineralization depth (Henson et al., 2022). While POC flux attenuation is broadly understood as a balance between particle
sinking velocities and remineralization rates, each of these factors is influenced by numerous properties of the environment and the
particles themselves, whose relative importance is poorly understood (Section “Flux attenuation”). To disentangle the first-order
controls on remineralization depth, work over the last decade has focused on understanding the drivers of geographic variability in
POC transfer efficiency. Efforts to identify systematic geographic patterns have applied many of the measurement approaches
described in Section “Quantifying organic matter fluxes” and have reached differing conclusions.

Studies combining deep ocean (�2000 m) carbon fluxes measured by moored sediment traps (Honjo et al., 2008) with 234Th
export estimates (Henson et al., 2012) and UVP-reconstructed flux profiles (Guidi et al., 2015) found evidence for slow POC flux
attenuation (high transfer efficiency) in low latitude regions compared to high latitudes. A potential explanation for this pattern is



Fig. 8 Converging lines of evidence for spatial variability in POC flux attenuation. Blue lines are regionally-averaged POC flux profiles reconstructed from
remineralized nutrient distributions in an ocean circulation model by Weber et al. (2016) (A–C) and Weber and Bianchi, 2020 (D). Blue envelope gives the standard
error of the regional-mean flux, quantified using a Monte Carlo procedure. Large red, yellow, and purple dots are fluxes measured using arrays of sediment
traps in recent studies that focused on quantifying regional variability in flux attenuation in the North Atlantic (Marsay et al., 2015), North Pacific (Buesseler et al.,
2007b), and Indian Oceans (Keil et al., 2016). Small green dots are fluxes reconstructed from particulate 230Th measurements along the GEOTRACES GP16 transect,
crossing the Peruvian upwelling zone and South Pacific Subtropical gyre (Pavia et al., 2019). All fluxes are normalized to the flux at 100 m, the euphotic zone
depth in the model of Weber et al. (2016) (fluxes shallower than 100 m are not shown). For observed flux profiles, the 100 m flux is estimated by extrapolating from
the nearest measurement using the empirical fits provided in the original publications. In each panel, the thin black line is the canonical Martin Curve, for
comparison, and the dashed line marks the 1000 m horizon, beneath which remineralized carbon is very efficiently sequestered.
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that high latitude regions export “fresh” labile organic matter during seasonal blooms that decomposes quickly over depth, whereas
low latitudes export the recalcitrant POC that escaped the rapid surface microbial loop (Henson et al., 2012; Lam et al., 2011). More
recently, a consensus seems to be emerging from multiple lines of evidence for an opposite latitudinal pattern of transfer efficiency
(Fig. 8). Arrays of NBSTs deployed down to �500 m in the subtropical and subarctic Pacific (Buesseler et al., 2007b) and Atlantic
(Marsay et al., 2015) measured fast-attenuating fluxes in the top subtropics and slow-attenuating fluxes in high latitudes, compared
to the canonical Martin Curve (Fig. 8A and B; Martin et al., 1987). A global time-mean flux reconstruction from remineralized
PO4 (Weber et al., 2016) confirmed this latitudinal pattern and showed it extends to >2000 m and into the southern hemisphere.
Finally, 230Th-based flux profile reconstructions in the South Pacific provided additional support for very fast flux attenuation
(Fig. 8B) in oligotrophic subtropical systems (Pavia et al., 2019).

While the flux profiles identified by these methods are not identical, they paint a consistent picture of systematic regional
variability in POC transfer efficiency from 100 m to 1000 m, which is highest in subpolar oceans (�25%), lowest in subtropical
gyres (�5%), and intermediate in tropical upwelling systems (�10%) (Weber et al., 2016). Conspicuous outliers to this large-scale
pattern are found in oxygen minimum zones (OMZs) of the Eastern Tropical Pacific and Arabian sea. In these regions, where the
water column is functionally anoxic between �100 m down to 500-800 m, sediment traps (Devol and Hartnett, 2001; Keil et al.,
2016), 230Th-based reconstructions (Pavia et al., 2019) and remineralized PO4 reconstructions (Weber and Bianchi, 2020) all
find slower flux attenuation than oxygenated waters at similar latitudes, and extremely efficient POC transfer from 100 m–1000 m
(>40%).

As with the pe-ratio (Section “Sediment traps”), a combination of empirical and mechanistic models have been used to explore
the factors controlling regional variability in Teff and extrapolate globally. Marsay et al. (2015) found that upper-ocean temperature
could explain �80% of the variance in POC attenuation between subtropical and subarctic regions, presumably because warmer
water boosts the metabolism of heterotrophic microbes and drives faster decomposition. Extrapolating globally, this relationship
suggests extremely efficient carbon transfer to depth (Teff > 40%) throughout the Antarctic sector of the Southern Ocean, although
remineralization tracers (Weber et al., 2016) do not support Teff values quite this high. Weber et al. (2016) found that the global
pattern of transfer efficiency is well explained statistically by the size structure of the phytoplankton community, likely because
smaller phytoplankton produce smaller slower-sinking particles (Section “Upscaling methods”), which remineralize shallow in the
water column. Size-resolved mechanistic models of particle sinking and remineralization find an equally important role for
temperature-dependent decomposition and size-dependent sinking speeds in controlling latitudinal Teff variability (DeVries and
Weber, 2017; Cram et al., 2018), and secondary roles for mineral ballasting and oxygen-dependent remineralization in enhancing
Teff at smaller scales (Cram et al., 2018).

The precise mechanisms explaining the extremely efficient POC transfer to depth observed in OMZs (Fig. 8D) remain poorly
understood. Mechanistic models require a slowing of remineralization when oxygen drops below 5–30 mM (Laufkötter et al., 2017;
Cram et al., 2018) in order to reproduce observed particle flux profiles and remineralization tracers in OMZs, but oxygen availability
does not appear to directly limit microbial respiration until nanomolar levels (Giovannoni et al., 2021). A number of hypotheses
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have been advanced to explain the oxygen sensitivity of POC flux attenuation. First, POC remineralization may be limited by the
catabolism of complex organic compounds to glucose, which is more sensitive to oxygen than the cellular respiration process itself
(Giovannoni et al., 2021). Second, sinking organic aggregates can develop anoxic interiors and undergo slow anaerobic respiration
even in oxygenated water columns, due to diffusion-limitation of the oxygen supply into the particle (Ploug, 2001; Bianchi et al.,
2018). Finally, reduced zooplankton migration into oxygen-deficient layers of the water column (Bianchi et al., 2013a,b) could
curtail particle fragmentation in the OMZ, preserving large particles that efficiently sink to depth (Cavan et al., 2017). Determining
which of these processes explain the efficient POC transfer to depth in OMZs would improve our ability to predict carbon-climate
feedbacks in a warming and deoxygenating ocean (Weber and Bianchi, 2020; Cram et al., 2022).
Sequestration timescales

The sequestration time of respired CO2 increases strongly as a function of depth, reaching 100 years by �300 m and 1000 yrs. by
�3000 m on average (Fig. 9A, (DeVries and Holzer, 2019, DeVries and Primeau, 2011)). For POC exported gravitationally from the
euphotic zone, the majority remineralizes in waters shallower than 300 m that recirculate to the surface on decadal timescales
(Fig. 2; Fig. 9A; DeVries and Holzer, 2019). This contributes very little to carbon sequestration (�10% according to Nowicki et al.,
2022) compared to the smaller fraction of POC that penetrates into deeper waters where respired CO2 is sequestered for centuries
(Fig. 9A). In fact, remineralization beneath 1000 m is estimated to be responsible for >50% of total carbon sequestration even
though only �10% of the sinking POC flux reaches this depth (Wilson et al., 2022; Nowicki et al., 2022; Siegel et al., 2014).

The mean sequestration time for exported carbon varies systematically between regions (Fig. 9B), controlled primarily by spatial
variability in flux attenuation (Weber et al., 2016; Boyd et al., 2019). The mechanistic particle flux model of Cram et al. (2018),
combined with the Ocean Circulation Inverse Model (DeVries and Holzer, 2019), predicts that carbon exported from the
subtropical gyres (where Teff is lowest, Fig. 8) is sequestered for only 50–150 years, compared to 150–250 years for most of the
tropical and high latitude oceans. Sequestration time can exceed 400 years for regions with particularly slow flux attenuation,
including tropical OMZs, the Subarctic North Pacific, and the Antarctic Southern Ocean. A secondary effect of the overturning
circulation on the regional pattern is evident (Fig. 9B). Sequestration time is longer than expected from Teff alone in tropical shadow
zones and shorter than expected in regions of deep mixing such as the Subantarctic Southern Ocean, and tends to be slightly
longer than in the Pacific than the Atlantic at similar latitudes (Fig. 9B), due to longer recirculation time for deep Pacific waters
(Fig. 9A). Averaging across this pattern yields a global-mean sequestration time of �140 years for carbon exported via the
gravitational pathway, consistent with other estimates of 120–150 years (Boyd et al., 2019; Nowicki et al., 2022; Siegel et al., 2014).

The relative importance of the gravitational export, physical export and active transport (Fig. 2) for carbon sequestration hinges
not only on their export rates (Fig. 7), but also differences in sequestration time between pathways (Boyd et al., 2019). Eddy
subduction and mixed-layer detrainment can deliver DOC and suspended POC rapidly to depths >300 m (Levy et al., 2013;
Omand et al., 2015), “bypassing” the shallow zone of rapid recirculation to the surface (Fig. 2). However, because DOC and
suspended particles do not sink, they cannot deliver organic matter to the depths of most efficient sequestration (>1000 m) before
remineralization occurs. Physical export therefore results in shorter sequestration than gravitational export on average (�50 years
and �130 years, respectively (Nowicki et al., 2022), and would sequester less carbon for a given export rate (Boyd et al., 2019).
Fig. 9 Carbon sequestration by the biological pump. (A) The sequestration time for respired carbon produced by organic matter remineralization at depth,
averaged globally and in the Atlantic and Pacific Oceans (black lines, bottom axis). A characteristic POC flux profile (Martin Curve) is shown for comparison (blue line,
top axis). Vertical lines to the right show the “injection depth” of other export pathways: Physical export of POC (red) and DOC (yellow), and active transport by diel
migration (solid purple line) and seasonal hibernation (dashed purple line). Deep injection allows organic matter to bypass the first few hundred meters where
remineralization is fast. (B), Mean sequestration time of carbon exported at each surface location. The spatial pattern reflects both regional variability in flux
attenuation (from Cram et al., 2018) and recirculation pathways to the surface. Red contour is tseq ¼ 100 yrs. (C) Estimated carbon sequestration by each BCP
export pathway, and by all pathways combined. Boyd et al. (2019) compiles data from a range of sources and provides wide uncertainty ranges for each pathway.
Nowicki et al. (2022) simulates all pathways simultaneously in a data-constrained model. Carter et al. (2021) use geochemical constraints on total carbon storage.
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However, differences in bioavailability between suspended and sinking particles could change the carbon sequestration potential of
the physical export pathway and is currently poorly constrained. Migrating zooplankton and fish can transport organic matter even
deeper in the water column before it is remineralized, either due to respiration at their daytime migration depth (up to 800 m,
Bianchi et al., 2013b) or production of fecal pellets that sink and remineralize deeper still (Turner and Holmes, 2015). The average
sequestration time for carbon exported via this pathway is poorly constrained but is likely longer than for gravitational settling
(up to 300 years according to Boyd et al., 2019). In an extreme case, wintertime hibernation and lipid catabolism by copepods
at depths up to 1400 m (Jónasdóttir et al., 2015) could drive extremely efficient carbon sequestration on �500 year timescales
(Fig. 9A; Boyd et al., 2019), but the global significance of this process are unknown.
Carbon sequestration by the pump pathways

To date, very few studies have directly attempted to quantify the total carbon sequestration contributed by the gravitational,
physical, and active transport export pathways. Boyd et al. (2019) combined a range of previous export flux estimates (including
global upscaling of sparse rate measurements) with model-based estimates of tseq, finding sequestration ranges of �1000 � 500
Pg. C for gravitational export, �200 � 100 Pg. C for physical export (suspended POC only, not DOC), and � 800 � 600Pg. C for
active transport (Fig. 9C). More recently, Nowicki et al. (2022) used a data-constrained global model to derive internally-consistent
predictions of export, remineralization, and sequestration for each pump pathway, finding �1040 � 200Pg. C for gravitational
export, �130 � 5 Pg. C for physical export (DOC and a crude estimate of suspended POC), and � 150 � 50 Pg. C for active
transport (Fig. 9C). These components sum to �1300 � 20 Pg. C (Nowicki et al., 2022), in good agreement with the strong
constraint of 1000–1500 Pg. C imposed by true oxygen utilization and remineralized nutrients (Carter et al., 2021; Fig. 9C).
To reconcile the estimates of Boyd et al. (2022) with the same geochemical constraints, carbon sequestration by active transport
must lie toward the lower bound of the range proposed, likely because the extrapolation of in-situ measurements placed an
excessive upper bound on carbon export by this pathway (3.6Pg. /yr.), compared to model-based estimates of�1Pg. C/yr. (Aumont
et al., 2018; Nowicki et al., 2022). Taken together, these studies suggest that the gravitational export pathway dominates carbon
sequestration by the BCP, but physical export and active transport make important secondary contributions that are currently poorly
resolved in Earth System Models used in climate forecasts (Section “Earth system model predictions”; Henson et al., 2022).
Climate sensitivity of carbon storage

The various metrics for quantifying carbon storage outlined in Sections “Metrics of carbon sequestration,” “Geographic variability of
POC flux attenuation,” “Sequestration timescales,” and “Carbon sequestration by the pump pathways” provide a framework for
understanding the impact of past and future climate change on the BCP, and the potential for physically and biologically mediated
climate feedbacks. The preformed nutrient framework suggests that changing biological carbon storage requires a change in the
efficiency of surface nutrient utilization by phytoplankton communities, especially at high latitudes (Toggweiler, 1999). The
best-known case study for changes in the BCP efficiency during Earth’s history are the Pleistocene glacial-interglacial cycles, and
especially the last deglaciation that occurred between �19 k–11 k years ago (Clark et al., 2012). While this event was initiated by
orbital forcing, the�5 �C increase in global-mean temperature since the Last Glacial Maximum (LGM) cannot be explained without
significant degassing of CO2 from the ocean to the atmosphere, largely driven by weakening of the BCP (Toggweiler, 2003; Clark
et al., 2012). This is supported by multiple lines of sedimentary geochemical evidence for more complete nutrient utilization in the
Southern Ocean during the LGM compared to the modern ocean (Elderfield and Rickaby, 2000; Francois et al., 1997).

Two hypotheses have been advanced to explain the efficient BCP of the LGM. The Iron Hypothesis” (Martin, 1990), proposes
that Southern Ocean productivity was boosted in glacial periods by Fe fertilization due a stronger supply of windblown dust to the
Southern Ocean (Deangelis et al., 1987; Mahowald et al., 2006). The potential for Fe fertilization to enhance carbon export were
later demonstrated in the Southern Ocean Iron Experiment (SOFeX, Buesseler et al., 2005; Moore and Doney, 2006), and
dust-climate feedback loops were hypothesized to amplify orbital forcing into glacial-interglacial cycles (Jickells et al., 2005;
Mahowald et al., 2006): Cooler drier climate states increase the dust supply from desert regions to the open ocean, fueling NPP
and increasing carbon storage, driving further cooling (and reversed for a warming climate). Sedimentary records suggest that
reduced Fe supply to the Subantarctic sector of the Southern Ocean explains �50% of the deglacial increase in atmospheric
CO2 (Martínez-García et al., 2014). The remainder is likely explained through a weakening of the BCP in the Antarctic sector of
the Southern Ocean, driven by a poleward shift in the mid-latitude westerly winds (Toggweiler et al., 2006). This resulted in
stronger upwelling around Antarctica (Anderson et al., 2009; Ai et al., 2020) during deglaciation, reducing nutrient utilization and
flushing respired CO2 from the deep ocean to the atmosphere (Toggweiler et al., 2006; Studer et al., 2015; Sigman et al., 2021).
This mechanism is best understood through the tseq framework. Because the majority of deep ocean waters are eventually re-exposed
in the Southern Ocean (DeVries and Holzer, 2019), faster upwelling there can dramatically reduce the global-mean sequestration
time for remineralized carbon, thereby reducing ocean carbon sequestration (Eq. 2).

Ocean circulation changes can drive perturbations of the BCP that often seem counter-intuitive, but are important to understand
in light of ongoing ocean warming and stratification (Section “Earth system model predictions”). Simple box models have
long predicted that slowing the overturning circulation would reduce the global POC export flux by stifling the nutrient supply
to the surface, while simultaneously increasing carbon storage by the BCP (Toggweiler, 1999, 2003), thus breaking the intuitive
link between export and storage. This is because slower overturning allows more complete surface nutrient utilization (transfer of
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Ppre to Prem) while lengthening the carbon sequestration time, thereby driving the accumulation of respired CO2 and AOU in the
ocean interior. These box model predictions are qualitatively mirrored in Earth System Model predictions for the next 100 years of
global warming (Henson et al., 2022; Wilson et al., 2022, Section “Earth system model predictions”).
The future of the biological pump

As climate change progresses, the functioning and efficiency of the BCP may respond in a multitude of ways. The oceans are
affected both directly and indirectly by rising atmospheric pCO2, with a multitude of down-stream consequences for the biotic and
abiotic processes comprising the BCP (Doney et al., 2012). Increased pCO2 leads to ocean acidification, a term used to describe the
changes in the carbonate chemistry of the ocean as it takes up more inorganic carbon (Wolf-Gladrow and Zeebe, 2001). These
changes include a drop in the pH, shifts in alkalinity and speciation of inorganic carbon. Rising pCO2 also drives atmospheric
warming, which then warms the ocean, starting at the surface. This spatially inhomogeneous warming will increase stratification
with consequences for the distribution of nutrients and oxygen, mixed layer depth, and the average light climate experienced by
phytoplankton in the mixed layer (Rost et al., 2008). Temperature also directly affects many biological and chemical rate processes,
such as photosynthesis and respiration. While the effects of these multiple stressors on the growth of autotrophic and heterotrophic
plankton are challenging to assess, the consequences for linkages between trophic levels and ecosystems and thus for the
functioning of the BCP are currently near impossible to predict reliably. This section will first give examples of expected shifts in
individual processes of importance for the BCP (Section “Effects on processes driving the BCP”), then discuss holistic modeling
approaches that aim to assess overall global trends in carbon export and storage by the BCP (Section “Earth system model
predictions” and “Missing processes and feedbacks in ESMs”) and end by exploring knowledge about geoengineering options of
the BCP (Section “Geoengineering the BCP”).
Effects on processes driving the BCP

The surface ocean: Phytoplankton community composition, primary production & respiration
Even small climate driven changes of the phytoplankton community composition and physiology may have potentially significant
consequences for the functioning, and magnitude of the BCP (Rost et al., 2008; Basu and Mackey, 2018). The most important
abiotic factors that impact phytoplankton composition and production, include increased temperature, PAR, UV exposure and
pCO2, as well as decreased pH and nutrient availability. Experimental and observational work have focused on assessing responses
to these changes, which affect export production.

A particular species of phytoplankton is able to function in a more-or-less optimal manner over a finite range of environmental
conditions, and growth responses decline rapidly outside of that range, as quantified as a response curve. When different abiotic
conditions change simultaneously, interactive effects need to be considered. Multistressor experiments have proven that predictions
based on individual response curves are essentially impossible, because multiple simultaneous stressors lead to highly non-linear
and non-uniform cellular response patterns that may be antagonistic, additive or supra-additive, or there may be no interaction at
all (Boyd et al., 2018; Passow and Laws, 2015). The outcome of species succession in a natural community exposed to multiple
stressors, is thus impossible to predict reliably (Feng et al., 2009).

Responses of phytoplankton to these changing abiotic parameters are highly species specific, rather than universal, with some
exceptions. Increased temperatures, if within the growth range of the species, generally increase metabolic rates, including growth
rates. Increased irradiance may increase productivity if nutrients are available, but the simultaneous increase in UV exposure may
have deleterious effects on phytoplankton (Basu and Mackey, 2018; Beardall et al., 2009). In terms of carbon acquisition, ocean
acidification will benefit some photoautotrophic species, but not others (Mustaffa et al., 2021; Giordano et al., 2005; Basu and
Mackey, 2018), depending on the existence of carbon concentrating mechanisms (CCMs). The concomitant decrease in pH appears
to incur additional metabolic costs, once it falls below a certain level, leading to overall negative effects on NPP. Overall effects of
increased pCO2 on rates of photosynthesis may thus range from positive (Tortell et al., 2008) to minimal (Trimborn et al., 2009) to
negative, depending on the species and the magnitude of change (Nagelkerken and Connell, 2015). The changes in growth
conditions will influence competition and succession, likely resulting in changes in phytoplankton community composition.

Response patterns are in some cases specific to a functional group. The ability of diazotrophic cyanobacteria to fix nitrogen
appears to generally increase under ocean acidification conditions (Hutchins et al., 2013; Kranz et al., 2010); a response that is
supported by increased iron use efficiency due to elevated temperatures. However, nitrogen fixation may be inhibited by pH effects
that reduce the efficiency of the nitrogenase enzyme (Shi et al., 2012), or due to changes in oxygen flux, caused by elevated
temperature and inhibition of enzyme activity (Van de Waal and Litchman, 2020). Such complex interactions make it difficult to
predict the overall consequences of climate change with respect to nitrogen fixation. Since the saturation state of the ocean with
respect to CaCO3minerals will drop along with the pH, calcification rates of calcifiers are expected to decrease, but the consequences
of weak or deformed tests and shells for competitive success are not clear (Rost et al., 2008; Hutchins, 2011; Fabry, 2008; Riebesell
et al., 2000). To complicate matters, responses may vary not only between species but also strains, indicating that the physiological
basis are not well understood (Hutchins, 2011; Iglesias-Rodriguez et al., 2008). Nevertheless, on global and geological scales,
coccolith mass declined as pCO2 increased, in part due to shifts toward weakly calcified species (Hutchins, 2011).
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Since NPP is largely nutrient limited in the oceans (e.g. nitrogen, silica, iron limited), changes in nutrient availability and
composition (e.g. shifts from inorganic to organic nitrogen sources) seem especially relevant (Van de Waal and Litchman, 2020;
Basu and Mackey, 2018). Reduced nutrient availability is expected to shift the size spectrum of primary producers toward smaller
cells, because the large surface area to volume ratio facilitates nutrient uptake (Van de Waal and Litchman, 2020; Litchman et al.,
2007), with increasing temperature reinforcing the response (Moran et al., 2010). The relationship between size of primary
producers and nutrient availability is visible in today’s oceans, where oligotrophic regions are dominated by small cells and
eutrophic areas by large ones, and is also supported by the geological record, targeted experiments and modeling exercises (Van de
Waal and Litchman, 2020). Although this trend is well established, some traits of large cells may off-set their competitive
disadvantage in nutrient acquisition in the future ocean: Large cells would benefit relatively more than small cells from enhanced
CO2 diffusion rates, and increased light availability, and may be more resilient due to their ability to store nutrients in vacuoles, and
their potential for size acclimatization and genomic plasticity (Van de Waal and Litchman, 2020).

Biogeochemical feedbacks may drive changes in ocean nutrient distributions and inventories that alter their availability and
differ between nutrients. If ocean deoxygenation due to warming and stratification (Keeling et al., 2010) leads to an expansion of
oxygen minimum zones then increased denitrification rates may deplete the ocean’s N inventory over time (Lam and Kuypers,
2011), exacerbating N limitation (Voss et al., 2013). The degree to which N loss will be compensated by increased N2-fixation due to
stabilizing N-cycle feedbacks (Deutsch et al., 2007) remains unclear, because diazotrophs may become Fe-limited (Moore et al.,
2007). Another feedback may be initiated in the marine Si cycle. Mesocosm experiments revealed slower chemical silica dissolution
at lower pH, and sediment trap studies confirmed the influence of pH on the Si: N ratio (Taucher et al., 2022). This implies that
silica frustules will be transferred to greater depth before dissolving, trapping silicic acid in the deep ocean and reducing its
availability in the surface by the year 2200 (Taucher et al., 2022). This would influence the competitiveness of diatoms.

Increased temperature, ocean acidification, and nutrient limitation, all lead to carbon overconsumption and increased DOC
exudation, although this response too is species specific (Taucher et al., 2015; Seebah et al., 2014; Burkhardt et al., 1999; Conan
et al., 2007; Tortell and Morel, 2002). Increased exudation, especially of TEP, could lead to increased aggregate formation (Wohlers
et al., 2009; Riebesell et al., 2007), although the buoyancy of TEP, may delay and decrease sedimentation, reducing the depth of
organic matter remineralization (Mari et al., 2017). A general decrease in “ballasting”material will reinforce this effect, although the
timing of TEP production and input of ballasting material, rather than annual bulk amounts will determine settling flux (Mari et al.,
2017). Thus the expected shift in the partitioning between DOC and POC production will likely mean reduced export flux:
Currently the gravitational settling pathway makes a much larger contribution to carbon export than the physical transport
pathways (Fig. 7), which will likely diminish even further under future, more stratified conditions.

The complexity of responses to climate change is further amplified when biotic interactions are considered. Lifecycles of
zooplankton grazers are often tightly coupled to those of their phytoplankton prey, and as warming impacts the timing of
phytoplankton blooms such linkages may be lost with unknown outcomes for the trophic structure of food-webs. Similarly,
alterations in nutritional quality of phytoplankton, due to temperature driven shifts in the stoichiometry of phytoplankton cells
(Basu andMackey, 2018), may lead to reduced fecundity and growth in higher trophic levels that play an important part in the BCP,
e.g. as vertical migrators or producers of marine snow. Evolutionary effects and the high phenotypic plasticity of phytoplankton add
an additional layer of uncertainty over their response to environmental change (Van de Waal et al., 2019; Collins et al., 2014). Both
acclimatization (after days to weeks) and adaptation (after generations) of cells may expand or shift the range where growth is
possible (Collins and Bell, 2004; Brennan et al., 2017; Lohbeck et al., 2012), given that phytoplankton lifecycles are short enough
for adaptive measures to be relevant on the timescales of climate change (Bach et al., 2018).

Because the amplifying effect of temperature on metabolic rates seems stronger for respiration than photosynthesis, a decline in
net carbon fixation rates is expected (Wohlers et al., 2009; Regaudie-de-Gioux and Duarte, 2012). Likewise, ocean acidification
conditions have been shown to lead to increased bacterial carbon demand (James et al., 2017). Such a shift toward heterotrophy
implies reductions in both, net primary and secondary production, e.g. of organic matter production by heterotrophs (Nagelkerken
and Connell, 2015), with consequences for POC flux attenuation and remineralization depth.

Changes to flux attenuation
Whereas climate change effects on phytoplankton and their production have been studied experimentally, albeit with limitations
(Riebesell et al., 2008; Boyd et al., 2018), less experimental evidence exists to assess climate change impacts on the transport
pathways of the BCP and on flux attenuation. With reduced viscosity of warmer water, the sinking velocity of particles will increase
(Taucher et al., 2014) – but this change is much smaller than the uncertainties in biologically driven factors influencing sinking
velocity. Increased TEP production and decreased calcification, both point to decreased sinking velocities and shallower reminer-
alization of marine snow sized particles, especially given the expected increased respiration rates due to warming. Moreover, the
expected shift in phytoplankton community composition has potentially severe consequences for the formation of fast sinking
marine snow: The large flux events are often diatom driven, as diatoms form fast sinking aggregates as part of their lifecycle
(Smetacek, 1985; Alldredge et al., 1995). Dinoflagellates, in contrast, seem to rarely form aggregates (Alldredge et al., 1998), but
their ability to migrate between the sunlit surface and a nutrient rich subsurface layer (Passow, 1991) may allow them to
outcompete other taxa in a more nutrient-limited future ocean. Whereas coccolithophorid aggregates sink rapidly (Iversen and
Ploug, 2010), their sinking velocity decreases appreciably under ocean acidification conditions, when the organic carbon to calcium
carbonate ratio increases (Biermann and Engel, 2010). Picoplankton, including eukaryotic cells as well as Prochlorococcus and
Synechococcus (cyanobacteria) may form small aggregates (Cruz and Neuer, 2019; Deng et al., 2016), but in the current ocean the
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overall contribution of such aggregates to carbon export seems low (De Martini et al., 2018). Currently processes explaining
observations of small particles sinking at significant speeds (Durkin et al., 2015; Richardson, 2019) are debated, and potentially
point to the importance of unaccounted biological and physical fragmentation processes. Overall, a shift in phytoplankton
composition, and especially one away from diatoms and toward picoplankton, is thought to reduce the transfer of carbon to the
deep ocean where it can be efficiently sequestered.

Likewise, because zooplankton species vary widely in their feeding strategies and behavior, climate-driven shifts in their
biogeography (Dam and Baumann, 2017; Brun et al., 2019) will have consequences for export (Wassmann, 1998). For example,
decreased abundance of krill with a simultaneous increase in salps has impacted export production in the Southern Ocean, as the
very rapid sinking velocity of salp pellets provides a fast pathway of organic carbon to depth (Phillips et al., 2009; Pfannkuche and
Lochte, 1993). The quantitative effect of shallower stratification on vertical migration is currently unknown. A simplification of
trophic structure and reduced diversity of food-webs is expected in the future, and is thought to lead to diminished functional
redundancy (Nagelkerken and Connell, 2015), potentially making systems more vulnerable to change.

As a result of ongoing and future changes to marine food webs, migratory and fecal pellet flux may change substantially, as will
flux attenuation via grazing and fragmentation of marine snow. In a mesocosm study degradation processes during a bloom were
less pronounced under ocean acidification conditions, likely because of differences in micro- and mesozooplankton abundance
(Stange et al., 2018). Small copepods and flux feeders are known to intensely graze on marine snow (Kiørboe, 2000; Koski et al.,
2007), and a shift toward these smaller taxa could increase flux attenuation, in addition to the increased respiration rates expected
due to elevated temperatures (Marsay et al., 2015).
Earth system model predictions

Predicting the overall impact of climate warming on the ocean’s biological carbon cycle – at the global scale and in a quantitative
way – requires mechanistic global models that link marine microbial ecosystems to their physical and chemical environment. Most
of the Earth System Models (ESMs) that are used to inform the International Panel on Climate Change (IPCC) Assessment Reports
now include prognostic ocean biogeochemistry modules that are fully coupled to ocean physics and other model components
(Seferian et al., 2020). Ten such models were evaluated in the 5th Coupled Model Intercomparison Project (CMIP5), associated
with the IPCC Assessment Report 5 (AR5) in 2013 (Bopp et al., 2013), increasing to 19 models in the recent CMIP6 that is
associated with the IPCC AR6 (Seferian et al., 2020). These models differ significantly in their treatment of biogeochemical
processes and trophic levels, but some common features can be identified. Most resolve multiple phytoplankton classes (generally
at least distinguishing diatoms from small phytoplankton) whose growth is limited by up to four nutrients (NO3, PO4, Fe, and Si for
diatoms) and who are grazed by one or more zooplankton class (Seferian et al., 2020; Wilson et al., 2022). Organic matter is routed
to DOM and one or more particle classes (distinguished by size, sinking speed, or lability) that remineralize as they sink through
the water column at rates that are usually dependent on temperature and sometimes on oxygen, although in some cases simple flux
attenuation parameterizations are still used (Seferian et al., 2020).

In both CMIP5 and CMIP6, models were integrated forwards to the year 2100 (although sometimes to 2300) under a range of
future emissions scenarios, predicting changes in a host of biogeochemical tracers, rates, and properties. Here we focus on three of
central importance: NPP, which supplies energy to the upper-ocean marine food-web and supports marine biodiversity, ecosystem
services, and commercial fisheries (Tagliabue et al., 2021); POC export from the upper ocean (100 m), which delivers sustenance
to the midwater ecosystem and sequesters carbon out of contact with the atmosphere (Boyd et al., 2019; Henson et al., 2022);
and biological carbon sequestration, which determines the overall impact of the BCP on global climate (Wilson et al., 2022).
We review changes under the “business as usual scenarios,” in which no special measures are taken to curb future greenhouse gas
emissions and the anthropogenic radiative climate forcing reaches �8.5 W/m2 by 2100.

Predicted changes in carbon export are relatively straightforward to interpret as a direct response to the changing physical
environment (Bopp et al., 2013; Moore et al., 2018). At small scales, there is significant disagreement between models in the
magnitude and even direction of export changes by 2100, even when driven by the exact same climate forcing (Henson et al., 2022).
However, a coherent spatial pattern emerges in the model ensemble-mean that has remained unchanged between CMIP5 (Bopp
et al., 2013) and CMIP6 ((Henson et al., 2022), Fig. 10A). POC export is expected to decline throughout most of the low latitude
and mid latitude ocean, especially in the tropics and North Atlantic Ocean where the ensemble-mean export flux is >20% lower in
2100 compared to the 1850–1900 baseline (Fig. 10A). These changes can ultimately be traced to the physical nutrient supply to
the surface ocean, which places a limit on the “new” production of organic matter. Stratification of the upper ocean imposes a
barrier to vertical mixing (Bopp et al., 2013), and wintertime mixed layer depths shoal by an average of �20 m in the CMIP6
models, significantly reducing nutrient entrainment especially in regions of deep mixing like the North Atlantic (Kwiatkowski et al.,
2020). Counter to the global trend, some high latitude regions including the Arctic Ocean, subarctic North Pacific, and most of the
Southern Ocean, are expected to see an increase in carbon export, which can also be attributed to stratification (Bopp et al., 2013).
At high latitudes, where phytoplankton growth is usually limited by light rather than nutrient scarcity, shoaling mixed layers
can help increase phytoplankton exposure to sunlight and lengthen the growth season (Steinacher et al., 2010). Globally, the
CMIP6 model ensemble predicts a carbon export decline of 12 � 10% (ensemble-mean � s.d.) by 2100 relative to preindustrial
(Fig. 10B), which is remarkably similar to the CMIP5 prediction of 12 � 6%.

The predicted response of NPP to climate warming is more complex, and can be decoupled from the physical nutrient supply by
the recycling of organic matter within the euphotic zone. In general, the ensemble-mean NPP changes in the CMIP5 and CMIP6



Fig. 10 Future of the BCP predicted in the CMIP6 climate model ensemble. (A) Spatial pattern of change in gravitational POC export by the year 2100, relative to
the preindustrial baseline, averaged across 9 CMIP6 models (Henson et al., 2022). (B + C), Timeseries of ensemble-mean % change in global POC export
(B, Henson et al., 2022) and absolute change in carbon sequestration by the biological pump (C, Wilson et al., 2022), relative to preindustrial baseline. In both panels,
shaded envelope shows standard deviation between individual CMIP6 models, and vertical grey dashed line shows when the historical hindcast portion of the
simulation ends, and the forecast begins.
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models exhibit the same geographical pattern as carbon export (Bopp et al., 2013) but are smaller in magnitude, with global NPP
declining by �8.5 � 6% in the CMIP5 ensemble (Bopp et al., 2013) and � 3 � 9% in the CMIP6 ensemble (Kwiatkowski et al.,
2020). The muted NPP response can largely be explained by the temperature-dependent organic matter remineralization rates
resolved in most ESMs, which accelerates nutrient recycling in the euphotic zone as the upper ocean warms, buffering NPP against
the declining physical nutrient supply (Bopp et al., 2013; Moore et al., 2018). This buffering effect appears to be enhanced in the
CMIP6 ensemble relative to CMIP5, likely because CMIP6models predict more ocean warming due to their generally higher climate
sensitivity, and often resolve additional pathways of nutrient recycling via zooplankton activity (Kwiatkowski et al., 2020; Tagliabue
et al., 2021). Additionally, disagreement between models in the pattern and magnitude of NPP changes has grown significantly in
the CMIP6 ensemble relative to CMIP5 (Tagliabue et al., 2021). This is likely because attempts to advance the biological realism
inmarine ecosystemmodels have added new processes that are handled differently between models and are not well constrained by
observations (Tagliabue et al., 2021).

Changes in ocean carbon sequestration by the BCP in ESMs are less widely reported than carbon export and NPP, because it is
difficult to quantify in a precise way. Because these models are not at equilibrium, the tseq framework cannot be cleanly applied to
compute integrated carbon sequestration as for simpler steady-state model solutions (Nowicki et al., 2022). Recently,
ocean-integrated AOU was instead used to estimate changing carbon storage in the subset CMIP6 models that resolve dissolved
O2 (Wilson et al., 2022), with the caveat that disequilibrium effects introduce uncertainty into the proxy (Ito et al., 2004).
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These models predict that biological carbon storage will increase by �34 � 14Pg. C by the year 2100, comprising a negative
feedback on atmospheric pCO2 and global temperature, albeit relatively weak compared to direct oceanic uptake of anthropogenic
CO2 (Wilson et al., 2022). As in simple boxmodels (Section 4.5), the increased future carbon storage predicted by ESMs is driven by
the same physical mechanism that reduces carbon export: stratification of the upper ocean and slower overturning leads to more
efficient carbon sequestration (longer tseq) and trapping of respired CO2 in the deep ocean (Wilson et al., 2022). To some degree,
physically-induced changes in both carbon export and sequestration appear to be curtailed by a negative feedback involving
POC transfer efficiency to depth in this CMIP6 subset. These models predict that as the ocean warms, a larger fraction of exported
POC is remineralized above 1000 m, either due to the direct effect of temperature on remineralization rates or in some cases due
to ecosystem shifts toward small phytoplankton that export smaller, slower-sinking particles (Wilson et al., 2022; Henson et al.,
2022). Shallower remineralization leads to faster recirculation of nutrients and respired carbon to the surface, which buffers NPP
and carbon export, and limits changes in biological carbon sequestration (Wilson et al., 2022).

While the majority of CMIP5 and CMIP6 simulations end in 2100, some ESMs have been used to forecast forward to the year
2300, with the caveat that future emissions trajectories become even more uncertain on this timescale. One such simulation found
that changes in NPP and carbon export become even more precipitous and spatially variable after 2300 (Moore et al., 2018). In this
model, sustained climate warming causes Southern Ocean upwelling to migrate toward the Antarctic coastline, where warming and
alleviation of light imitation by sea ice loss boost phytoplankton growth and carbon export, while efficiently stripping nutrients
from surface waters. In turn, this prevents the nutrient transport toward low latitudes trapping nutrients in the Southern Ocean
and deep water masses. By 2300, the model predicts a major redistribution of nutrients from the upper ocean to the deep
ocean which drives a >40% decline in global carbon export, and a �25% decline in global NPP that propagates up through the
food-web and impacts potential fishery yields (Moore et al., 2018). This prediction provides a stark example of a non-linear
biogeochemical response to climate warming, and a warning that critical tipping points in the biological carbon cycle may be
crossed in the not-too-distant future.
Missing processes and feedbacks in ESMs

Future trends in NPP, organic matter export, and carbon sequestration by the BCP predicted in Earth SystemModels may be limited
by their simple representation of marine ecosystems and biological carbon cycle. To facilitate their incorporation into computa-
tionally expensive ESMs (which represents all major components of the global climate system), ocean biogeochemistry models
must be streamlined and tend to focus on capturing processes and responses that are relatively well understood from an empirical
standpoint (Seferian et al., 2020). Of all the processes that make up the BCP, NPP is generally the most realistically resolved in
ESMS. The first-order controls on phytoplankton growth are usually well represented, and predicted future trends are predomi-
nantly driven by changes in the physical nutrient supply, temperature, and light (Section “Earth system model predictions”).
However, complex responses of phytoplankton communities to “multi-stressor” environmental perturbations (Section “Effects on
processes driving the BCP”) are rarely resolved in global models, nor are phytoplankton acclimation and adaptation to their
changing environment.

Beyond NPP, parameterizations of organic carbon cycling in EMSs tend to become even simpler, often excluding even relatively
well-understood first-order effects. Around half of the 19 CMIP6 models assessed by Henson et al. (2022) do not link POC
remineralization to temperature or oxygen, despite mounting evidence that these factors impose a strong control on POC transfer
efficiency to depth (Fig. 8). As a result, the CMIP6 ensemble as a whole likely under-predicts the magnitude of the effects of
shallower remineralization due to ocean warming, and enhanced carbon sequestration in the tropics due to OMZ expansion
(Wilson et al., 2022). Closing these gaps represents a low-hanging fruit for future model development, without requiring major
updates to model architecture. Even models that represent POC remineralization implicitly through a flux attenuation parameter-
ization (i.e. by assuming a Martin-Curve flux profile) can account for these effects using empirical relationships between flux profile
shape and environmental factors (Marsay et al., 2015).

The impact of particle size, density and composition on sinking speed and remineralization depth is even less well represented in
most global models. The majority of the CMIP6 models do not resolve mineral ballasting effects, and either resolve a single particle
size class with a fixed sinking velocity or do not explicitly resolve sinking particles at all, instead parameterizing remineralization
implicitly (Seferian et al., 2020; Henson et al., 2022). Even when multiple POC size classes with different sinking velocities are
resolved, the relative abundance of particle sizes may be specified a priori, rather than dynamically linked to the phytoplankton
community structure (Henson et al., 2022). As whole then, the CMIP6 ensemble is poorly equipped to resolve changes in
remineralization associated with the expected ecological transition toward smaller phytoplankton (Section “Earth system model
predictions”). In a targeted modeling study, these transitions were predicted to decrease the mean size of exported particles,
resulting in shallower remineralization and faster resupply of nutrients to the surface, which significantly weakened the declining
future trend in POC (Leung et al., 2021). Taken together, the missing temperature and particle size feedbacks could lead the
CMIP6 ensemble to overpredict future trends in carbon export and sequestration.

A range of other biogeochemical processes are also missing from the current generation of ESMs, whose impact on predicted BCP
trends is more challenging to assess. While most CMIP6 models include at least one zooplankton class, none resolve the vertical
migration of these organisms, nor their impact on particle disaggregation (Henson et al., 2022). These processes are increasingly
recognized as important drivers of carbon export and flux attenuation respectively, and their representation in global models
should be prioritized (Aumont et al., 2018). However, the potential response of zooplankton migration and metabolism to ocean
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warming, ocean acidification and associated environmental change remains a topic of open enquiry (Section “Earth system model
predictions”). The direction and magnitude of biases caused by omitting zooplankton activity from ESMs is therefore unclear at this
time (Henson et al., 2022). In addition, while ESMs resolve ocean CO2 uptake and acidification (Bopp et al., 2013), they do not
account for plankton responses to lower pH, which may be direct (physiological) or indirect, e.g. due to pH effects on the chemical
speciation of trace metals, including micronutrients like Fe and toxic elements like Cu (Millero et al., 2009).

The complexity of ocean biogeochemical models that are incorporated into ESMs is advancing quickly, and even between
CMIP5 and CMIP6 many models were expanded to resolve additional nutrient cycles, microbial functional groups, and trophic
levels (Seferian et al., 2020). In principle, it is assumed that increasing biological realism in these models will lead to more accurate
future predictions, but in practice it has also led to wider discrepancies between models and therefore greater uncertainty in
ensemble predictions (Kwiatkowski et al., 2020). The next stages of biogeochemical model development should therefore focus on
validation, and aim for increased consistency between modeling frameworks in the adoption of parameterizations that allow
models to best reproduce observations.
Geoengineering the BCP

Carbon dioxide removal (CDR) technology and other climate geoengineering techniques purposefully alter environmental
processes with the goal to counteract increases in atmospheric pCO2 and global warming. Although many marine CDR techniques,
such as marine alkalinity enhancement, will impact the functioning of the BCP (Hartmann et al., 2013; Köhler et al., 2013), they do
not purposefully manipulate it. Other CDR techniques do aim to stimulate the BCP with the goal of increasing the carbon
sequestration in the deep ocean. These tend to focus on increasing NPP, with the expectation that this will increase both carbon
flux and sequestration. Four means of fertilization are being discussed (Lampitt et al., 2008): in-situ ocean iron fertilization (OIF) to
(i) HNLC (high nutrient low chlorophyll) regions to enhancemacro-nutrient uptake, or to (ii) LNLC (low nutrient low chlorophyll)
regions to promote nitrogen fixation, as well as (iii) macronutrient addition to surface water or (iv) translocation of macronutrients
by artificially promoting upwelling. Techniques to grow and sink macro-algae such as kelp in open ocean systems, called ocean
afforestation, aim to enhance carbon flux by changing the autotrophic community.

None of these methods has been fully explored by adequate field experimentation and appropriate computational modeling to
determine the likelihood that additional carbon will be sequestered (removed from the atmosphere for more than 100 years) on a
global scale. Locally stimulating carbon export may not fulfill the criteria for global sequestration, if this carbon would have been
exported naturally at a later time, or if the exported material is rapidly upwelled again elsewhere (Lampitt et al., 2008). Likewise,
feedbacks involving other climate relevant gasses such as N2O, also need to be considered, but such downstream effects are
largely unexplored (Williamson et al., 2012; Dutreuil et al., 2009). Here we focus on current knowledge about the net
sequestration potential of each technology, but a full assessment will need to evaluate feasibility, costs and ecological impacts
(Lampitt et al., 2008; Williamson et al., 2012), as well as societal impacts including ethical permissibility and justification
(Hale and Dilling, 2011).

Thirteen artificial ocean iron fertilization (OIF) experiments were carried out between 1993 and 2004; (Yoon et al., 2018;
Williamson et al., 2012; Boyd et al., 2007). These experiments largely aimed to confirm that iron limits growth in various ocean
regions, and were not designed to measure export or sequestration of carbon. Supplementing these areas with iron clearly enhanced
growth of phytoplankton, promoted uptake of CO2 from the atmosphere, and altered elemental cycling, but responses to iron
fertilization varied widely depending on macro-nutrient availability, food-web structure and physical regime (Yoon et al., 2018,
Williamson et al., 2012, Boyd et al., 2007). Significant export flux was only observed in one of the experiments. Overall, the
experiments and modeling exercises revealed that the potential for carbon sequestration by iron fertilization was much smaller than
originally anticipated, as other limiting factors (nutrients, light), grazing, the speciation of iron and physiological responses of
phytoplankton curtailed carbon export (Lampitt et al., 2008; Yoon et al., 2018). Overall, the estimated amount of carbon that might
be taken out of circulation via iron fertilization is small relative to human emissions (1 GTC/yr.; Position Analysis: The Antarctic
Climate & Ecosystems Cooperative Research Centre 2016, Australian Government).

The potential capacity of carbon sequestration due to ocean macronutrient fertilization (OMF), whether as nitrogen only, or as
nitrogen and phosphorus has been explored using a biochemical model, which assumed that micronutrients and light are
non-limiting (Harrison, 2017) and suggested that up to 1.5 Pg. C/yr. could be sequestered via OMF. However, experiments adding
macronutrients to low nutrient waters revealed that although bacteria production increased, phytoplankton biomass decreased
unexpectedly or was grazed, indicating that food-webs and growth limiting factors are not well understood in low nutrient systems
(Williamson et al., 2012; Passos, 2018). Whereas nutrients in these experiments were released from ships, release from land has also
been discussed (Lampitt et al., 2008), but the role of coastal oceans is poorly represented in Earth System Models, due to a lack of
process understanding and temporal–spatial resolution of data (Cao et al., 2019), hindering predictions of even the potential.

Artificial (ocean) upwelling (AU), which uses different technologies (Pan et al., 2016) to enhance the upwelling of nutrient rich
water from depth, has been proposed for a wide variety of purposes, including as a CDR technology (Pan et al., 2018; Lampitt et al.,
2008; Williamson et al., 2012; Dutreuil et al., 2009). AU is, in all cases, a significant disturbance to the environment, because
upwelled water will also carry elevated concentrations of DIC and change the temperature, salinity and total alkalinity of surface
waters. The input of high DIC into warm and shallow waters enhances its CO2 fugacity counteracting decreases in pCO2 due
to enhanced photosynthesis. Higher temperatures at depth will decrease transfer efficiency during sinking further limiting
sequestration (Jürchott et al., 2023). Effectiveness of this approach will therefore vary between regions, seasons and ecosystem
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types (Pan et al., 2018; Oschlies et al., 2010; Dutreuil et al., 2009). The most optimistic model assumption, suggest an annual
carbon sequestration rate of �0.9 Pg. C/yr., but most of this carbon would be sequestered on land, rather than in the ocean
(Oschlies et al., 2010). Both N2O (a greenhouse gas) and DMS may simultaneously increase, at least temporarily (Dutreuil et al.,
2009) impacting the net effect. Detailed field work monitoring carbon sequestration based on AU is lacking (Williamson
et al., 2012).

Themassive culturing of macro-algae, which are native to coastal regions, on 9% of the surface ocean, dubbed oceanmacro-algae
afforestation (OMA) has been heralded as the solution to a wide variety of problems, including carbon sequestration, often without
critical consideration of consequences and feed-backs (N‘Yeurt et al., 2012; Duarte et al., 2022). Deliberate deposition of these
macro-algae to the deep ocean, which functionally replaces the BCP based on phytoplankton, is envisioned to increase carbon
sequestration, although in the absence of nutrient fertilization, nutrients will be re-allocated from phytoplankton to macro-algae,
diminishing the existing BCP (Boyd et al., 2022; Bach et al., 2021). Translocation of macro-algae, which have relatively high nutrient
requirements, to open ocean systems, will drastically change off-shore ecosystems, including food-web structure and ocean
chemistry, as well as microbial physiology and ecology (Boyd et al., 2019, 2022). Additionally, they would impact the light climate
of deeper growing phytoplankton, as well as change quantity and quality of DOC release by primary producers (Ricart et al., 2022;
Bach et al., 2021; Boyd et al., 2022).

A recent assessment of ocean based negative emission technologies, evaluated all the marine fertilization techniques discussed
above, as being in the concept stage, with high potential disbenefits (Gattuso et al., 2021). Furthermore, a recent modeling exercise
suggests that the carbon sequestration potential of these marine CDR strategies is low, because the export is “leaky” over a
50–100 yr. timespan, with only about 32% remaining sequestered after 50 years (Siegel et al., 2021).
Conclusion

The BCP maintains a vertical DIC gradient of �150 mM due to the rapid cycling of organic matter over depth, and lowers
atmospheric pCO2 by 100–200 ppm. The system is ultimately driven by the primary production of 50–60 Pg./yr. of organic carbon
in the sunlit surface ocean, which is limited bymacronutrient andmicronutrient availability and seasonally regulated by light levels.
Decades of direct and indirect measurements, synthesized by upscaling models, have revealed that globally 4–9.6 Pg. C/yr. escapes
recycling and is exported from the euphotic zone as sinking POC. Recently, physical transport and vertical migration by zooplank-
ton and fish, have been recognized as important alternative pathways for carbon export. Accurately quantifying each of the three
pathways is an important challenge for the next decade of BCP research, because each pathway will likely respond differently to
global change and the overall perturbation of the BCP hinges on their relative importance.

The regenerated DIC inventory maintained in the ocean interior is referred to as sequestered carbon, and represents the total
amount of carbon isolated from exchange with the atmosphere due to the net effect of organic matter export from the surface and
remineralization at depth. Sequestration is not only controlled by the carbon export flux, but also the timescale before respired
carbon recirculates to the surface ocean, set by the depth of organic carbon remineralization. For the gravitational pathway, POC
remineralization depth hinges on the structure of the surface microbial ecosystem, which can determine the sinking velocity of
exported particles, and on physical conditions of the water column that regulate microbial metabolism and POC losses over depth.
In general, ecosystems dominated by large plankton, and watercolums with low temperature and low [O2], appear to promote deep
POC remineralization.

Globally, biological carbon sequestration is estimated as �1200 Pg. C, which lies closer to the weak theoretical limit than the
strong limit, based on the relative magnitude of the remineralized and preformed PO4 inventories. This sequestration is largely
limited by the inefficient utilization of nutrients in high latitude regions like the Southern Ocean, highlighting the potential leverage
of polar microbial ecosystems over global climate. The gravitational export pathway is thought to dominate carbon sequestration by
the BCP accounting for �1000 � 500 Pg. C, compared to �200 � 100 Pg. C for physical export and �800 � 600 Pg. C for active
transport. Again, improving our quantitative estimates and mechanistic understanding of carbon sequestration by these pathways
are critical goals for future BCP research.

As the ocean warms and acidifies, responses by organisms, populations and communities are complex and vary widely. Earth
System Models (ESMs) generally predict a decline in carbon export as the ocean warms and stratifies, and some predict that a
larger fraction of exported POC will remineralize above 1000 m, due to the effects of warming and deoxygenation on reminer-
alization rates. However, most ESMs remain biologically quite simple and do not resolve complex feedbacks linking microbial
physiology, ecosystem structure, and particle size and density, nor do they adequately capture the physical and active transport
carbon pathways. Improving our predictive understanding of these processes remains a major challenge for both observational
and modeling communities. Proposed geoengineering options, meant to increase carbon sequestration by strengthening the
BCP, likely all have limited potential because the export is “leaky” over a 50–100 yr. timespan, with little carbon remaining
sequestered after 50 years.
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Microbial communities and their associated metabolic activity in
marine sediments have a profound impact on global biogeochemical
cycles. Their composition and structure are attributed to geochemical
and physical factors, but finding direct correlations has remained a
challenge. Here we show a significant statistical relationship between
variation in geochemical composition and prokaryotic community
structure within deep-sea sediments. We obtained comprehensive
geochemical data from two gravity cores near the hydrothermal
vent field Loki’s Castle at the Arctic Mid-Ocean Ridge, in the Nor-
wegian-Greenland Sea. Geochemical properties in the rift valley
sediments exhibited strong centimeter-scale stratigraphic variabil-
ity. Microbial populations were profiled by pyrosequencing from
15 sediment horizons (59,364 16S rRNA gene tags), quantitatively
assessed by qPCR, and phylogenetically analyzed. Although the
same taxa were generally present in all samples, their relative
abundances varied substantially among horizons and fluctuated
between Bacteria- and Archaea-dominated communities. By in-
dependently summarizing covariance structures of the relative
abundance data and geochemical data, using principal components
analysis, we found a significant correlation between changes in
geochemical composition and changes in community structure.
Differences in organic carbon and mineralogy shaped the relative
abundance of microbial taxa. We used correlations to build hypoth-
eses about energy metabolisms, particularly of the Deep Sea Ar-
chaeal Group, specific Deltaproteobacteria, and sediment lineages
of potentially anaerobic Marine Group I Archaea. We demonstrate
that total prokaryotic community structure can be directly corre-
lated to geochemistry within these sediments, thus enhancing our
understanding of biogeochemical cycling and our ability to predict
metabolisms of uncultured microbes in deep-sea sediments.

taxonomic profiling | ultraslow-spreading ridge | amplicon sequencing

Marine sediments host the largest reservoir of organic carbon
in the world and outnumber any other environment with

respect to microbial cell abundance (1, 2). The microbial activity
in this habitat has a profound impact on the global carbon cycle
through the remineralization of sedimentary organic carbon, thus
ultimately regulating the oxygen level of the atmosphere (3). Ex-
tensive sampling and drilling efforts during the past decade have
changed our perception of microbial life in the inaccessible deep
seafloor fundamentally (4–17). This pioneering work has led to
novel insights into the composition and abundance of potentially
active groups of Archaea and Bacteria in deep-sea sediments.
The density of prokaryotic cells in coastal and continental

margin sediments typically is 108–109 cells/cm3 in the top sediment
layers and declines with increasing depth in a logarithmic fashion
(2). Even though cell abundance in organic-poor open-ocean
sites can be several orders of magnitude lower, it may still exceed
105 cells/cm3 at depths close to 1,000 m below the seafloor (mbsf)

(12). This omnipresence of prokaryotic cells was demonstrated
recently by Roussel et al. (16) who detected viable cells at a
sediment depth of 1,626 mbsf, supporting the idea that tem-
perature is the ultimate limit for microbial survival at depth (18).
In general, marine sediment communities appear to be dominated
by a restricted number of bacterial and archaeal phyla, including
Chloroflexi, Planctomycetes, Japanese Sea division 1 (JS-1), a
diverse spectrum of Proteobacteria, the Deep Sea Archaeal
Group (DSAG), Marine Group I (MG-I), the Miscellaneous
Crenarchaeotic Group (MCG), and the South African Goldmine
Euryarchaeotal Group (SAGMEG) (reviewed in refs.13, 19, and
20). These groups have been found in a variety of different
marine sediments, including coastal and open-ocean sites, based
on 16S rDNA clone libraries (6, 9, 21, 22), 16S rRNA clone
libraries (15), and metagenomic shotgun sequencing (23, 24).
The vast majority of these communities seem to be alive and
active, although the fractions of dead and dormant cells vary
substantially among locations (15, 25, 26).
Geochemical pore water profiles in marine sediments show

distinct redox zones (27), suggesting that each of these zones are
shaped by organisms with specific metabolic traits. In agreement
with this notion, several studies have demonstrated down-core
stratification of microbial community composition (28–31). Fur-
thermore, a few specific microbial groups, such as anaerobic
methane oxidizers (ANME) (32, 33) and anaerobic ammonium
oxidizers (anammox) (34) have been associated consistently with
specific redox zones. In addition, samples obtained from markedly
different sedimentary settings (e.g., high or low temperature,
presence or absence of methane, high or low carbon load) have
been found to show distinct microbial community compositions
(7, 35, 36). Nonetheless, an explicit, quantitative correlation
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between stratigraphic variability in geochemical properties and
concomitant changes in the structure of the total microbial com-
munity or the relative abundance of individual taxa has remained
elusive. This lack of correlation could be explained in part by
limited datasets, low spatial resolution, and insufficient depth of
the taxonomic profiling. Here we address these challenges and
quantitatively explore the relationship between microbial commu-
nity structure and multivariate geochemistry in highly stratified
deep-sea sediments.
We investigated two 3-m-long sediment cores from the ultraslow-

spreading Arctic Mid-Ocean Ridge system, one of the few places
where substantial amounts of sediment accumulate in the mid-
ocean rift valley. The cores were retrieved from two sites, one 15
km southwest (SW) and one 15 km northeast (NE) of the Loki’s
Castle Vent Field (37). In addition to the hemipelagic and gla-
ciomarine sediments derived from the Bear Island Fan system, the
rift valley also receives episodic input of volcanogenic and met-
allogenic hydrothermal material. The resulting stratification of
the cored sediments allowed us to study the influence of changes
in sediment geochemistry on the microbial subsurface commu-
nities on a compact depth scale. We used deep sequencing of 16S
rRNA gene amplicon tags, covering both the archaeal and bac-
terial domains, to obtain a detailed qualitative and quantitative
taxonomic inventory from selected sediment horizons in both
cores. We linked estimates of the relative abundance distribution
of the entire prokaryotic community to copy numbers of marker
genes from both domains as well as to 16 different geochemical
and geophysical parameters of sedimentary solids and solutes.
We found that stratigraphic variation in the structure of the
microbial community as well as in the relative abundance of
individual taxa can be correlated directly to stratigraphic variation
in geochemical properties across both cores.

Results
Core Descriptions. Core GC6, retrieved SW of the vent field,
consisted of highly stratified hemipelagic-glaciomarine sediments
with layers of different colors varying on a centimeter scale from
light to darker brown and gray (Fig. 1A). Distinct coarser layers
of detrital pyrite, likely of hydrothermal origin [71 and 95 cm
below sea floor (cmbsf)], and of altered volcanoclastic material
(65 and 232 cmbsf) generally were reflected by Fe enrichments in
X-ray fluorescence (XRF) core scanner profiles (Fig. 1A) and by
elevated Fe2O3 and S concentrations in quantitative geochemical
sediment analyses (Table 1). The XRF profiles also revealed five
distinct Mn-enriched layers, the uppermost of which (22 cmbsf)
was interpreted as the lower boundary of the oxic layer (Table 1).
Overall, the reduction potential (Eh) profile in GC6 (Table 1)
covaries with the color changes, with higher values in the brown
sections and lower but still positive values in the gray sections.
Core GC12, retrieved NE of the vent field, consisted of

hemipelagic-glaciomarine sediments in the upper half and glaci-
genic debris flows in the lower half. The oxic/anoxic transition
zone was marked by a single Mn-enriched layer at 38 cmbsf, and
the Eh profile again covaried with the sediment color (Table 1).
Total organic carbon (TOC) content varied between 0.1–1.2%

of weight in GC6 (Table 1, Fig. 1A) and 0.2–1.3% of weight in
GC12 (Table 1 and Fig. 1B). These values were slightly higher
than commonly reported for open-ocean sediments and likely
reflect input from the Bear Island Fan and the high productivity
of the Arctic Ocean. However, these sediments still are considered
a low organic carbon system (<1%) compared with continental
margin sites.
We recognized four to five chemical redox zones as defined by

Canfield and Thamdrup (38) based on pore water depth profiles
of dissolved nitrate, ammonium, manganese, iron, and sulfate
(Table 1 and Fig. 1). These profiles include an oxic, nitrogenous,
manganous, ferruginous, and sulfidic zone (Fig. 1, Left), the last
deduced from sulfate depletion in GC12. Despite their proximity,

the two cores showed clear differences: Although dissolved Mn2+

followed a typical diagenetic profile in both cores, the concen-
tration in GC6 was higher than usually reported for deep-sea
sites (up to 200 μM at 156 cmbsf) even in metal-rich deep-sea
sediments (39). An increase in NH4

+ coincided with the de-
tection of dissolved Mn2+ in both cores, likely as a result of
oxygen depletion. However, the down-core increase was less
pronounced for GC6 and even decreased in the two volcanoclastic
horizons. In GC6 dissolved Fe2+ increased in the deepest horizon
as Mn2+ decreased, probably defining the shift from the manga-
nous to the ferruginous zone. In GC12, on the other hand, Fe2+

already was elevated in the manganous zone and increased with
depth in an irregular manner. A decrease in SO4

2− to 23 mM in
the lower part of GC12 indicates microbial sulfate reduction. In
contrast, no indication of sulfate reduction was observed in GC6.
However, traces of H2S were detected at 88 cmbsf, between the
two detrital pyrite layers. This horizon also showed traces of dis-
solved Fe2+ and a significant pH increase and NH4

+ decrease.
NO3

− was depleted from the interstitial phase below the oxic
layers. Interestingly, however, NO3

− could be extracted from the
solid phase of all horizons in both cores (Table 1), suggesting that
it was adsorbed to mineral phases, as observed in soils (40).

Composition and Diversity of the Microbial Community. For each of
the 15 sampled sediment horizons, we generated a 16S rRNA
gene amplicon library, with one primer set covering the V5–V8
region of both bacterial and archaeal taxa (Materials and Methods).
Pyrosequencing yielded a total of 59,364 high-quality sequence
reads after extensive filtering. In total, 4,790 reads were unique,
with an average length of 231 bp.
From the nine horizons in core GC6, 1,668 different opera-

tional taxonomic units (OTUs) (cutoff, 97% sequence identity)
were divided into 50 classes (39 bacterial and 11 archaeal) rep-
resenting 33 different phyla. For the six horizons in core GC12,
1,135 OTUs were identified within 48 different classes (36 bac-
terial and 12 archaeal) distributed among 38 phyla (for a com-
plete list of represented taxa and their abundance on phylum
and class level, see Table S1). A comma-separated text file listing
the taxonomic affiliations of all OTUs and their distribution
across datasets can be downloaded from http://services.cbu.uib.
no/supplementary/jorgensen2012. At the class rank, more than
85% of all observed taxa were present in both cores, but their
abundance varied greatly between cores and among horizons
within each core (Fig. 1 and Table S1). Approximately 50% of
the OTUs present in core GC12 were shared with GC6. It is
noteworthy that none of the 2,277 unique OTUs was repre-
sented in all 15 horizons.

Determination of Bacterial and Archaeal Abundance. Quantitative
PCR (qPCR) was used to estimate total numbers of bacterial and
archaeal small subunit (SSU) rRNA genes separately (Table 1).
The total numbers in GC12 (Archaea plus Bacteria) varied be-
tween 5.1 × 105 and 5.2 × 106 16S rRNA gene copies/g sediment
(wet weight), comparable to the abundance in other open-ocean
sediments (41, 42). GC6, on the other hand, exhibited stronger
variability between horizons, with both Bacteria and Archaea up
to 100-fold more abundant in the horizon where H2S and Fe2+

were detected in the pore water (3 × 108 16S rRNA gene copies/g
sediment in total at 88 cmbsf). In contrast, abundances were
barely above the detection limit in the volcanoclastic layers.
The archaeal 16S rRNA gene copy numbers made up 3–89%

of the total number of SSU rRNA gene copies in core GC6 and
31–75% in core GC12 (Fig. S1). Thus, the microbial population
fluctuates between a bacterial- and an archaeal-dominated com-
munity even within these relatively short cores. The ratio between
bacterial and archaeal SSU rRNA gene copies as determined by
qPCR supported the relative amount of Bacteria versus Archaea
as estimated from the amplicon library (Fig. S1), indicating that
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the primers used for the amplification for deep sequencing
allowed a high rate of coverage and amplified with relatively
little bias under the applied conditions.

Principal Components and Correlation Analyses. Principal compo-
nent analysis (PCA) was performed independently on the relative
abundance data (Table S1) and on the geochemical data excluding
all gene copy numbers, but including depth (Table 1). Sample
scores on the first principal component (PC1) of the two datasets
showed a significant rank-order correlation at the class level (ρ =
0.671, P = 0.02) (Fig. S2A), and the strength of this relationship
increased substantially when oxic layers were removed (ρ= −0.883,
P = 0.003) (Fig. S2B). This result demonstrates that changes in
the geochemical structure of the sediments, especially below the
oxic zone (PC1 explained 41% of the variance), covary with
changes in the overall community structure (PC1 explained 33%
of the variance at class level).

Next, we plotted the original data for each individual geo-
chemical parameter against PC1 scores of the relative abundance
data and found the strongest correlations with TOC (ρ = 0.621,
P = 0.016) (Fig. 2A), dissolved SO4

2− in the pore water (ρ =
0.691, P = 0.006) (Fig. 2B), and the relative content of iron and
manganese in the solid phase [ρ = −0.821, P < 0.000 (Fig. 2C)
and ρ = 0.582, P = 0.025 (Fig. 2D), respectively].
Finally, pairwise comparisons uncovered several strong linkages

between the relative abundance of individual taxonomic groups
and specific geochemical parameters (Fig. S3) as well as striking
patterns of co-occurrence among microbial groups at different
taxonomic levels (Fig. S2 C–F). The most important results are
discussed in more detail below.

Distribution of the Most Abundant Bacterial Phyla. Expressing the
relative abundance of taxa as the proportion of total SSU rRNA
gene tags allows the depth variation of the most abundant bac-

Fig. 1. Characteristics of gravity cores GC6 (A) and GC12 (B) including geochemical data and relative abundances of the four most dominant bacterial and
archaeal taxa/phyla. (Left to Right) Photograph of the archive half core; XRF core scanner maps of normalized iron and manganese content; pore water
concentrations of ammonium, nitrate, manganese, iron and sulfate; organic carbon content in the sediment (weight %); total number of 16S rRNA gene
copies/g sediment (wet weight) as measured by qPCR; percent of total SSU reads obtained from the given taxa in the amplicon library in each horizon. Note
that different scales on the x-axis are color coded to indicate the different respiration processes, based on pore water geochemistry: blue, aerobic oxidation;
red, nitrate reduction; purple, manganese reduction; brown, iron reduction; green, sulfate reduction. Delta, Deltaproteobacteria; Epsilon, Epsilonproteo-
bacteria; P.mycetes, Planctomycetes; Thermoplas, Thermoplasmata.
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terial phyla to be compared with down-core variation in selected
context data (Fig. 1).
Planctomycetes exhibited a high diversity in SSU rRNA gene

sequences, represented by 461 different OTUs in GC6 and 311 in
GC12 (97% cutoff). The great majority of these sequences could
be assigned to the family of Planctomycetaceae, with little sim-
ilarity to characterized relatives. We found a significant positive
correlation between the abundance of this group and the SO4

2−

concentration in pore water in core GC12 (r = 0.861, P = 0.028)
(Fig. S3H). On the other hand, their relative abundance corre-
lated positively with total inorganic carbon content in GC6 (r =
0.815, P= 0.026) (Fig. S3A). Although the former result suggests
a link to the sulfur cycle, the latter is difficult to interpret. We
detected low abundances of the Candidatus Scalindua group in
the uppermost two horizons of GC12 (0.2 and 0.9% of the total
SSU rRNA gene pool). This group is represented by members
able to oxidize ammonium under anaerobic conditions (anam-
mox) using nitrite as the electron acceptor (43). Interestingly,
their appearance, albeit at very low numbers, in deeper layers of
GC6 (156 and 174 cmbsf) coincided with relatively high numbers
of reads affiliated with Nitrospina, Nitrosococcus, and MG-1 (all
potentially involved in the nitrogen cycle). Chloroflexi were
among the most dominant bacterial groups in both cores, with
the majority of reads affiliating within the class of Dehalo-
coccoides, but representatives from SAR202, Ktedonobacteria,
Caldilineae, and Anaerolineae were present also. None of the 56
different Chloroflexi OTUs (97% cutoff) from the two cores
showed close sequence similarity to any of the few cultured
species (maximum similarity was 90% to Dehalococcoides etha-
nogenes). Members of the candidate division JS-1 often co-occur
with Chloroflexi in anoxic sediment zones (13). This co-occur-
ence also was observed in our cores. No inferences can be drawn
about potential physiologies of either group, but, notably, the
relative abundance of JS-1 in GC6 had a significant positive
correlation with that of the family Desulfobacteraceae (r =
0.912, P = 0.011) (Fig. S2C) within the class of Deltaproteo-
bacteria. Epsilonproteobacteria represented up to 39.5% of total
reads in GC12 horizons and exhibited a unique depth profile. All
reads that could be assigned to genus level affiliated with phy-
lotypes involved in the sulfur cycle, including genera within the
Helicobacteraceae (Sulfurimonas and Sulforovum) and to a lesser
extent within Campylobacteraceae (Arcobacter and Sulforospir-
illum). A high proportion of reads could be resolved only to the
family of Helicobacteraceae but displayed a depth distribution
similar to that of the above-mentioned groups. Interestingly, the
same OTUs are present in high numbers in both the uppermost
(oxic) and lowermost (anoxic) horizons, indicating organisms with
a facultative mode of energy metabolism (either reducing or ox-
idizing sulfur compounds), as has been shown for some cultured
representatives (44, 45). In GC12 a significant negative correla-
tion was found between the abundance of this group and SO4

2−

concentration in the pore water (r = −0.896, P = 0.015) (Fig.
S3G), indicating involvement in the sulfur cycle. In GC6, on the
other hand, Epsilonproteobacteria were virtually absent, in-
dicating minor importance of the sulfur cycle, in agreement with
the geochemical data.
The presence of Epsilonproteobacteria in the deeper layers of

GC12 could indicate elevated temperatures at depth. However,
high abundances of the same bacterial OTUs in the uppermost
and lowermost layers and the lack of any overall depth trends
suggest a moderate temperature gradient, if any. Deltapro-
teobacteria was the most abundant class of proteobacteria in
GC6, with a strong positive correlation with Mn2+ concentration
in the pore water (r = 0.895, P = 0.003) (Fig. S3B). This cor-
relation could be attributed to the abundance of Nitrospina and
Sh765_TZT_29, an uncultured group within the Deltaproteobac-
teria (Silva taxonomy), pointing to their likely involvement in the
manganese cycle.Ta
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Distribution of the Most Abundant Archaeal Phyla. As observed for
the Bacteria, most archaeal taxa were present (at the class level)
in both cores, but the relative abundance varied greatly between
and within cores (Fig. 1).
MG-I, also named “Marine Group I.1a,” now assigned to the

Thaumarchaeota phylum (46, 47), was the most abundant in six
of the nine horizons in GC6. This group contributed as much as
≥87% of the total number of SSU rRNA gene-sequence reads in
the two top layers (16 and 29 cmbsf). They also dominated in
GC12 except for the two deepest horizons (203 and 310 cmbsf).
These Archaea not only constitute one of the most abundant mi-
crobial planktonic groups in the oceans (48, 49) but also are
a highly abundant component in marine sediments (29, 50, 51).
Although only aerobic growth has been reported for Thau-
marchaeota thus far (52-55), we found MG-I–related organisms
in anoxic horizons in our study. Their presence was particularly
evident at 126 cmbsf in GC12 (61% of total reads) and at 88, 156,
and 174 cmbsf in GC6 (45–56% of total reads), giving an absolute
estimate of 4.2 × 105 to 1.5 × 108 MG-I–affiliated 16S rRNA gene
copies/g sediment (wet weight) in these horizons. Phylogenetic
analysis (Fig. 3) of all published full-length sequences of MG-I
for which the habitat origin was assigned unambiguously in the
database entry (Materials and Methods) demonstrated a separa-
tion of planktonic (gamma, delta), sponge-associated (beta), and
terrestrial (lambda I, II) taxa from those found predominantly in
the sediment (upsilon, eta, iota, theta, epsilon, zeta, and mu
clusters; no sequences related to cluster kappa fulfilled the
requirements mentioned in Materials and Methods) (Fig. 3A).
With the exception of sequences affiliated with cluster alpha 1
(9%), all MG-I–related sequences in GC6 and GC12 were af-
filiated with the lineages that are found predominately in sedi-
ments (Fig. 3 B and C). This finding augments the earlier

observations by Durbin and Teske (50), who stated that novel
clusters distinct from planktonic MG-I organisms can be discov-
ered in marine sediments. A similar habitat-specific clustering has
been shown for the archaeal ammonia monooxygenase (amoA)
(56, 57). To explore the potential of sedimentary MG-I archaea
to oxidize ammonia, we quantified the archaeal amoA gene, which
is used as a genetic marker for this metabolism. Copy numbers
ranged from 1.5 × 103 to 2.4 × 106 and from 1.5 × 104 to 2.9 × 106/g
sediment (wet weight) for GC6 and GC12, respectively (Table 1).
We found a significant correlation of archaeal amoA gene copy
numbers with the abundance of group MG-I (r = 0.929, P <
0.000) (Fig. 4C and Fig. S3E) and total numbers of archaeal 16S
rRNA genes (r = 0.861, P = 0.003) (Figs. 4B and Fig. S3F) in
GC6. Both marker genes (amoA and 16S rDNA) were found in
the same order of magnitude in all samples. More intriguingly,
the MG-I abundances also correlated with total NO3

− concen-
tration (r = 0.827, P = 0.011) (Fig. 4A and Fig. S3D) and, to a
lesser but still significant extent, with TOC content (r = 0.692,
P = 0.039) (Fig. S3C).
The DSAG, also referred to as “Marine benthic group B,” is

the most abundant single group of organisms in deep-sea sedi-
ments, along with the MCG (20). They were a dominant archaeal
constituent in both cores. The relative abundance of DSAG in
GC12 (∼25% of total reads) correlated significantly with both TOC
and Fe2O3 concentration (r= 0.869, P= 0.025, and r= 0.819, P =
0.046, respectively) (Fig. 5 A and B and Fig. S3 I and J). This
observation is consistent with a heterotrophic lifestyle (14) possibly
coupled to the reduction of iron oxides rather than to sulfur
compounds, as previously proposed (7).
SSU rDNA signatures of the MCG often are found in high

numbers in clone libraries from deep-sea sediments [reviewed by
Teske and Sørensen (19)]. In our samples they constitute up
to ∼10% of all prokaryotic SSU rRNA genes in certain layers.
This group, like the DSAG, has been proposed to be anaerobic
heterotrophs (14) and has no cultured representatives. Unlike
the DSAG, however, they populate a wide variety of habitats and
exhibit larger diversity at the 16S rDNA level. No correlation for
this group with any of the measured geochemical parameters was
found within our dataset.
Methanomicrobia SSU rDNA signatures were among the four

most dominant of the archaeal classes in GC12. The obtained
sequences affiliated with ANME groups 1, 2a, 2b, and 2c, all
of which are thought to be involved in anaerobic oxidation of
methane (AOM) (58). Both their relative and total abundance
increased with depth, reaching a maximum of 3.6% of all reads
at the deepest horizon (310 cmbsf).
Notably, we found a tight correlation of ANME-1 phylotypes

with both Methylococcales and Campylobacterales (Fig. S2 D–F),
suggesting a common metabolism or a syntrophic partnership.

Discussion
The proximity of the two investigated sediment cores to hydro-
thermal active sites combined with sediment input from the Bear
Island Fan has resulted in a compact redox zonation profile and
high concentrations of dissolved metals in both cores. These
properties make the sediments interesting model sites to study
the variation of subsurface microorganisms in the context of
geochemical changes. There were substantial differences be-
tween the two cores. For example, the GC12 core is distinguished
from GC6 by a clear signature of shallow sulfate reduction and
much higher concentrations of dissolved iron (Table 1). Despite
such differences, the PCA analysis (Fig. S2 A and B) shows that
the samples from both cores share a major axis of variation that
links changes in the overall composition of the microbial com-
munity to changes in the overall geochemical composition. More
specifically, the structure of the prokaryotic communities is
coupled to variation in the iron and manganese content of the
minerals, TOC, and pore water SO4

2− concentration (Fig. 2).

Fig. 2. Significant correlations (α = 0.05) between variation in microbial
community structure and context data. Microbial community variation is
measured by PC1 scores on relative abundance data at the class level. (A)
Organic carbon content (% C). (B) Pore water sulfate concentration (mM).
(C) Relative iron content in solid-phase Iron values as measured by counts by
XRF and normalized to Ti counts. (D) Relative content of manganese mea-
sured in the solid phase. Manganese values are measured as counts by XRF
and normalized to titanium (Ti) counts. Correlations are given as Spearman’s
rank-order correlation (ρ). Blue circles indicate values from gravity core GC6;
red triangles indicate values from gravity core GC12. Color shading indicates
depth in sediment (light, shallow; dark, deep).
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Our results provide quantitative evidence for the common as-
sumption that organic carbon is one of the fundamental factors
shaping microbial communities, supporting the argument that
heterotrophic organisms play an important role in deep-sea
sediments (14, 20). The content of iron and manganese within
the sediments is strongly related to microbial community struc-
ture, and, although the causal relationships are highly complex,
our results suggest that mineralogy is a key determinant. Finally,
we attribute the correlation between abundance and sulfate con-
centration to the effect of microbial sulfur metabolisms on pore
water chemistry, rather than vice versa.
By directly correlating the abundance of each individual tax-

onomic group to the individual context data, we were able to
make predictions about the metabolism of the most dominating
organisms in the deep-sea sediments, in particular MG-I, DSAG,
and Epsilon- and Deltaproteobacteria. In addition, strong cor-
relations in the relative abundances of different taxa (Fig. S2 C–F)
might help elucidate syntrophic partnerships and/or common
metabolic preferences.
The archaeal class MG-I belongs to the newly defined phylum

Thaumarchaeota, represented by two pure cultures and a few
enrichments (59) that were shown to gain energy from aerobic
oxidation of NH4

+ to NO2
−. Their main carbon source is CO2,

but coassimilation of organic carbon has been reported for this
group (52). The majority of MG-I sequences retrieved in our
study (21,644 reads) clustered in phylogenetic groups mainly as-
sociated with marine sediments, suggesting the presence of a
specialized sediment population (Fig. 3).
None of these groups has any characterized members, but at

least four observations support their ability to oxidize ammonia

to nitrite in the sediments from GC6: (i) the tight correlation
between the abundance of this group and amoA gene copy
numbers (Fig. 4C and Fig. S3E); (ii) a high positive correlation
of the MG-I with nitrate concentration (Fig. 4A and Fig. S3D);
(iii) their co-occurrence with several other phylotypes normally
linked to the nitrogen cycle, such as members related to anammox
and nitrite-oxidizing Nitrospina; and (iv) the fact that the increase
in ammonium concentration below the oxic zone is less pronounced
than would be expected otherwise (Fig. 1). The presence of an
active group of ammonia-oxidizing archaea is surprising, because
the sediments are considered to be anoxic below the two up-
permost sampling depths. However, MG-I–related sequences
have been reported previously from supposedly anoxic environ-
ments, although the metabolic implications of these findings
have not been addressed (7, 29, 39, 60). Their presence in anoxic
horizons can have several explanations: (i) sediment-specific
phylogenetic groups of MG-I may have the ability to oxidize
ammonium with an alternative electron acceptor; (ii) oxygen
could be produced intracellularly, as recently described for the
methane-oxidizing group NC10 (50); or (iii) amo genes present
in the organisms could have some other function, as suggested by
Mussmann and colleagues (61). In summary, our data strongly
support ammonia oxidation, but the electron acceptor remains
unknown. In this context it is noteworthy that members of Meth-
ylococcales, another group assumed to be comprised exclusively of
aerobes, also occur in highly reduced horizons in this study.
The DSAG is proposed to represent heterotrophic organisms

based on indirect evidence from stable carbon isotopes in archaeal
lipids (14). A strong correlation between the relative abundance
of DSAG and organic carbon content in our study (Fig. 5A and

Fig. 3. Phylogenetic analysis and depth distribution ofMG-I. (A) Phylogeny based on SSU rRNA gene information from all published sequences available in the
Silva database (release 104). Thenomenclature follows that usedbyDurbin andTeske (50), but the additional groupnames lambda I, lambda II, andmuare given.
The tree is reconstructed by NJ using the Felsenstein correction. Topology and clusters are supported by RaxML and PhyML reconstructions on the same dataset.
Clustersmarkedwith an asterisk contain sequences retrieved frommarine hydrothermal environments. The sediment clustermarkedwith^contains a subcluster of
freshwater/terrestrial sequences. Numbers in parentheses indicate the total number of reads from our study that affiliated with that particular group. (B and C)
Depth distribution of MG-1 16S rRNA gene sequences affiliating with each cluster obtained in this study from core GC6 (B) and core GC12 (C). Numbers in pa-
rentheses indicate the number of reads from that horizon assigned to MG-1 and the percentage of the total. Color codes correspond to the groups in A.
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Fig. S3I) supports this suggestion. Their energy-yielding metabo-
lism is a subject of debate, and several studies have proposed di-
rect or indirect coupling to methane oxidation (7, 14, 62) as well
as possible sulfate reduction (7). Here we argue that labile iron
oxides serve as the terminal electron acceptor either in the direct
oxidation of organic carbon or as an energy-yielding metabolism
coupled to another electron donor, such as CH4, NH4

+, or sulfur
compounds. We base this proposal on the significant correlation
between iron oxide and the relative abundance of DSAG in core
GC12 (Fig. S3J). The correlation between DSAG and dissolved
Fe2+ in the pore water was positive but not significant (Fig. S3K).
(GC6 showed a similar relationship but was omitted from sta-
tistical analysis because of the low number of observations.)
It is well known that the iron and sulfur cycles are tightly linked;

hence Fe2+ in the pore water also could result from sulfate re-
duction to sulfide and the subsequent reaction with iron oxide
(63). However, our sulfate profiles do not suggest any significant
sulfate reduction except at the deepest horizon in GC12. Thus,
iron oxide is the most likely electron acceptor, and the results
discussed above, as well as theoretical energy yield, point to or-
ganic carbon as the most likely donor. Alternatively, this pathway
could involve AOM coupled to iron oxide reduction, a process
that potentially yields more energy than AOM coupled to sulfate
reduction. Such a metabolism has been demonstrated recently
based on geochemical data by Beal and colleagues (64).
In summary, these highly stratified sediments offered a unique

possibility to correlate stratigraphic variation in geochemical
properties directly to stratigraphic variation in the structure of
the microbial community as well as to the relative abundance of
individual taxa. We combined deep sequencing of bacterial and
archaeal SSU rRNA genes, using a single primer set with broad
target coverage, with an extensive set of environmental context
data, including nitrate from the solid phase. We used PCA to

distill the covariance structures of the prokaryotic community
and the geochemical data separately, thereby revealing a sig-
nificant correlation between overall changes in geochemistry and
overall changes in community composition. Four geochemical
components were linked closely to the taxonomic distribution of
microorganisms: the total organic carbon, iron, and manganese
content in the minerals and the sulfate concentration in pore
water. Our findings yield testable predictions about the metab-
olisms of the most typical and abundant microbial lineages found
in the deep subsurface, including the DSAG and sediment lin-
eages of potentially anaerobic MG-1.

Materials and Methods
Site Location and Shipboard Sampling. After retrieval, the cores immediately
were cut in sections and split into archive and working halves. Sampling of
pore water and sediment for geochemical and microbial analyses from the
working halves was conducted onboard the ship as quickly as possible. The
two gravity cores, GC6 ∼15 km SE of the vent field (73°21.39′N, 7°33.90′E,
3,280 mbsl), and GC12 ∼15 km NE of the vent field (73°45.80′N, 8°27.83′E,
3,250 mbsl), were selected for microbiological studies. The in situ bottom
water temperature was −0.2 °C when cores were retrieved. Samples were
collected at depths of 16, 29, 65, 87, 95, 156, 174, 232, and 296 cm in GC6 and
19, 36, 81, 126, 203 and 301 cm in GC12. All samples were collected with
sterile 10-mL syringes and were processed immediately or snap-frozen in
liquid nitrogen before storage at −80 °C. Pore water was extracted with Rhi-
zon samplers from approximately the same depths as the microbiological
samples and was analyzed immediately onboard for pH, alkalinity, sulfide,
and ammonium or was stored at 4 °C until later onshore analysis of dissolved
ions. Eh measurements of the sediment were carried out onboard. After
sampling was completed, the sediment cores were stored in plastic boxes at
4–6 °C on the ship and later at the University of Bergen core repository.

DNA Extraction. DNA was extracted from ∼0.5 g of sediment in each sample
using a FastDNA spin for soil kit in conjunction with the FastPrep-24 in-

Fig. 4. Covariance between relative abundance of MG-I and context data.
The depth distribution of the relative abundance of MG-I in core GC6
strongly covaries with (A) nitrate concentration (ppm) extracted from the
solid phase (Pearson’s r = 0.827, P = 0.011); (B) archaeal SSU rDNA (r = 0.827,
P = 0.011); and (C) archaeal amoA gene copies (r = 0.929, P < 0.000). Gene
copy numbers are estimated by qPCR and given per gram of sediment
(wet weight). See also Fig. S3.

Fig. 5. Covariance between relative abundance of DSAG and context data.
The depth distribution of the relative abundance of DSAG in core GC12
strongly covaries with (A) TOC (Pearson’s r = 0.869, P = 0.025) and (B) Fe2O3 con-
centrations in the sediment (Pearson’s r = 0.819, P = 0.046). See also Fig. S3.
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strument (MP Biomedicals) following the manufacturer’s protocol applying
the poly(A) modification described by Hugenholtz et al. (65).

DNA Amplification for the 16S rRNA Gene Library. Different primer combi-
nations were evaluated in silico before final selection using the Ribosomal
Database Project (RDP) (66), to select the lowest possible degeneracy while
maintaining high overall prokaryotic target coverage. In addition, the 454
GS (454 Life Sciences, Roche) FLX technology requires that the length of the
amplified product be within 300–800 bp. The optimal primer combination was
found to be Uni787F (5′-ATTAGATACCCNGGTAG-3′) (67) and Uni1391R (5′-
ACGGGCGGTGWGTRC-3′), modified from ref. 68. These primers target the
V5–V8 region on the 16S rRNA gene and cover 87% and 94%, respectively,
of all prokaryotes in the RDP without mismatch (as of May, 2011). The
stringency of the performed PCR was kept at a minimum to obtain as much
taxonomic diversity as possible, with one mismatch increasing the coverage
of both primers to 98%. Furthermore, the chosen primer combination had
the least bias toward any one specific taxonomic group (“universal” pro-
karyotic primers often are problematic, in that they tend to have mis-
matches against specific taxonomic groups such as Verrucomicrobia,
Planctomycetes, and Chloroflexi). DNA from each horizon was PCR amplified
in triplicate using the above-mentioned primer combination under the fol-
lowing thermal conditions: 95 °C for15 min, then 25–30 cycles of 94 °C for
45 s, 53 °C for 45 s, 72 °C for 1 min followed by 72 °C for 7 min before cooling
at 4 °C. Each reaction (25 μL) contained 1× HotStar Taq Master Mix (Qiagen),
template DNA, and 1.2 μM of each primer. To ensure correct amplicon
length, the PCR product was evaluated by gel electrophoresis. The triplicate
PCR products then were pooled to minimize PCR drifting and were purified
using GenElute PCR Clean-Up kit (Sigma). A new round of PCR was per-
formed using the same specific primers and thermal conditions but linked to
the 454 Life Sciences A and B pyrosequencing adaptor sequence. In addition,
the forward primer was labeled with a unique barcode (one for each ana-
lyzed sediment horizon) as described by Hamady et al. (69). To minimize PCR
bias, the number of cycles was held to a minimum (25–30 in the first PCR
and five in the second). Amplicons were purified again, and the concen-
tration and quality were controlled by gel inspection, spectrometry (Cary-
300 Bio UV-vis; Varian), and BIO-analyzer (Agilent Technologies). All ampli-
cons (a total of 15 unique samples) then were pooled in a 1:1 ratio based on
DNA concentration (∼20 ng/μL from each sample) and sequenced using
multiplex GS FLX pyrosequencing (without titanium chemistry) at the Nor-
wegian High-Throughput Sequencing Centre in Oslo, Norway.

Pyrosequencing flowgrams (SSF files) have been deposited in the National
Center for Biotechnology Information (NCBI) Sequence Read Archive under
the accession number SRP009131.

Filtering and Removal of Noise from Amplicon Sequence Data. The dataset
(84,580 reads) was filtered and cleaned from noise by using AmpliconNoise
(70) software. In short, this method includes four steps: filtering, flowgram
clustering, sequence clustering, and chimera removal. In the filtering step,
reads were truncated at 600 flows, and those with fewer than 360 flows or a
noisy signal (flow intensity 0.5–0.7, equivalent to a degenerate base) before
this position were removed. In addition, all reads not matching the barcode
and primer sequences were removed. In the sequence-clustering step, reads
were truncated at 240 bp. AmpliconNoise generated a set of de-noised and
chimera-filtered sequences, each with a set of reads most likely to be derived
from it. Barcode and primer sequences were removed before further analysis
such as taxonomic classification and linkage clustering.

Taxonomic Evaluation. To assign the filtered, de-noised, and chimera-filtered
sequences to taxa, we modified and updated the Silva SSUref database
release 100 (71) with respect to taxonomy, based on the most recent liter-
ature. This database (available at http://services.cbu.uib.no/supplementary/
community-profiling/) is described in Lanzén et al. (72).

The sequences were aligned to this database using Blastn (NCBI), and the
results were analyzed and assigned to specific taxa using the software
MEGAN version 3.7 (73) by applying a lowest common ancestor algorithm
[for details see Lanzén et al. (72)].

OTU Clustering. All unique de-noised sequences were clustered into OTUs
using maximum linkage clustering of pairwise distances. The distance matrix
was generated using the Needleman–Wunsch algorithm as implemented in
NDist, and clustering was carried out using FDist (both programs are distrib-
uted with AmpliconNoise) (70). A 3% distance cutoff was used to define OTUs.

Phylogenetic Analysis of MG-1. The phylogenetic relationship within the MG-I
was evaluated to find habitat-specific groups and to calculate the affiliation

of MG-I sequences from this study. The tree was calculated based on all
published full-length (>900 bp) sequences available in the Silva database
release 104 (71), applying the archaeal positional filter and removing highly
variable positions (if a sequence was described as “unpublished” in the ARB
entry field “journal,” it was excluded from the calculation). Length was
truncated to ARB position 1773-31131 leaving 784 valid columns for calcu-
lation. After calculation, sequences were removed if the ARB entry field
“Isolation source” contained one of the following words: mangrove, marsh,
or estuary (to avoid uncertainties in the habitat type), leaving 659 sequen-
ces. Clusters containing one or more sequences obtained from hydrothermal
environments are marked with an asterisk. We do not label these clusters as
hydrothermal in Fig. 3, because sequences obtained from marine hydro-
thermal settings are inherently difficult to assign unambiguously to a specific
habitat (e.g., seawater, sediment, chimney, microbial mat). The phylogenetic
tree (Fig. 3A) was calculated by Neighbor Joining (NJ) using the Felsenstein
correction (74). To verify the tree topology, RaxML (75) and PhyML (76)
algorithms likewise were applied on the same dataset; both supported the
displayed clustering and grouping. The nomenclature follows that reviewed
by Durbin and Teske (50). In addition, we have identified and named three
clusters: lambda I and II (exclusively from terrestrial habitats) and mu (ex-
clusively from marine sediments).

All unique sequences from each sediment horizon that could be assigned
to MG-I from our dataset (123 sequences from a total of 21,644) were added
to the tree using the parsimony tool in the ARB package. Adding this many
short sequences distorts the branch length; hence they are not included in the
displayed tree. To confirm the affiliation of our sequences, an NJ tree was
calculated based on the above-mentioned database sequences and our
sequences but with all truncated to a length of 230 bp. All affiliations were
confirmed, with a few exceptions for which the sequences could not be
phylogenetically resolved. The depth distributions of our sequences and cluster
to which they affiliate are displayed for both gravity core GC6 (Fig. 3B) and
gravity core GC12 (Fig. 3C).

Real-Time qPCR. Archaeal 16S rRNA genes were quantified using the pro-
karyotic primer Uni519F (5′-CAGCMGCCGCGGTAA-3′) (77) and the archaeal-
specific primer Arc908R (5′-CCCGCCAATTCCTTTAAGTT-3′) [modified from
Jurgens et al. (78)]. Each reaction (25 μL) contained 1× QuantiTech Sybr
Green PCR master mixture (Qiagen), 0.8 μM of each primer, and 1 μL tem-
plate DNA. The thermal cycling program was 15 min at 95 °C, then 40 cycles
of 95 °C for 30 s, 60 °C for 30 s, and 72 °C for 45 s. The quantification standard
consisted of a dilution series of a known amount of linearized fosmid 54d9
(79) and a copy number of archaeal 16S rRNA genes between 10 and 107

copies/μL [calculated as described by Leininger et al. (80)]. Genomic DNA
from Escherichia coli was used as a negative control. The R2 value for the
standard curve was 0.99, and the slope value was −3.26, giving an estimated
amplification efficiency of 102%.

Bacterial 16S rRNA genes were quantified using the bacterial-specific
primer bac341f (5′-CCTACGGGWGGCWGCA-3′) [modified from Ishii and
Fukui (81)] and the prokaryotic 519r (5′-TTACCGCGGCKGCTG-3′) (77). The
quantification standard consisted of a dilution series (between 1 × 102 and
1 × 107 copies/μL) of a known amount of purified PCR product obtained from
genomic E. coli DNA by using the bacterial 16S rRNA gene-specific primers
8F/1392R (68, 82). Sulfolobus solfataricus genomic DNA was used as negative
control. The R2 value for the standard curve was 0.99, and the slope value
was −3.06, giving an estimated amplification efficiency of 112%. The ther-
mal cycle program was 15 min at 95 °C, then 35 cycles of 95 °C for 15 s, 58 °C
for 30 s, and 72 °C for 30 s.

Archaeal amoA genes were quantified using the archaeal amoA-specific
primers CrenamoA23f (5′-ATGGTCTGGCTWAGACG-3′) (80) and CrenamoA616r
(5′-GCCATCCABCKRTANGTCCA-3′) (83). Each reaction (25 μL) contained 1×
QuantiTech Sybr Green PCR master mixture (Qiagen), 1.2 μM of each primer,
and 1 μL template DNA. The thermal cycling program was 15 min at 95 °C,
then 40 cycles of 95 °C for 30 s, 50 °C for 45 s, and 72 °C for 45 s. The quan-
tification standard was the same as used in archaeal and crenarchaeal 16S
rRNA gene quantification. Genomic DNA from E. coli was used as a negative
control. The R2 value for the standard curve was 0.99, and the slope
value −3.51, giving an estimated amplification efficiency of 93%. All qPCR
experiments were performed with the Step-OnePlus real-time PCR system
(Applied Biosystems) using SYBRGreenI as the fluorescent dye. To confirm
product specificity, melting curve analyses were performed after each run
for all experiments, and each qPCR setup contained samples, standard series,
negative controls, and blanks, all in triplicate.

XRF Core Scanning. The archived core halves were scanned using the non-
destructive ITRAX XRF core scanner system at Bergen Geoanalytical Facility,
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University of Bergen. Samples were irradiated with 3 kW Mo. Step size was
0.5 mm for XRF analysis with a count time of 10 s. Manganese and iron were
normalized to titanium counts.

Organic and Inorganic Carbon Measurements. Coulometric titration (CM5012
CO2 Coulometer; IUC, Inc.) was used to determinate the total inorganic
carbon (TIC) and the total carbon (TC) contents in 12 of the 15 samples.
Analytical precision determined by analysis of replicate standards for TIC and
TC was ±0.02% C and ±0.03% C, respectively. The TOC contents were cal-
culated by subtracting TIC contents from the TC contents, leading to an error
of ±0.05% C for TOC contents. The remaining three samples were measured
applying the method described for nitrogen in the Solid-Phase Geochemistry
section below.

Pore Water Chemistry. Pore water was extracted using Rhizon samplers, and
aliquots were analyzed onboard for pH by using a mobile pH meter, for
alkalinity by an autotitrator, and for sulfide and ammonium by spectro-
photometric methods (84). Onshore analysis of sulfate was performed by
ion chromatography, and dissolved iron and manganese were analyzed
by inductively coupled plasma optical emission spectrometry.

Solid-Phase Geochemistry. Ehwasmeasured in all layers directly by electrodes (SP
50×; Consort) inserted into undisturbed sediment as soon as cores were split.

Nitrates were measured in an aqueous solution of (NH4)2SO4 (2 M) and sedi-
ment (5:1 ratio) through an ion-selective electrode (nitrate ion combination ep-
oxy electrodeno. 31503; Phoenix). Nitrogenand sulfurwere determinedusing an
elemental analyzer for CHNS-O based on the principle of dynamic flush com-
bustion coupled with gas chromatography. Nitrogen was measured using a GC
packed column for CHNS polytetrafluoroethylene, 2 m (Eurovector), and sulfur
was measured using a GC packed column for sulfur, 1 m, 6 × 5 mm (Eurovector).
Each samplewas dried andpowdered before analysis. Iron oxide andmanganese
oxide contents were determined by atomic absorption spectrometry after di-
gestion of samples by microwave, using H2O2+HCl, HNO3, and HF.

Statistical Analyses. PCA was used to summarize the community structure
(relative abundance data) and the geochemical structure (context data) of
the sediments quantitatively. Each sample was standardized to zero mean
and unit SD. The relative abundance data also were subjected to a centered
log-ratio transformationwithmultiplicative zero replacement (85, 86) to remove
any forced correlations imposed by the constant-sum constraint. PCA uses
the covariance structure to rotate the original data onto a new set of or-
thogonal (independent) axes oriented in the direction of maximal remaining
variance. By projecting the samples onto the first axis (PC1), we effectively
reduced the community (or geochemical) structure to a single variable ac-
counting for the greatest proportion of variance. If the overall community
structure were causally related to the overall geochemical structure of the
sediment, then we would expect a significant, monotonic (if not strictly linear),
arbitrarily signed relationship between the PC1 scores of the relative abun-
dance and geochemical datasets. We tested this hypothesis using the Spear-
man rank-order correlation (ρ).

The community–geochemistry relationship was dissected further by cor-
relating the relative abundance PC1 scores against the original geochemical
measurements, again using Spearman’s ρ. Finally, we mined the relative
abundance data directly to explore linkages among individual taxa and
linkages between individual taxa and geochemical variables, using Pearson’s
product–moment correlation.
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History

Scientific drillships allow scientists access to some of Earth's most challenging environments, collecting data and samples
of sediment, rock, fluids, and living organisms from below the seafloor. A long running international collaboration in
scientific ocean drilling has transformed human understanding of our planet, addressing fundamental questions about
Earth's dynamic history, processes, and structure. The growth of scientific ocean drilling as a research technique has led
to the development of new tools and methodologies and has fostered enduring international collaborations in research,
education, and public engagement. 

1940: Advancement in Piston Coring

Advances in piston coring in the 1940s allowed research ships to routinely recover long sediment sections from the
seafloor. These ocean bottom sediments, accumulating slowly over geologic time, contain microscopic fossils whose
chemistry is a proxy for ancient ocean conditions. Piston coring was used on expeditions such as the worldwide cruise of
the Swedish research vessel Albatross to begin studying the rich and varied planetary history captured at the bottom of
the world's oceans. 

1961: Project MoHole

In 1961 when dynamic positioning was successfully used to keep the drilling platform CUSS I on target in strong current,
scientific drilling took root as a feasible technology to study Earth's subseafloor geology. Project Mohole
(http://www.nasonline.org/about-nas/history/archives/milestones-in-NAS-history/project-mohole.html), a concept
proposed to the U.S. National Science Foundation, considered the feasibility of drilling through the geological boundary
identified by an abrupt change in rock physical parameters (Mohorovičić discontinuity) that marks the transition from thin
oceanic crust to the mantle, Earth's main interior layer.

1966-1983: Deep Sea Drilling Project (DSDP)

The next phase of scientific ocean drilling, the Deep Sea Drilling Project (DSDP 1966-1983)
(http://www.iodp.tamu.edu/publicinfo/glomar_challenger.html), began in 1966 using the Drilling Vessel Glomar
Challenger. This pioneering vessel conducted drilling and coring operations in the Atlantic, Pacific, and Indian Oceans as
well as the Mediterranean and Red Seas. The Glomar Challenger also advanced the technology of deep-ocean drilling.

1983-2003: Ocean Drilling Program (ODP)

In 1985, the JOIDES Resolution replaced the Glomar Challenger at the start of the Ocean Drilling Program (ODP 1983-
2003) (http://www-odp.tamu.edu/index.html). ODP was truly an international cooperative effort to explore and study the
composition and structure of the Earth's subseafloors. The JOIDES Resolution conducted 110 expeditions for ODP at
2000 drill holes located throughout the world's ocean basins.

2003-2013: Integrated Ocean Drilling Program (IODP)
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https://iodp.org/
http://www.nasonline.org/about-nas/history/archives/milestones-in-NAS-history/project-mohole.html
http://www.nasonline.org/about-nas/history/archives/milestones-in-NAS-history/project-mohole.html
http://www.iodp.tamu.edu/publicinfo/glomar_challenger.html
http://www.iodp.tamu.edu/publicinfo/glomar_challenger.html
http://www-odp.tamu.edu/index.html
http://www-odp.tamu.edu/index.html
http://www-odp.tamu.edu/index.html
https://iodp.org/


The Integrated Ocean Drilling Program (IODP 2003-2013) (/iodp-legacy/iodp-2003-2013-documents) built upon the
international partnerships and scientific success of the DSDP and ODP by employing multiple drilling platforms financed
by the contributions from 26 participating nations. These platforms - a refurbished JOIDES Resolution, the new marine-
riser equipped Japanese Deep Sea Drilling Vessel Chikyu, and specialized Mission-Specific-Platforms - were used to
reach new areas of the global subsurface during 52 expeditions (/expeditions/completed-integrated-ocean-drilling-
program-expeditions). The IODP 2003-2013 Legacy Document Archive (/iodp-legacy/iodp-2003-2013-
documents) contains reports, minutes, and other documents from the program's panels and advisory bodies.

2013-2024: International Ocean Discovery Program (IODP)

Since in October 2013, the IODP partners have continued their collaboration via the International Ocean Discovery
Program (IODP). Read more about the science, operations, and structure of the current IODP throughout iodp.org. 
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