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EXECUTIVE SUMMARY

The production of industrial metals accounts for over
10% of global greenhouse gas emissions. Extensive
modeling of renewable energy installations at mine
sites, grounded in detailed case studies, shows that
mining operations could achieve 45% renewable
electricity while improving financial performance and
increasing market resilience.

A low-carbon future requires low-carbon minerals.
Copper, iron, lithium, cobalt, iridium, aluminum, nickel,
and zinc—these resources are the building blocks of

a sustainable and climate-stabilized world. Renewable
energy technologies, including solar panels, wind
turbines, and electric batteries, require these metals to
be available at low cost to compete with fossil-based
alternatives.! But to extract and refine these materials,
producers rely upon some of the world’s most energy-
intensive industrial processes.

Taken as a whole, the production of these minerals
accounts for over 10% of global greenhouse gas
emissions.? And in recent decades, the energy
intensity of producing critical metals such as copper
has multiplied several times over as the earth’s richest
geologic deposits become exhausted.® This trend will
continue into the 21st century as resources become
progressively scarcer. The future of the clean energy
transition depends in part upon how metals producers
can manage this emerging energy crisis.
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The mining industry took centuries to replace hand
power with horsepower and horsepower with fossil
fuels. The transition to a sustainable energy paradigm
will also take decades. But the threat of catastrophic
climate change requires that the mining industry act
swiftly. Capping global warming at a sustainable level
will require metals producers to achieve near net-zero
emissions by 2050. Decarbonizing the global mineral
value chain requires (1) innovating new production
techniques, (2) undertaking efficiency reforms,

(3) electrifying production, and (4) investing in
renewable energy to transform rock into metal using
21st-century metallurgical processes.

Rocky Mountain Institute (RMI) has undertaken an
analysis of how renewable energy technology can
yield high returns for miners at low risk for investors.
Drawing on over 50 individual technoeconomic
models anchored in real-world case examples, this
investigation suggests that many, if not most, of the
world’s mines could achieve 45% renewable electricity
while improving financial performance, increasing
resilience, and protecting the health of miners from
the toxins in fossil fuels.®* Undertaking this energy
transition is critical to ensuring that 21st-century mining
firms continue to provide value to shareholders and
generations of stakeholders.



INTRODUCTION

In the Paris Climate Agreement of 2015, the members
of the United Nations committed to limit global
warming to 1.5 degrees Celsius (°C) above pre-
industrial levels.® Meeting this target requires a
large-scale mobilization of political and economic
capital to accelerate the process of replacing dirty
energy infrastructure with low-carbon energy sources.
Although these new technologies will reduce demand
for fossil fuels, they require a rapid increase in the
production of the minerals that form the basic inputs
of a low-carbon society. According to a recent World
Bank publication, “the clean energy transition will be
significantly mineral intensive.”’

Consider copper. Humans have been smelting

and casting copper for thousands of years, taking
advantage of its relative abundance and malleability.®
But since electricity transformed modern life, copper
has been prized for its conductive properties. It is
the material building block of power grids, electrical
systems in buildings, and energy generators, both
clean and dirty.° For this reason alone, global copper
demand is forecast to increase rapidly, and no other
mineral could effectively take its place.

In the transition to a clean energy future, the world
will require as much copper in the next 25 years as
was produced in the last five millennia.’® To meet
this demand and cap global warming at 1.5°C, global
production of nearly every base metal (including
copper, aluminum, magnesium, nickel, and lead) is
expected to increase by 225%-250% in the next 30
years, according to the World Bank (see Exhibit 1
Historical and Projected Copper Production)." But as
demand accelerates,” the mining industry’s role in
climate change threatens to grow at an even faster
pace.” In 2012, the global metal sector consumed
52 exajoules (EJ) of energy,"* accounting for 10% of
global primary energy consumption. For reference,
global home electricity demand in the same year was
18.4 EJ."® As high-grade mineral deposits become
scarcer, the energy inputs to produce metals will

increase exponentially.’
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INTRODUCTION

EXHIBIT 1
Historical and Projected Copper Production

Historial and Projected Copper Production
in million tons

Historical Projected
-— —>
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Chile . FSU/Russia . Peru . Zambia

Source: Source: Northey et al. (2014)"”

Capping global warming at 1.5°C requires that global industry and its large energy footprint. This challenge
emissions reach net zero by 2050, according to the puts metals producers in a position in which they must
United Nations Intergovernmental Panel on Climate balance three priorities at once, each a challenge in
Change.”® A rapid and cost-effective clean energy its own right. In the next three decades, the sector

transition is particularly important for the mining
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INTRODUCTION

needs to (1) increase production of critical minerals,
(2) manage the costs of skyrocketing energy inputs,
and (3) decouple greenhouse gas emissions from
the explosive growth of (1) and (2). In other words,
mining companies must strive to increase their
material output while decreasing their carbon-based
energy inputs (see Exhibit 2: The Mining and Energy
Trilemma). Failing to meet either the first or second
criteria would significantly slow the clean energy
transition by constricting supply and increasing
costs of critical minerals. Failing to meet the third
goal threatens to undermine a low-carbon future by
creating a world where the adoption of renewable
technology incurs an enormous carbon debt—two
steps forward but one step back.

Copper serves as a flagship mineral to illustrate the
challenges and opportunities of decarbonizing the
mining sector, with findings that transfer across a wide
range of metals and processes. The first section of this
report focuses on copper to illustrate the need for a
new energy paradigm in the mining sector; the second
section details how mines can begin the process

of decoupling emissions from production growth

using readily-available technology; and the third
section of this report explores several case studies

to show how mines can produce or procure 45%
renewable electricity to increase profitability, decrease
operating expenses (OpEx), and protect the health of
employees, all while adding resilience to an industry
that is too frequently ignored in conversations about a
sustainable and climate-stabilized future.

EXHIBIT 2
The Mining and Energy Trilemma

The Mining and Energy Trilemma
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COPPER: A FLAGSHIP MINERAL

Copper is central to the global mining industry and
our modern world. The anticipation of rising copper
demand is shaping markets and driving investments,
even as the mineral becomes progressively scarcer
in the earth’s crust. In 2018, the world’s 40 largest
mining firms spent $30 billion to develop new copper
resources, more than any other mineral, including
coal (see Exhibit 3: Capital Expenditure (CapEx)

of Top 40 Mining Firms).”® In the same year, 23%

of revenue for the top 40 firms came from copper,
roughly equal to the revenue share from coal but far
ahead of all other minerals.?°

But unlike coal, copper is essential to a clean energy
future. Consider that a 3-megawatt (MW) wind turbine
requires 4.7 tons (9,400 pounds) of copper,?? or that
electric vehicles require three times more copper
than their fossil-based predecessors.?® Copper also
forms the foundation of more efficient 21st-century

INTRODUCTION

power grids, along with the wiring that electrifies
buildings that previously used fossil fuels for heating
and cooking. But growing demand—partly owing

to booming renewable energy development?*—is
leading to near-term market shortages. Independent
analyses from Citibank, Morgan Stanley, Goldman
Sachs, and DBS Bank predict a copper supply deficit
beginning sometime between 2019 and 2022,?° and
a report by Forbes from December 2018 revealed
that total global copper stockpiles could only meet 12
days of production. While these shortages are driving
increased recycling of scrap copper, only 17% of total
production is met using recycled material.?®

In light of future demand growth and present-day
supply shortages, copper is arguably the flagship
mineral of an industry in transition, where demand is
increasing rapidly, scarcity threatens supply, and a
renewable energy future depends upon minimizing the
economic and environmental costs of production.

EXHIBIT 3
CapEx of Top 40 Mining Firms

Capital expenditure by commodity: 2018 ($bn)
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1. RESOURCE SCARCITY
AND MODERN MINING

Once mined, minerals enter a global supply chain
where customers around the world shop for the
cheapest product available. In this business context,
transnational mining companies compete to exploit the
most economically efficient mineral deposits, where
the lowest mining cost yields the highest profits.
Because of this, mining firms pay close attention to
geology but are mostly unconcerned with geography.
Firms attempt to locate and develop sites with the
highest density of valuable minerals. For this reason,
mines are particularly concerned with ore grade, or
the ratio of desirable metal to undesirable rock in a
given area.

In the past century, high-grade ore deposits have
declined rapidly, forcing mining firms to find new ways
to exploit low-grade deposits (see Exhibit 4: Decline

in Ore Grades of Copper, Gold, Zinc, Uranium, Nickel,
Diamonds, and Silver). But to extract a given quantity
of a mineral from a lower-grade deposit, miners must
move more earth and process more ore, increasing the
energy intensity of production.

In the copper industry, ore grades have declined
rapidly over time. At the beginning of the 20th century,
mines in Australia and the US extracted ore containing
2%—4% copper.?’ Today, the global average grade of

EXHIBIT 4

DECLINE IN ORE GRADES OF COPPER, GOLD, ZINC AND NICKEL

40+
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mined copper ore is 0.62%, with US and Australian
averages at 0.34% and 0.63%, respectively.?® Many
mines are already producing metal from extremely
low-grade ore, such as the Aitik mine in Sweden,

with 0.21% copper by mass,?® where the economic
rationale for the copper extraction is driven by the
value of other minerals contained in the same ore.
The economic and environmental dynamics of copper
mining will be shaped by this scarcity as progressively
more capital and energy are required to produce the
same amount of copper.®®

Glossary of Mining Terms

Concentrate: The resulting material once ore has
undergone primary processing and waste removal.
Cradle-to-entry gate: The segment of the materials
value chain that begins with mining and ends when
a material arrives at the “factory gate.”

Extraction: The process of removing ore from the
earth (does not include processing).

Ore: Rock containing one or more economically
valuable minerals.

Ore grade: The amount of a given metal (by mass)
contained in an ore deposit.

Mining: See Extraction.

Primary processing: The initial processing that
produces smelter-ready concentrate from mined ore.
Refining: The final step(s) to producing market-ready
metal, usually following smelting.

Reserve: Economically viable minerals that have not
been extracted.

Smelting: Applying heat to processed ore or
concentrate to extract a metal.

Stripping ratio: The ratio of waste rock that must
be handled and removed to extract a given amount
of ore.

Waste: Undesirable rock that is removed during
the mining and primary processing phases of
mineral production.

RESOURCE SCARCITY AND MODERN MINING

THE ENERGY-SCARCITY NEXUS

As demand for critical minerals drives production—
and as production increases scarcity—a wide range

of industry experts have warned of the “increasing
ecological expenditure” (i.e. cost) of with future mineral
development.®? Alongside this ecological expenditure,
costly investments in new energy infrastructure
threaten the long-term viability of mine assets around
the world.

For many minerals, including copper, declining ore
grades will cause a ramp-up in energy demands that
will transform value chains, creating a major obstacle
to global decarbonization. These dynamics—and the
dangers of climate change—pose a challenge to the
strategic futures of mining firms themselves. In a 2018
speech, Simon Thompson, the chairman of Rio Tinto’s
board of directors, said that “perhaps the greatest
long-term threat to Rio Tinto is if business, investors,
consumers, and especially governments, collectively
fail to take action on climate change.”??

The nexus of resource scarcity and energy is rooted in
the processes that transform rock into usable material.
For copper, production occurs in four phases: mining,
processing, smelting, and refining." Mining usually
involves blasting or drilling to remove large amounts of
copper-bearing rock and waste. Processing involves
crushing and grinding this rock—usually bearing
0.4%—1.0% copper—into a fine dust, which is then
mixed with fluids and separated out to create copper
concentrate, a slush of roughly 30% copper content.
The concentrate is then smelted in furnaces that yield
copper anodes (positively charged electrodes) of

99% purity. Lastly, the electrolysis process passes an
electrical current through copper anodes suspended
in an ion bath, which refines the copper into copper
cathodes (negatively charged electrodes) of 99.99%
purity and shaped in standardized shapes and
weights, ready for use by industry.

"Recycled, or secondary, copper involves different processes. High-grade scrap can be re-melted without processing; lower-

grade scrap is smelted and refined.

LOW-CARBON METALS FOR A LOW-CARBON WORLD: A NEW ENERGY PARADIGM FOR MINES | 11



RESOURCE SCARCITY AND MODERN MINING

In the 20th century, mining operations spread their
energy inputs relatively equally between these four
stages. But as ore grade decreased, the amount

of energy required for mining and processing grew
rapidly (see Exhibit 5: Effect of Ore Grade on Stage-
by-Stage Energy Consumption). Meanwhile, the
energy inputs for smelting and refining remained fixed,
as these latter phases involve already-processed
copper concentrate.®

Energy inputs for mining have already risen substantially
in the 21st century, but are certain to climb in future
decades. The average copper ore grade is expected to
decline to 0.2%—0.4% by mid-century;3 extracting one
kilogram of copper concentrate from these resources
will likely require seven times more energy than
present-day operations.®

Beyond contributing to climate change, the growing
energy intensity of mining also poses a direct risk to

the health and safety of miners. After decades of effort
to ensure that mines are safe workplaces, fossil fuels
threaten to reverse some of these gains by exposing
miners to high quantities of airborne toxins. The primary
hazard is diesel, which fuels a majority of underground
mining equipment and produces carcinogenic fumes.
Exhaust becomes concentrated in underground mine
sites despite advanced ventilation systems. A 2017
study of more than 5,000 Western Australian miners
found that a lifetime career working in an underground
mine was associated with 38 additional lung cancer
deaths per 1,000 miners.*® For those miners working as
underground diesel loaders, the additional lung cancer
death rate was 79 deaths for every 1,000 miners,
meaning that one in thirteen career-long employees
die from lung cancer because of exposure to fossil
fuels in the equipment they use. As mines move more
earth to produce the same amount of metal, these
deaths could increase if the industry does not find
alternative ways to generate power.

EXHIBIT 5

Effect of Ore Grade on Copper Production Energy Intensity
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In sum, “business as usual” copper mining practices
are at odds with a sustainable future. Copper
production alone currently uses 0.3% of global energy
demand. But experts at the Yale School of Forestry
estimate that this figure could grow to 2.4% of global
energy by mid-century.®® Mines are already feeling the
pressure of these growing energy inputs. Aaron Puna,
the head of technical base metals at Anglo American,
told the Financial Times that, “Compared to 100 years
ago we are consuming . .. about ten times the energy
[as before]. We can’t continue in this vein. We have to
do something differently.™° A clean energy transition
requires that the mining sector respond to this crisis by
investing in cheap and renewable energy.

A NEW ENERGY PARADIGM FOR MINES
At a time when global manufacturers in most industries
are reducing their energy intensity, metals producers
are moving in the opposite direction. This will lead

to growing energy consumption in both absolute

and relative terms, implying that energy use will

rise disproportionally to meet growing demand and
increasing scarcity. Securing profitability, managing
costs, and facilitating a clean energy transition
requires that mines pursue a new energy paradigm.

In short, the mining sector must decouple production
and profitability from carbon-based fuel consumption,
growing the former whilst decreasing the latter.

The scale of this challenge is significant, but there

is every reason to believe that decoupling mineral
production is possible. One emerging trend is
particularly encouraging: the ratio of electric demand
relative to fuel energy is increasing. In other words,
the industry is becoming more electricity-driven and
less reliant upon carbon-based fuels. This transition
can be met with readily deployable and scalable
renewable technologies.

RESOURCE SCARCITY AND MODERN MINING
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2. A PATHWAY APPROACH FOR
DECARBONIZING MINE OPERATIONS

The prospect of rising energy costs places a particular
set of pressures on industries like copper. The price
of metals is volatile; during price drops, mines must
decide whether to produce at a potential loss or pause
operations until the market rebounds. OpEx inputs
such as energy determine how much “cushion” a
producer has during market downturns—if a mine can
maintain low OpEx, then it will fare better when prices
dip. By contrast, high OpEx becomes a major liability
for mine assets by reducing the clearance between
production costs and market price. Minimizing these
costs serves as an insurance policy, safeguarding
producers during market downturns and maximizing
returns. As energy inputs soar, the market may
become differentiated between those producers that
secure low-cost energy and those that do not.

According to the International Energy Agency, the cost
of fossil-based fuels is forecast to climb or, at best,
remain stable in the next three decades.* Meanwhile,
the cost of low-carbon technology is expected to

continue to fall. This trend has been particularly
pronounced for solar photovoltaic (PV) technology: the
levelized (i.e., lifetime average) costs of solar electricity
fell 88% from 2009-2018; a further 40% decline is
expected by 2030. The cost of wind energy fell by
69% over the same period.*

Solar and wind technology have now matched or
overtaken even the cheapest fossil-based power
plants in a wide range of resource geographies.
Whereas these technologies were previously cost-
competitive only with subsidies, they presently offer
the lowest-cost electricity of any energy technology
(see Exhibit 6: Levelized Cost of Energy Comparison).
Furthermore, renewable energy systems do not
introduce reliability risks to grid connected systems.

It seems increasingly likely that the future of the mining
industry will be driven by firms that are able to rapidly
adopt lower-cost renewable energy technology,
thereby gaining a competitive advantage over

EXHIBIT 6
LEVELIZED COST OF ELECTRICITY COMPARISON

Selected Historical Mean LCOE Values
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producers whose rising energy bills threaten their
near-term viability. Without cheap and clean energy,
some proportion of the world’s proven and probable
reserves will likely become “stranded assets” in the
decades to come.®®

THE RENEWABLE ENERGY VALUE
PROPOSITION

It is a common misconception that nonhydropower
renewable technologies are limited to small and
high-risk installations. However, large-scale, low-
carbon electricity grids are online and generating

in places where customers demand 100% reliability.
In the past two years, the state of South Australia—
more than twice the size of California—met 47% of its
electricity needs with wind and solar, serving 2 million
customers. On the other side of the planet, the US
states of lowa, Kansas, Oklahoma, and South Dakota

A PATHWAY APPROACH FOR DECARBONIZING MINE OPERATIONS

met over 30% of their total electricity demand with
wind power, serving 11 million Americans.*®

By comparison, integrating renewable energy into
mining operations is a much less complex undertaking
in terms of capacity and distribution needs. Mines

are highly centralized compared to utility districts,
requiring relatively little transmission infrastructure.
And with zero variable operating costs, high reliability,
and the capacity to generate energy after mine
closure, renewable energy technology offers mining
firms a value proposition that reduces risk, minimizes
costs, and decouples production from emissions.

RMI has studied how the cost of renewable energy fails
to fully capture its value.*® Often, the stated cost per
unit of electricity omits additional benefits and avoided
charges. In an analysis from 2018, RMI examined how

EXHIBIT 7
COSTS VERSUS VALUE OF DISTRIBUTION-SCALE SOLAR

Considering Value Changes the Outcome
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A PATHWAY APPROACH FOR DECARBONIZING MINE OPERATIONS

net present value (NPV) and internal rate of return (IRR),
rather than levelized cost of electricity (LCOE), provide
a more robust and accurate reflection of the renewable
energy value proposition (see Exhibit 7: Costs Versus
Value of Distribution-Scale Solar).

Our results found that the value proposition of
renewable energy far exceeds the “price parity”
suggested by cost for a large number of reasons.
Mines that invest heavily in renewable energy stand to
gain the following benefits:

e |mprove cash position in the face of market downturns
by minimizing per-unit cash costs

® Improve work conditions and employee health by
reducing toxic emissions

e Reduce risk profile by limiting exposure to increasing
fuel prices

e Gain political capital with governments seeking to
meet national climate goals as outlined in the Paris
Agreement or in regional renewable
portfolio standards

e Create energy infrastructure that will continue to
hold value beyond the expected mine lifetime and
generate revenue after mine closure

e |[mprove livelihoods in rural communities by
generating reliable and low-cost electricity while
reducing air pollution

® |ncrease resilience to carbon pricing or other
emissions-reduction policies

® Reduce transmission and generation costs

Many mining firms are already taking advantage
of these value propositions. Rio Tinto, the world’s
second-largest mining company by revenue, now
sources 71% of its electricity from renewables.

16 | ROCKY MOUNTAIN INSTITUTE

Since 2008, the firm has cut the emissions intensity

of its production by 29%, outperforming its own
emissions reduction target of 24%.¢ But Rio Tinto is an
exceptional outlier and likely the only major mining firm
to have initiated a portfolio-wide decoupling process.
Hardly any other firms exceed even 10% renewable
energy, according to a 2018 analysis by RMI.%° Rio
Tinto is positioning itself to benefit from an already-
strong value proposition, knowing that the return on its

investment will continue to grow.




At the asset level, large-scale decarbonization efforts
are already operating or commissioned at a few
pioneering mines around the world.

e The DeGrussa Copper-Gold Mine in Western
Australia, with an average energy demand of 11
MW, commissioned a 10.6 MW solar array with 4
MW of battery storage system, serving a majority of
daytime energy consumption.

¢ |n Ontario, Canada, the Borden Lake gold mine
will begin production in late 2019 using all-electric
machinery—no internal combustion engines will
operate belowground. Because 93% of Ontario’s
electricity is generated from low-carbon sources,*°
the Borden Lake project will become one of the
lowest-carbon mines in the world.*" The lack of fossil
fuels also decreases the need for mine ventilation
and provides a healthier environment for mine
employees. The mine will use 40 metric ton Sandvik
haul trucks solely powered by batteries to transport
ore and waste rock.

¢ |n June 2019, the Agnew Gold Mine announced
plans for a renewable microgrid in Western Australia,
costing AUD$111.6M (US$77.54M). Once completed
in 2020, 55%-60% of the mine’s energy will be
powered by a combination of solar, wind, and
storage, with a 16 MW natural gas station providing
the remainder of the mine’s electricity. In a press
release, the executive vice-president of the mine’s
parent company, Gold Fields Australia, said that the
“microgrid project reflects the company’s strategic
objective to strengthen energy security, optimize
energy costs, and reduce its carbon footprint.”?

The Zaldivar copper mine in Chile will operate
using 100% renewable electricity beginning in July
2020. Owned by Barrick Gold and Antofagasta,
the mine will rely on a mix of solar, wind, and
hydroelectric power.>®

A PATHWAY APPROACH FOR DECARBONIZING MINE OPERATIONS

While operations like these harness renewable
technology in service of long-term strategic goals,

the majority of the mining industry continues to

leave options on the table from an economic and
environmental standpoint. RMI’s Renewable Resources
at Mines tracker shows that most mine assets either
forego renewable energy entirely or opt for small-scale
installations that underdeliver on price and performance
by failing to capture economies of scale.>

BARRIERS TO RENEWABLE ENERGY
ADOPTION

The tendency of mining firms to leave options on
the table with respect to renewable technology
is a key obstacle to industry-wide progress. The
most important barriers that prevent mining firms
from adopting ambitious decarbonization plans
are (1) market failures, (2) structural barriers, (3)
organizational barriers, and (4) behavioral barriers
and information asymmetry.

Market failures may constitute the most significant
barrier to renewable energy adoption. Mines that

emit carbon dioxide and other airborne pollutants do
not bear the cost of these impacts upon livelihoods
and the environment. Jurisdictions that have adopted
carbon pricing are attempting to internalize these
costs to correct this market failure, but the prices
levied on emissions are usually too low to fully capture
economists’ best estimates of the damage they cause.

Structural barriers emerge when the nature of mining
technology or commodities markets complicates
renewable energy development. This is most apparent
when a mining firm opts to minimize near-term costs
by using fossil energy, rather than invest in renewable
technology that provides better returns over the
project lifetime. When relying on fossil energy, most
mines will source electricity from local utilities or

build diesel generators. These systems have high
variable costs but relatively low capital costs, whereas
renewable energy investments usually have payback
periods of 3—10 years.
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A PATHWAY APPROACH FOR DECARBONIZING MINE OPERATIONS

The high price tag of renewables is a significant
hurdle to their adoption. Producers look to shield
themselves against volatile commodities markets;
because firms cannot accurately predict future metals
prices, shareholders have an added incentive to
minimize return-on-investment periods. This short-
term bias makes the value proposition of renewables
less palatable. Fortunately, financing arrangements
or power purchase agreements (PPAs) can mitigate
the capital burden of renewable energy by recruiting
developers to shoulder the upfront costs of building
new infrastructure (see Financing Renewable
Infrastructure, below).

Another structural barrier to renewables integration
owes to the long life of existing assets on mine sites.
Firms may reject cost-saving measures that require
prematurely retiring fossil fuel-based machinery, even
if the value proposition of low-carbon technology
justifies the accelerated phase-out of existing assets.
This technical lock-in has dogged similar efforts to
decarbonize the maritime shipping industry and the
power generation sector, where cargo ships and coal
plants are expected to spend decades in service.®®
Firms with durable carbon-based assets will often
eschew renewable alternatives, even when the sum of
existing variable costs exceeds the net present costs
of a fossil-free replacement.

Organizational barriers also play a role in reducing
renewable energy uptake. While executives or board
members might appreciate the renewable energy
value proposition, operations personnel may be
skeptical of a change that they see as threatening a
short-term disruption in energy supply. This barrier
may restrict the ambition of executives to pursue
energy transitions. In addition, mines have developed
decades of expertise using diesel-powered machines
and grid-connected electrical systems. This creates a
bias toward those technologies that are most familiar
to employees and decision makers.
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Behavioral barriers can drive irrational decision-making
and lead to suboptimal outcomes. This is most apparent
when a mining firm chooses to reduce near-term costs
despite an alternative investment that provides better
returns over the project lifetime. Because renewable
energy involves high capital costs, many firms default to
using fossil-based energy. Most mines will source their
electricity from local utilities or build diesel generators
to begin operations while grid transmission lines are
installed. These systems have high operating costs

but relatively low up-front investments compared

with renewables. This short-term outlook—often
compounded by status quo bias—can lead to
economically irrational decision-making.

In response to this barrier, renewable energy financial
mechanisms have evolved to reduce these upfront
costs. Debt financing, for example, reduces the net
present costs of clean energy investment and corrects
this market failure. PPAs offer another common market
mechanism to limit CapEx in renewable energy
sourcing. In a PPA, a mining firm contracts renewable
energy from a developer and provider. This offers
certainty to the renewable energy developer that their
generated power will find a buyer while providing
mines with access to clean, low-cost power and a
predetermined price schedule.

Lastly, information asymmetry may delay renewable
energy adoption. Renewable technology is poorly
understood outside the energy industry; what’s more,
finding information and expertise on low-carbon power
generation requires time and resources. Some industry
actors may feel that renewable energy represents

a risky gamble on unproven technology. Known as
“sociotechnical lock-in” among renewable energy
specialists, this fear of lesser-known technologies
interferes with rational decision-making, often leading
to economically unfavorable outcomes. This is well
illustrated by the slow uptake of renewable energy by
mining firms despite the obvious value proposition.

A PATHWAY APPROACH FOR DECARBONIZING MINE OPERATIONS

In spite of these barriers, economic and environmental
pressures to decarbonize are growing. This is
particularly true of investors and bulk metal consumers
who are taking steps to align their portfolios with

a 1.5°C climate-stabilized future. For instance, the
capital- and energy-intensive maritime shipping
industry has begun to adopt emissions-based investor
protocols.®® Major consumers are also showing a
growing preference for sustainable minerals; Apple

is partnering with global aluminum giants Rio Tinto
and Alcoa to back the development of low-carbon
smelting technology.®” As consumer awareness
increases, certain firms have shown a willingness to
pay for sustainably produced metals as they reduce
the carbon intensity of their products. This transition
may soon split uniform commodity markets into low-
carbon metals and high-carbon metals, mirroring how
Fairtrade coffee and chocolate or Forest Stewardship
Council timber created separate markets for those
respective commodities.

The urgency of climate change and the opportunities
of clean energy should lead metals producers to take
swift action to overcome the inertia of carbon-based
energy inputs and reduce their greenhouse gas
emissions. In doing so, firms decrease risk, improve
market resilience, and align their operations with global
emissions targets and shifting consumer demand.
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3. AFIRST STEP TO DECARBONIZATION

While all mines are unique, advances in renewable
energy technology have made site-to-site variation
less important over time. RMI has designed a one-
size-fits-most approach to decarbonizing mines,
trialed across three continents with industry-standard
renewable energy modeling techniques.

The approach outlined here is a first step for industry
players. As such, it is tailored to incorporate only
readily available and low-risk technology. The model
used here also employs conservative cost estimates
for renewable energy. Despite this conservatism, it is
important to note that the cost of low-carbon energy
systems continues to fall, with new technologies like
storage and hydrogen becoming cost-competitive in a
greater range of applications (see Achieving Net-Zero
Emissions, below).

RMI modeled a decarbonization pathway for
twenty-five real-world mine sites from five mineral-
rich countries: Chile, Peru, the United States

(Arizona), Australia (Western Australia), and Mexico.
Cumulatively, these countries represent a majority of
global copper production. These sites were selected
in part for their abundant renewable energy resources,
and it is a fortunate coincidence of geography that
copper-rich regions tend to be located in low-latitudes
with plentiful sunshine.

Of course, not all mines can achieve outstanding
economic performance by decarbonizing their
electricity supply. But those mine assets without
access to cheap and clean energy will likely find
themselves at a competitive disadvantage in

the coming decades, as energy accounts for an
increasingly large share of per-unit production costs
for critical minerals like copper. In this new paradigm,
mines with access to cheap, clean, and abundant
energy will outperform those assets that continue to
rely on expensive and dirty energy.
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A “ONE SIZE FITS MOST” APPROACH

In each of the five countries examined, the average
mine was able to achieve greater than 45% electricity
decarbonization at a significantly lower cost than with
local grid energy, suggesting a useful benchmark for
the industry given current renewable energy prices.
The modeled pathway also met or exceeded industry-
standard key performance indicators, demonstrating
that investments in low-carbon technology provide the
same economic returns that mining firms expect for
any major business decision.

Methodology

The decarbonization model examined the net
present cost and internal rate of return of partially
decarbonizing a mine’s electricity supply. The
analysis used real-world mine sites but modeled a
generic, mid-size mine with an average electricity
demand of 50 MW. Technical modeling was
completed using HOMER (Hybrid Optimization of
Multiple Energy Resources) microgrid modeling
software, generating hundreds of thousands of
simulations across all scenarios. The cash flow of
each energy project was analyzed relative to a
counterfactual with 100% grid-supplied electricity.
Industrial energy rates were compared with CapEx
and OpEx for renewable technology deployment.
Each scenario incorporated NASA or National
Renewable Energy Laboratory solar irradiance
data for the particular geography. In all cases,

the modeled investment employed 50% debt
financing with 6% interest and a 7.5% discount rate.
Cases in the United States modeled a tax equity
investor at 40%, with an additional 10% in debt
financing. For all cases, the analyzed cash flows
represent pre-tax amounts and do not account
for local renewable incentives. The LCOE for the
modeled solar installations was conservative,
ranging from $35-$45 per megawatt-hour (MWh);
by comparison, a recent PPA in Los Angeles was
priced below $20 per MWh.> For more details,
see Methodology in the Appendix.

A FIRST STEP TO DECARBONIZATION

The success of our one-size-fits-most approach was
made possible by low-cost solar energy. By installing
large-scale solar arrays, most mines in sunny places
can easily meet 35% of total electricity demand at
price points that far outcompete grid electricity. But for
geographies with cheaper electricity or more limited
solar resources, electricity decarbonization of 45%
requires hybrid systems and a portfolio approach to
renewable energy procurement.

The decarbonization pathway that emerged from this
analysis resembles a prix fixe dinner menu, with a
set “main course” of large-scale solar and a “dessert
menu” of technology or policy options, any one of
which can carry a mine asset over the finish line to
reach 45% decarbonization.

The “dessert menu” includes the following options:

e Wind power (e.g., the 115 MW El Arrayan wind farm at
the Los Pelambres copper mine in Chile®®)

e Lithium-ion battery storage (e.g., the 13 MW/4 MWh
storage facility at the Agnew Gold Mine, Western
Australia®?)

® Pumped-hydro storage (e.g., the 250 MW project
currently under development at the Kanmantoo
copper mine in Adelaide Hills, South Australia®)

e Concentrated solar power (e.g., the US$2.3 billion
Cerro Dominador power plant in Chile, which
includes 110 MW of concentrated solar power
thermal storage®?)

e Excess generation buyback programs (e.g.,
common in utility districts across the world)

LOW-CARBON METALS FOR A LOW-CARBON WORLD: A NEW ENERGY PARADIGM FOR MINES | 21



A FIRST STEP TO DECARBONIZATION

Matched with an appropriate geography and paired
with solar, these systems achieve deep emissions

cuts that provide long-term strategic advantages to
mines. RMI conducted a standardized to test how one
of these “dessert” options influenced the economics of
deep decarbonization (see Exhibit 8: Decarbonization
of Solar Only vs. Portfolio Sites).

The analysis showed that solar energy without
optimization supplied 37% or more of the electricity
demand for a majority of modeled mine sites while
yielding strong financial returns. But with the addition
of other renewable technologies or a utility buyback
program at two-thirds of the electricity rate, renewable
electricity supply increased to 45% or more. On
average, this further increase in decarbonization
maintained a constant IRR, while increasing NPV by
21.5% and reducing the payback period to 6 years.
These figures identify missed opportunities across
the mining industry and options left on the table

by investors. Many of the mines operating in the
assessed regions are declining to capitalize on
strategic investments worth tens of millions of US
dollars in NPV. The consequences of this inaction
are reduced profitability and resilience, and a more
dangerous climatic future.

GROUNDING THE ANALYSIS

The analysis from these five countries relies on
generic inputs, including conservative, geographically
agnostic solar pricing, and publicly available energy
data. To validate these findings, the model’s solar-
only results were compared with the outcomes of
in-depth studies that RMI has performed with industry
partners in four of the five countries examined above.
In each of these cases, RMI assessed the renewable
energy potential for a mine site using specific inputs,
such as actual electrical load profiles, local taxes

and incentives, interconnection costs, and available
land for installing new energy infrastructure. Using

EXHIBIT 8
Decarbonization of Solar Only vs. Portfolio Sites

Decarbonization of Solar Only vs. Portfolio Sites
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A FIRST STEP TO DECARBONIZATION

site-specific data and bullish cost trends in solar
markets, the built cost of systems that RMI modeled
return lower LCOE values than those modeled in this
report. But they also use lower electricity prices, as
industrial power customers often receive electricity

at discounted rates that are not publicly available.
These discrepancies between in-depth case studies
and the generic model effectively balance each other,
such that the difference between LCOE and electricity
prices are roughly consistent across both datasets.
The figure below illustrates how, despite these
differences, the site-specific analyses yield similar
returns to the generalized model.

EXHIBIT 9
Comparison Between LOCE and Grid Price

High Overestimate

(public) Value
Similar
,8 Returns
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Low High
(site specific) (site agnostic)

Levelized Cost of Electricity (LCOE)

Source: RMI Analysis
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A FIRST STEP TO DECARBONIZATION

To further validate the model above, the renewable
energy systems modeled in RMI studies were
increased in size, holding all other variables constant,
until the percentage of electric load met matched

the level of electricity decarbonization analyzed
above. In this validation step, the IRRs were compared
between high-level modeled results and detailed RMI
pre-screening studies. The results of this validation
are presented in Exhibit 10: Validation of Renewable
Electricity Model.

In almost all cases, the results of the model converge
with the in-depth case studies undertaken by RMI using
detailed site-specific information. The lower returns

in Peru and Chile are explained by a greater price

difference between the cost of solar electricity and

grid power, as real-world industrial customers receive
significant discounts on wholesale electricity purchases.
Despite these differences, the results are within five
percentage points and all cases clear a hurdle rate of
10% IRR. The consistency of these datasets adds further
confirmatory evidence that the publicly available data
employed in the general model returns representative
real-world results at industrial sites.

Taken as a whole, this analysis suggests that 45%
decarbonization is an appropriate benchmark in a
wide range of geographies for most mining firms to
align their business goals with the global effort to halt
climate change and protect the health of communities.

EXHIBIT 10
Validation of Renewable Electricity Model

Comparison of Solar-Only Models
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BEYOND NPV AND IRR

Mining companies operate in a complex economic
ecosystem. Key performance indicators such as NPV
and IRR rarely provide a comprehensive overview of
the impact of investment decisions. To justify the large
capital costs of renewable energy, the low-carbon
value proposition must also make sense in the broader
macroeconomic landscape of metals production. RMI’s
research and real-world experience demonstrate

that renewables integration on mine sites performs
well across traditional key performance indicators,

but renewable energy confers numerous benefits

that traditional metrics fail to capture. Most notably,
renewable energy in mining (1) reduces operational
costs per unit of production, (2) increases mine
resilience to market swings, (3) limits exposure to
fluctuating fuel prices and carbon taxes, and (4)
generates an asset that retains value in the event of
mine closure. These four benefits are detailed below.

1. Traditional energy infrastructure requires continued
payments of electricity and fuel bills—an expensive
variable operating cost. Renewable infrastructure, by
contrast, has much lower (or zero) variable operating
costs without compromising on power reliability (for
grid-connected systems). Maintenance expenses
are also small: annual operation and maintenance
(O&M) costs for wind turbines are fewer than 3% of
purchase and installation costs.®® For solar, the same
O&M costs are less than 1% of CapEx.®* These low
variable expenses significantly reduce the cash cost
per unit of metal produced.

2.Low variable costs also add to mine resilience during
commodity market downturns, cushioning marginal
investments. When metal prices fall, producers with
low energy costs will produce below market price,
while mines with high energy costs may fail to do
the same. This added resilience safeguards assets’
profitability and protects employees’ livelihoods
during short-term economic turmoil.

A FIRST STEP TO DECARBONIZATION

3.Critically, renewable energy also safeguards against
another volatile commodity market: fossil fuels. While
carbon-based energy prices are difficult to predict,
the cost of renewable energy is certain across a
project’s lifetime. This reliability becomes especially
valuable as an increasing number of jurisdictions
adopt carbon taxes and cap-and-trade programs,
adding a political dimension to an already unstable
market.®® The certainty of low-cost renewable
electricity provides mine managers and investors
the ability to improve forecasts and insulate assets
against spikes in fossil energy prices.

4.Lastly, renewable energy installations are durable
investments that bear value irrespective of mine
operations. With the option to sell energy to local
utilities, renewable infrastructure offers mines a
guaranteed cash flow even during mine closure.
This value proposition has led several large mining
firms to partner with RMI to explore renewable
energy systems on legacy mine sites that power
nearby communities.®®

Taken together, these factors do more than just
provide value: they limit risk in an unpredictable
global economy. As long-lived investments,
resilient mines must be able to cope with fair and
foul economic weather. Renewable energy offers

a portfolio of economic, environmental, and social
advantages to keep mines online and profitable far
into the 21st century.

FINANCING RENEWABLE
INFRASTRUCTURE

The high capital costs of low-carbon energy pose the
greatest barrier to renewables integration in metals
production. Even when low-carbon energy undercuts
the net present cost of fossil alternatives, the high
price tag can cause sticker shock among risk-averse
managers. Fortunately, a wide variety of financing
instruments allows firms to benefit from renewable
energy while outsourcing the capital required to a
third-party investor.
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A FIRST STEP TO DECARBONIZATION

The most common mechanism for installing renewable
energy while avoiding the upfront costs comes in

the form of PPAs. In a PPA, a large energy consumer
contracts with a renewable energy developer and
equity sponsor. This offsets the capital costs of
renewable energy and provides a ready source of
expertise to design and build a clean energy system.
The parties to these agreements settle upon a fixed
electricity price for the duration of the contract (usually
10-25 years), and the developer will rally the capital
and expertise to build the infrastructure. This locks

in a long-term energy price for the consumer while
providing a guarantee for the developer that their low-
carbon electricity will have a buyer.

These agreements work exceptionally well for some
firms. Google has operated its offices and data centers
with 100% renewable energy since 2017 (without the
use of offsets). The tech giant entered into its first

PPA in 2010 with a 114 MW wind farm in lowa; today,

it has 26 PPAs across four continents.®” In sum, these
agreements provide Google with nearly 3,000 MW of
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renewable capacity—equivalent to removing 1.3 million
cars from the road each year.®®

The same model has been used at mine sites and
processing facilities around the world by firms that

see value in de-risking their energy supply by locking
in a price. In 2014, the Los Pelambres copper mine in
Chile signed a PPA for a 104 MW solar plant.®® And in
2016, the Pefioles zinc refinery in Northern Mexico
signed a PPA for a 120 MW wind farm.”® More recently,
in June 2019, the Western Australian Agnew Gold
Mine announced a PPA for a 4 MW solar array, an 18
MW wind farm, and a 13 MW/4 MWh battery storage
system.”' Part of the attraction of PPAs is their “turnkey”
nature: they require no upskilling, no debt, and no
added operational effort. In addition, PPAs can be
located onsite or offsite, effectively resolving any issue
of mines with land that is poorly suited to renewable
energy (e.g., mountain terrain). In sum, PPAs allow
mines to source renewable energy without getting into
the renewable energy business.

An alternative to PPAs is direct ownership models.
These usually involve debt or equity financing, and in
some jurisdictions may allow for a tax equity investor.
Direct ownership allows the mine to fully capture an
energy asset’s value by placing that infrastructure on

a firm’s balance sheet. Furthermore, directly owned
assets have minimal OpEx. This model is best suited to
mines with ready access to capital and an anticipated
life of mine in excess of 10 years. By frontloading the
cost burden (and the associated risk), mines are able to
maximize return on their investment. Importantly, direct
ownership also significantly improves a mine’s cash
position during a market downturn by reducing OpEx
in the form of utility bills.

While the technoeconomic model presented here
looks at direct ownership, the same principles apply to
third-party or joint ownership, albeit with slightly lower
returns. Thankfully, renewable energy developers
have incentives that align with their energy buyers: to
generate renewable electricity at below-grid prices.



ACHIEVING NET-ZERO EMISSIONS

The pathway to 45% electricity decarbonization is
technologically achievable and financially attractive.
But 45% low-carbon electricity is a waypoint rather
than a destination. For most copper mines (and other
metals producers), the pathway above will only reduce
emissions intensity by 20%—30%. If major emitters of
greenhouse gases declare “mission accomplished”

at this point, they leave the world on a dangerous
trajectory to exceed 1.5°C warming. At this threshold,
scientists predict that the consequences of climate
change could become catastrophic for human societies
and the environmental systems that sustain our food,
water, and biosphere. For this reason, industry actors
must view a 45% pathway as necessary but ultimately
insufficient for creating a climate-stabilized future.

The coming decades will require continued pressure
to advance a new energy paradigm and ensure the
sustainability of the metals sector.

The technologies that will enable 100% carbon-
neutral mines are rapidly emerging. New innovations
in renewable energy, electrification, productivity
reforms, and metallurgical processes will pave the
way toward total decarbonization of the mining
sector. Many of these technologies are already in
service in pioneering commercial operations or under
development by researchers:

1. Emerging renewable energy technologies will
offer opportunities for decarbonization of metals
production. Hydrogen fuels offer an especially
promising solution for storing energy and powering
vehicles. For instance, the Glencore-owned Raglan
nickel and copper mine, located at the extreme limit
of Northern Québec, uses an Arctic-rated 3 MW
wind turbine to power a hydrogen electrolyser.”?
The hydrogen, produced on-site with 100%
clean electricity, powers the mine using fuel-cell
technology that emits only water vapor and heat.
The mining firm Anglo American has announced
plans to produce a 300-ton hydrogen-powered haul
truck by 2020.73

A FIRST STEP TO DECARBONIZATION

Advances in battery technology will also reduce

the costs of energy storage and allow greater
integration of intermittent renewable energy.
Bloomberg New Energy Finance predicts that the
cost of lithium-ion batteries will halve by 2030,
following an 85% per kilowatt-hour cost reduction
from 2010-2018.7* These advances will allow mines
to harness carbon-free electricity even when the sun
is low and winds are calm.

In addition, modular and movable solar technologies
are reducing the risk profile of low-carbon energy
infrastructure. Cambridge Energy Partners, for
instance, offers re-deployable solar systems. In 2018,
Newmont Goldcorp installed a 120 kilowatt mobile
solar array on a Ghanaian gold mine—the mine has
a 10-year expected life, but the renewable energy
system is rated for 25 years.”® The solar array is
producing electricity at 50% below grid prices and
can be transported to another Newmont asset in

the future, preserving the asset value and hedging
against an early mine closure.

2.Increasing electrification of haul trucks, drill rigs, and

processing machines will continue to reduce metals
producers’ dependence upon fossil fuels. As power
grids around the world decarbonize their generation
infrastructure, electrification alone can become an
effective way to achieve deep decarbonization.
Electric trucks and drill rigs are already being
produced by Sandvik and Epiroc AB and deployed

at full-scale, such as at the Borden Lake gold mine in
Ontario.”® The Finnish equipment manufacturer Metso
also manufactures a mobile crushing plant with a fully
electric drive. As vehicles and processing equipment
become electrified, the opportunities to integrate
renewable electricity increase as well.

3.Energy productivity reforms that allow mines to do

more work with less energy are also mitigating the
carbon footprint of metals. For instance, unmanned
aerial vehicles are used by Freeport-McMoRan to
collect regular topographic data on a mine in the
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Democratic Republic of Congo, allowing for more
efficient movement of material.”” The hauling giant
Caterpillar has developed fully autonomous vehicle
fleets at mine sites in Western Australia. One such
mine has reported a 20% productivity increase due to
the automated hauling system.”®

In-pit crushing and conveying is another example

of efficiency reforms, in which mined ore is crushed
underground or at the bottom of a surface mine and
conveyed upwards only after the primary crushing
process is complete. The conveyance systems then
use high-efficiency electric belts to transport the
ore for later-stage processing. The in-pit crusher at
the Oyu Tolgoi copper and gold mine in Mongolia
processes 95,000 tons of ore per day. The ore is then
loaded onto a 10-kilometer-long electric conveyer
system.”® These processes eliminate the need for
diesel haulers to shuttle back and forth between the
mine pit and a crushing plant, where each trip with

a full load of ore requires a return trip with an empty
vehicle.

4.New metallurgical processes will also reduce
the energy intensity of metal production.®® These
technologies vary widely in both inputs and
readiness. But they all tend to share a common
theme by requiring less energy to turn rock into
usable metal. Biomining, for instance, uses naturally
occurring bacteria to dissolve or oxidize valuable
ore. Itis used widely at commercial scale to produce
copper, gold, and nickel from low-grade ore bodies,
where sulfide ores make a welcome meal for certain
bacteria.®” And new innovations on producing steel
with hydrogen could reshape the carbon footprint of
this essential metal.

These innovations facilitate the production of zero-
carbon minerals while safeguarding the health of
miners and ensuring the stability of the earth’s
climate. As these technologies mature, they will
become cost-effective stepping stones on the way to
full decarbonization.
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CONCLUSION

A prosperous and climate-stabilized world needs
critical minerals to facilitate a clean energy transition.
But providing these resources requires low-carbon
energy to be available at low cost. By relying on
proven technology, firms stand to benefit from a
“close follower” advantage that improves financial and
environmental performance. With lower per-unit cash
costs and increased resiliency, companies such as Rio
Tinto and BHP are already harnessing the synergies
between sustainability and fiduciary responsibility.

In addition to this economic value proposition,

these companies stand to gain political capital and
reputational value with investors, consumers, political
actors, employees, and local communities.

Firms that continue to leave options on the table

risk letting opportunity costs balloon, placing mines
in a precarious position amid soaring energy inputs
and unpredictable commodities markets. “Business-
as-usual” practices are already environmentally
unsustainable, and their economic viability may prove
to be similarly short-lived.

The critical demand for minerals such as copper
highlights the dependency of global welfare upon

the long-term success of mining companies. The
pathway toward deep decarbonization must become
an industry standard—a reliable supply of these metals
and materials is necessary to secure a low-carbon and
prosperous future.
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APPENDIX: METHODOLOGY

The 25 mine sites modeled renewable electricity
supply for a generic mine—an “average” mid-size
copper operation." The energy profile of each mine
was based on an average load of 50 MW. The
modeled load increased by 10% from 6:00 a.m. to
6:00 p.m. and decreased by 10% overnight. We also
modeled hour-to-hour and day-to-day variability

of 10%, which brought our analysis in line with the
fluctuating energy demand of real-world mines.

Grid and fuel prices were regionally adjusted and
accounted for time-of-use tariffs in Arizona. Power
prices in Western Australia were sourced from Horizon
Power. Prices for Peru were sourced from Enerdata.
Prices for Mexico and Chile were sourced from the
International Energy Agency of the Organisation for
Economic Co-operation and Development.

Our technoeconomic analyses were designed to meet
the following key performance indicators:

® |[RR of at least 10%

® Payback period of fewer than 10 years
e Assumed discount rate of 7.5%

e Debt financing with 6% interest rates

Our models were built using HOMER Pro software,
an industry-standard tool that was first developed
at the United States’ National Renewable Energy
Laboratory. The technical models produced by
HOMER were further processed using the RMI
industry financial models.

"We assumed a sulfide ore operation with on-site processing into copper concentrate. For the purposes of our analysis, we did
not find a need to distinguish between mine type or extraction process.
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