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The architecture
behind renewable
energy

Awareness of the landscape, strengthening
supply chains and scaling responsibly

The renewable energy transition is accelerating at extraordinary pace. As global
deployment scales, a new dimension of leadership has emerged: ensuring the
integrity, resilience and responsibility of the supply chains that enable it.

This acceleration is occurring alongside a broader structural shift — the
electrification of transport, industry and infrastructure, and the growing
‘batterisation’ of the global economy. From grid-scale storage to electric vehicles,
data centres and defence applications, batteries and power electronics have
become foundational technologies across multiple sectors. Battery energy
storage systems have emerged as one of the fastest-growing sources of demand
for critical minerals, reflecting the increasing importance of grid flexibility

and energy security alonsgide decarbonisation objectives. This convergence is
driving sustained and significant demand for a shared set of critical minerals,
components and processing capabilities — amplifying both opportunity and risk
across global supply chains.

Lithium demand rose by nearly 30% in 2024, significantly exceeding the 10%
annual growth rate recorded during the 2010s. Demand for nickel, cobalt,
graphite and rare earth elements increased by 6—8% over the same period,
largely driven by energy applications including electric vehicles, battery storage,
renewables and grid networks.! The trajectory over the coming decades is
steeper still — with lithium demand projected to grow by up to 86% between
2024 and 2040 under a net zero scenario.l
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The architecture behind renewable energy

Figure 1: Demand for critical minerals continues to rise across all scenarios, driven by the rapid deployment

of energy technologies
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copper (excluding direct-use scrap). Those for rare earth elements are for magnet rare earth elements only. Growth rates (in blue) are between 2024 and 2040.

Source: |EA Global Critical Minerals Outlook 2025. [EA. CC BY 4.0.2"

Solar, wind and battery storage rely on critical minerals
sourced from long-established international supply chains —
networks that serve electronics, automotive, manufacturing
and technology simultaneously. These systems pre-date the
renewables sector. However, given the scale of clean energy
deployment, the long-term nature of infrastructure capital
and the increasing rigour of procurement standards, the
sector is well-positioned to contribute meaningfully to how
these global systems evolve.

Looking beyond a narrow lens

Much of the public conversation to date has focused

on a single area: China’s polysilicon production and

the potential presence of forced labour in parts of the
solar supply chain. That scrutiny has generated tangible
improvements — from enhanced auditing protocols to
more robust procurement standards and deeper supplier
engagement across the industry.

However, the landscape is considerably broader. Attention
has rightly expanded to battery energy storage systems

and the minerals that underpin them: lithium, cobalt,

nickel, graphite and rare earth elements. These materials
travel through global networks that long pre-date the
renewables industry and serve multiple high-demand sectors
simultaneously. The supply chain challenges associated with
these minerals are cross-industry in nature and cannot be
resolved by any single sector acting in isolation.

Since publication of many of the underlying studies,
geopolitical competition, export controls and industrial
policy interventions have further reinforced the importance
of supply chain diversification and supply chain transparency.
These developments have highlighted the strategic
significance of critical minerals beyond their role in the
energy transition alone.

The appropriate response is not to assign responsibility, but
to identify where influence is most material — and to deploy
it deliberately.

Whilst the renewable energy sector did not design
these global supply chains, its scale, long-term capital
allocation and evolving procurement practices position
it to contribute meaningfully to their improvement —
particularly by extending expectations beyond Tier 1
suppliers — those with a direct contractual relationship
with the buyer — and prioritising the minerals where
human rights and environmental risk is greatest.

A further dimension of concern is geographic
concentration. The average market share of the top three
refining nations for key energy minerals rose from 82% in
2020 to 86% in 2024, with approximately 90% of supply
growth emanating from a single dominant supplier in

each category — Indonesia for nickel, and China for cobalt,
graphite and rare earths.! This concentration increases the
sector’s vulnerability to supply disruption and reinforces
the urgency of diversification efforts.
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Figure 2: Critical mineral supply chains are highly concentrated geographically, particularly at refining and
processing stages

Mining of critical minerals is set to become more concentrated for copper, nickel and cobalt while more
diversified for lithium, graphite and rare earth elements”

Geographical distribution of mined or raw material production for key energy minerals in the base case
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Source: |EA Global Critical Minerals Outlook 2025. [EA. CC BY 4.0.!

It is important to note that only a subset of rare earth applications.! A precise understanding of which minerals
elements is critical to the energy transition — primarily are material, and where they originate, is the foundation of
those used in high-performance permanent magnets credible supply chain governance.

for wind turbines, electric vehicle motors and grid
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CASE STUDY 1 — SOLAR: A COMPLEX
CHAIN BEHIND A SIMPLE PRODUCT

A solar panel presents as a straightforward technological
product. Behind it lies a considerably more complex
manufacturing journey — from raw quartz through
metallurgical-grade silicon, polysilicon production, wafer
processing, cell manufacture and final module assembly —
each stage characterised by its own geography, supplier
base and transparency challenges.?

In a recent assessment conducted for a European solar
procurement, Tier 1 suppliers demonstrated strong
compliance, detailed audit trails and increasing alignment
with responsible sourcing stewardship initiatives. However,
several tiers upstream — particularly at the metallurgical-
silicon stage — suppliers had no established requirement

to track mine-level origin. This is not indicative of
malpractice. It reflects a broader structural reality: global
transparency norms are still developing in step with
global demand.

This challenge echoes what Siddharth Kara highlights in
his book Cobalt Red more broadly: “Most global supply
chains lose visibility long before the raw material reaches
the factory gate.”**

The solar supply chain was not designed with end-to-end
traceability in mind. Under sustained pressure from clean
energy buyers and evolving regulatory frameworks, that
is beginning to change. Visibility continues to diminish
further upstream, but the direction of travel is clear — and
the renewables sector is helping to accelerate it.

Figure 3: Solar PV manufacturing value chain
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CASE STUDY 2 — BATTERY STORAGE: THE
HUMAN REALITY BEHIND COBALT

Battery energy storage systems are central to a resilient
and flexible grid. Many rely on cobalt, a mineral sourced
predominantly from the Democratic Republic of Congo,
where artisanal mining is widespread and economic
vulnerability is acute.

Siddharth Kara’s Cobalt Red provides a detailed account
of conditions in the artisanal mining sector — children
carrying sacks of ore, miners working with basic hand
tools in open pits, and communities living in immediate
proximity to extraction sites. As Kara writes: “The world’s
renewable future depends on individuals whose names
we will never know, working in conditions we would
never accept.”*4

A 2025 University of Nottingham Rights Lab study
provides empirical context: 36% of artisanal cobalt miners
surveyed were found to be in forced-labour conditions, and
9% were children.’

These conditions are neither unique to the renewable
energy sector nor confined to it. Cobalt serves a global
range of industries — consumer electronics, electric
vehicles, aerospace and technology among them. However,
because battery storage depends on these minerals, the

sector has both a direct stake and a clear responsibility in
advocating for improved governance and more responsible
sourcing practices across the value chain.

Evolving Practice: BESS Manufacturer
Traceability and Asset Owner Visibility

In response to increasing scrutiny of battery supply chains,
a number of BESS manufacturers and system integrators
have begun to improve transparency and traceability
across battery components. In practice, this includes
component-level supply chain mapping, enhanced supplier
disclosure requirements and the deployment of digital
tracking systems that enable asset owners to trace key
materials upstream.

These measures do not eliminate upstream risk in complex
global mineral supply chains. However, they represent a
substantive governance improvement — moving beyond
high-level assurances towards structured accountability
and clearer oversight across the BESS value chain. For asset
owners, embedding explicit expectations on traceability
and responsible sourcing within competitive procurement
processes remains one of the most direct and impactful
levers available.
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CASE STUDY 3 — WIND: MYANMAR’S
RARE-EARTH EXPANSION AND THE
MAGNET SUPPLY CHAIN

Permanent magnets sit at the intersection of clean energy,
geopolitics and industrial policy — and represent one of
the more complex supply chain challenges currently facing
the wind sector.

Neodymium-iron-boron (NdFeB) magnets are essential
components of the direct-drive turbines deployed across
modern onshore and offshore wind projects. These magnets
depend on rare earth elements — principally neodymium
and dysprosium? — the refining of which remains highly
concentrated in China, which controls nearly 90% of global
rare earth processing capacity.® A growing proportion of
upstream ore now originates from northern Myanmar,
where informal extraction expanded rapidly after 2018.

Global Witness — in its May 2024 investigation, Fuelling

the future, poisoning the present: Myanmar’s rare earth
boom — documents extraction in Kachin State characterised
by unregulated chemical leaching, minimal environmental
oversight and limited visibility into labour conditions.6
Between 2021 and 2023, mining sites in the region increased
by more than 40%, with imports of heavy rare earth oxides
to China more than doubling to 41,700 tonnes — exceeding
China’s own domestic mining quota.6 The vast majority

of this extraction is explicitly illegal, operating without
regulatory frameworks in an active conflict zone.

As with cobalt and polysilicon, this is not a risk created
by the wind sector. However, because turbine magnets
depend on these materials, wind manufacturers and
developers are increasingly engaging in responsible
sourcing dialogue, participating in industry stewardship
frameworks and exploring alternative magnet chemistries
and recycling pathways.

The pattern across all three case studies is consistent: strong
transparency and compliance at Tier 1 — those suppliers

in direct contractual relationship with the buyer — with
visibility diminishing progressively further upstream,

and a clear opportunity for the sector to drive systemic
improvement beyond its direct footprint.

Closing the Historic Data Gap

A question frequently raised by investors and stakeholders
concerns the limited availability of upstream data —
particularly prior to 2020. The reasons are structural and
industry-wide rather than sector-specific.

Figure 4 — Rare earth elements (Nd Pr Dy Tb)

Wind energy relies on only 4 out of the 17 rare earth
elements. This subset faces rapidly growing demand
and highly concentrated supply.
Top three producers 2030 Mining

® China 51

Australia 13
Myanmar 11

Mining Refining Refining
® China 76
Malaysia 9
United States 7
Demand outlook (kt)
200
SMERS
APS
100
Other demand
Wind
0
2015 2024 2040

Source: IEA Global Critical Minerals Outlook 2025. IEA. CC BY 4.0.1

Upstream refiners and brokers operated without formal
disclosure requirements. Traceability systems were still
emerging and unevenly implemented across global supply
chains. Artisanal mining was often poorly documented, and
international due diligence expectations were only beginning
to scale. These were characteristics of the global system as a
whole — not failings unique to the renewable energy sector.

Acknowledging the boundaries of historical data is not a
sign of weakness. It reflects the transparency expected of

a credible and maturing industry — one that is clear-eyed
about where influence is indirect, where legacy data is
incomplete and where progress must be incremental rather
than immediate.

Since then, the landscape has improved materially.
Approximately 85% of the 25 major mining companies
disclosed performance across 10 key environmental

and social indicators in 2023, rising from 60% in 2020.1
Many solar and storage manufacturers now participate in
responsible sourcing programmes, and data quality across
critical mineral supply chains continues to advance. This
trajectory — measured, practical and sustained — is what
responsible industry evolution looks like.
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Our path forward — pragmatic, responsible, constructive

1. Build on strong foundations
The renewable energy sector already occupies a leading position globally on responsible sourcing.
The priority now is to extend that leadership upstream — expanding visibility beyond Tier 1 and
directing focus towards the highest-impact minerals. Recent geopolitical developments have further
underlined the value of resilient and diversified supply chains, making responsible sourcing not only
an ESG consideration but also a strategic business imperative. For asset owners such as Nuveen,
supply chain contracting and procurement processes represent a direct and underutilised lever for
raising ESG standards across the BESS value chain. Embedding clear expectations on traceability,
disclosure and responsible sourcing within competitive bidding and supplier selection processes
enables asset owners to drive greater accountability among battery providers.

2. Broaden the definition of community engagement
Many developers maintain strong community engagement practices around project sites. Extending
that approach to upstream communities — even where influence is indirect — is where supply chain
ESG integrity is most meaningfully tested and demonstrated.

3. Support and participate in credible industry initiatives
The Solar Stewardship Initiative (SSI),” Global Battery Alliance (GBA)® and Responsible Minerals
Initiative (RMI)° exist to harmonise expectations and create consistency across fragmented global
supply chains. Active participation in these frameworks is central to any credible claim of supply
chain leadership.

4. Integrate human rights due diligence into procurement
Robust due diligence requires clear supplier expectations, independent audit mechanisms,
corrective action frameworks and responsible exit pathways. These are the practical instruments of
accountability — ensuring that supply chain partners are held to consistent standards without
compromising delivery performance or commercial relationships.

5. Advocate for proportionate and effective regulation
Policy frameworks that protect workers whilst supporting renewable energy deployment create the
conditions for responsible companies to compete on a level basis. The sector has a material and
credible voice in shaping regulatory development — and a responsibility to use it constructively.
Notably, capital costs for projects in diversified regions are typically around 50% higher than for
incumbent producers,! reinforcing the case for well-designed public financing support and price
stabilisation mechanisms alongside regulatory advocacy.
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Conclusion

Strengthening supply chain transparency is not a
critique of the renewable energy sector — it is the
logical next stage in its evolution.

As deployment scales globally, there is a genuine
opportunity to establish a benchmark for ethical,
transparent and socially responsible supply chain
management. The standards set now will shape the

long-term credibility of the transition — for
investors, regulators and the communities whose
labour and resources make it possible.

In an era where energy security, industrial policy

and sustainability are increasingly inseparable,
leadership is not defined by the absence of complexity.
It is defined by transparency, rigorous collaboration
and a willingness to engage decisively where
influence is greatest.

For more information, please visit nuveen.com/cleanenergy.
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Endnotes

Sources

Risks and other important considerations This material is not intended to be a recommendation or
investment advice, does not constitute a solicitation to buy, sell or hold a security or investment
strategy and is not provided in a fiduciary capacity. The information provided does not take into
account the specific objectives or circumstances of any particular investor, or suggest any specific
course of action. Investment decisions should be made based on an investor’s objectives and
circumstances and in consultation with their financial advisors. Moreover, it neither constitutes an
offer to enter into an investment agreement with the recipient of this document nor an invitation to
respond to it by making an offer to enter into an investment agreement. Nothing set out in these
materials is or shall be relied upon as a promise or representation as to the past or future. This
material, along with any views and opinions expressed within, are presented for informational and
educational purposes only as of the date of production/writing and may change without notice at any
time based on numerous factors, such as changing market, economic or other conditions, legal and
regulatory developments, additional risks and uncertainties and may not come to pass. There is no

representation or warranty (express or implied) as to the current accuracy, reliability or completeness
of, nor liability for, decisions based on such information, and it should not be relied on as such.
Important information on risk Past performance is no guarantee of future results. All investments
carry a certain degree of risk, including the possible loss of principal, and there is no assurance
that an investment will provide positive performance over any period of time. Certain products
and services may not be available to all entities or persons. There is no guarantee that investment
objectives will be achieved. Investors should be aware that alternative investments are speculative,
subject to substantial risks including the risks associated with limited liquidity, the potential use of
leverage, potential short sales and concentrated investments and may involve complex tax structures
and investment strategies. Alternative investments may be illiquid, there may be no liquid secondary
market or ready purchasers for such securities, they may not be required to provide periodic pricing
or valuation information to investors, there may be delays in distributing tax information to investors,
they are not subject to the same regulatory requirements as other types of pooled investment
vehicles, and they may be subject to high fees and expenses, which will reduce profits. As an asset
class, real assets, such as Infrastructure, are less developed, more illiquid, and less transparent
compared to traditional asset classes. Real asset investments are subject to various risks generally
associated with the ownership of real estate-related assets and foreign investing, including but not
limited to, fluctuations in property values, higher expenses or lower income than expected, changes
in economic conditions, currency values, environmental problems and liability, the cost of and ability
to obtain insurance, and risks related to leasing of properties. Responsible investing incorporates
Environmental Social Governance (ESG) factors that may affect exposure to issuers, sectors,
industries, limiting the type and number of investment opportunities available, which could result
in excluding investments that perform well. ESG integration incorporates financially relevant ESG
factors into investment research in support of portfolio management for actively managed strategies.
Financial relevancy of ESG factors varies by asset class and investment strategy. Applicability of ESG
factors may differ across investment strategies. ESG factors are among many factors considered in
evaluating an investment decision, and unless otherwise stated in the relevant offering memorandum
or prospectus, do not alter the investment guidelines, strategy or objectives. This information does not
constitute investment research as defined under MiFID. Nuveen, LLC provides investment solutions
through its investment specialists. Nuveen Securities, LLC, member FINRA and SIPC. ©2025
Nuveen, LLC. All rights reserved.
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