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O
ne of the greatest challenges of this century is the 
reduction or elimination of worldwide greenhouse 
gas emissions, primarily by moving the global energy 
system from carbon-based fuels to low- or zero-
carbon systems. It will be a monumental undertaking, 
and yet the scope, difficulty, and complexity of decar-

bonizing the global energy supply have been widely, and repeatedly, 
underestimated. 

For instance, although the process of decarbonization has been explic-
itly underway for more than two decades, the world has been getting 
more, not less, dependent on fossil carbon every year. At present, it is 
impossible to identify the eventual composition of carbon-free energy 
supply: What shares of electric generation will come from wind, solar, 
and fission? How many vehicles will run on fuel cells or green ammonia 
rather than on batteries? The eventual costs of this global undertaking 
are impossible to estimate with satisfactory accuracy, but they will total 
many hundreds of trillions of dollars, implying the need to spend—every 
year, for decades to come—a significant share of the global economic 
product (now about $100 trillion) on the quest.

While the cost alone is daunting, recent years have seen a belated 
concern about another fundamental challenge: the enormous material 
needs required by decades of energy transition. Those needs will include 
replacing more than 4 TW of installed fossil-fueled electricity-generating 
capacity (now concentrated in large central stations) by non-carbon 
conversion by wind turbines, PV cells, or nuclear reactors; substituting 
1.4 billion combustion (gasoline and diesel) engines on the road by bat-
teries or by non-fossil fuels; finding new ways to smelt iron ores without 
one billion tons of coal-derived coke; replacing more than half a billion 
natural gas furnaces (in houses and in industrial and commercial estab-
lishments) by heat pumps or other sources of heat; and introducing new 

It’s a  
Material
 World
Plans for a massive buildout of new energy infrastructure run 
headlong into production constraints for concrete, copper, 
and other critical materials. Engineers must solve this problem 
before they can fully decarbonize the energy system. 
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non-carbon feedstocks to synthesize more than 400 million 
tons of plastics and nearly 200 million tons of ammonia.

The economic shift in recent decades from manufacturing 
to services might suggest this transition could be accom-
plished via dematerialized or even virtual means. For many 
people, downloaded digital files have replaced physical books, 
newspapers, and music recordings, and working from home 
substitutes for commuting to an office. But the energy systems 
that produce carbon emissions are inherently physical and 
must be replaced by other physical systems, which means the 
material constraints of building this new infrastructure cannot 
be ignored.

Mass Effect
So far, the greatest progress in relative decarbonization 

of the global energy supply has been overwhelmingly due 
to reducing carbon intensity of electricity generation. This 
shift has been driven by widespread installation of new wind 
turbines and photovoltaic cells and, as with most instances 

of early expansion, these conversions have seen high annual 
growth rates. Not surprisingly, all long-range forecasts of 
decarbonization trajectories foresee very large increases of 
renewable electricity capacities for decades to come. To cite 
a typical example, the latest forecast by Enerdata, an inde-
pendent research company that analyzes forecasts energy 
and climate developments, assumes that the global electricity 
consumption will reach about 52 PWh (or 52 million GWh) in 
2050—more than 90 percent above the 2022 total—and that 
renewables will supply 80 percent of that.

To put that number into perspective, in 2022 wind and PV 
generation contributed less than 15 percent of the world’s 
electricity supply. 

Wind may be considered a more attractive option for 
expansion than photovoltaics, given that wind has a capacity 
factor two to four times that of solar and installations costs 
per MW have been declining as typical sizes of wind turbines 
have been increasing. (The largest offshore units now in 
operation rate 14 MW and 16 MW.) If wind were to generate 
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two-thirds of the projected 
renewable electricity supply 
then even with high average 
capacity factor of 35 percent 
(thanks to massive offshore 
wind farms set in more 
windy environments) that 
would require about 9 TW 
of additional wind power 
—compared to 906 GW in 
2021, almost exactly an order 
of magnitude increase in 27 
years. 

Wind power projects 
require a variety of materials: 
concrete and reinforcing 
steel for the turbines’ mas-
sive foundations; tubular 
steel for their towers; epoxy 
resins lightened with balsa 
and carbon fibers for their 
three long blades; steel alloys, 
aluminum, and plastics for 
their aerodynamically shaped 
nacelles that house turbines’ 
mechanical and electrical 
components made largely 
of steel, copper, and alu-
minum, and two rare metals, 
neodymium and praseo-
dymium, for their permanent 
magnets. Specific material 
needs, measured in tons per 
MW of generating capacity, 
vary with turbine capacity 

(declining with size) and location (higher for massive offshore 
unit anchored in relatively deep water) but aggregate needs 
for typical units (including their concrete and reinforced steel 
foundations) are about 500 tons per MW. 

As expected, concrete dominates, accounting for about 70 
percent of the mass. Metals—dominated by unalloyed and 
alloyed steel, with lesser amounts of cast iron, aluminum, and 
copper—provide another 27 percent, while the rest is made up 
of polymers, balsa, and carbon fibers (to lighten the blades), 
ceramics, rare earths, electronics, and lubricants. This means 
that installing 9 TW of new wind capacities between 2023 
and 2050 would require more than 3 billion tons of concrete 
and 1.2 billion tons of metals (mostly steel): the former total 
is equal to about two-thirds of annual global production, the 
latter is almost exactly equal to annual output of primary 
(blast furnace) iron. 

These material requirements look particularly large when 
wind turbines are compared with gas turbines, now the most 
efficient, the most compact, and the most flexible machines for 

When New York State wanted to reduce the climate 
impact of its electric generation industry, it turned 
to a large, untapped resource: Offshore wind power. 

After all, the strong, steady winds just off the shore of Long 
Island could provide gigawatts of electricity, and that power 
could be brought directly to New York City. 

Recently, the wind power companies that purchased leases in 
waters near New York have been threatening to halt these proj-
ects due to materials and construction costs that are markedly 
higher than they were just a couple years ago.

“We are willing to walk away from projects if we do not 
see value creation that meets our criteria,” said Mads Nipper, 
Orsted’s chief executive, on an August call wih analysts reported 
by The New York Times.

The cost increases have been attributed to the impact of 
higher interest rates on financing capital-intensive projects, a 
rising demand for wind turbine parts, and bottlenecks due to the 
limited number of support vessels capable of erecting the large 
towers on the seabed. But shortages in raw materials have also 
played a part. According to an analysis by McKinsey and Com-
pany publish in February 2023, “Due to the combination of rising 
global demand for wind energy and pandemic-related supply 
issues, the prices of steel, copper, and aluminum have experi-
enced two- and threefold increases over the past few years…. 
Because price hedging in raw-materials purchasing is not a 
widespread practice, the wind industry has felt the squeeze.”

It’s a worldwide problem, but the effects are being seen at 
the local level. In New York State, the developers of four giant 
offshore wind farms plus dozens of other smaller groups sought 
subsidies from the state’s Public Service Commission; they were 
turned down. The wind developers suggested that as a result of 
not being able to defray the higher material costs, the projects 
may be delayed or even canceled. •

COSTS DEFLATING WIND
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A wind turbine tower under    
construction at the Riffgat 
offshore wind farm in the 
North Sea near Borkum, 

Germany. Installing 9 TW 
of new wind power would 

require some 4.5 billion tons 
of materials. Photo: David 

Hecker/Getty Images

Finished wind turbine blades await shipping outside a factory 
in Rostock, Germany. With worldwide demand for wind 
turbines soaring, manufacturers face bottlenecks. 
Photo: Getty
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electricity generation. Specifications by Siemens, the leading 
producer of gas turbines, show that a complete installation 
of machines in the 40 MW to 50 MW range—relatively small 
ones, as the largest units are more than ten times larger—
requires between 250,000 kg and 290,000 kg of material for 
the turbine itself plus the associated power generation and 
drive packages. That equals about 6 tons of material per MW, 
and even if we quintuple that rate to account for foundations, 
enclosing structure, connections to a pipeline and venting, the 
aggregate of some 30 tons per MW would be just 6 percent of 
a wind turbine’s material demand.

Copper and Lithium
Another intractable challenge to building out wind turbines 

as a decarbonization strategy is that in the foreseeable future, 
those massive new material needs for wind turbine 
installation would translate into temporarily higher demand 
for fossil energies. Today, in the early 2020s, we have no 
commercially available processes that would allow us to 
accomplish at large scales these necessary tasks: to smelt 
billions of tons of primary iron without coal-derived coke that 
reduces iron ores in blast furnaces; to produce billions of tons 
of concrete without burning any fossil fuels; to produce tens 
of millions of tons of rotor plastics without fossil fuel 
feedstocks; and to supply millions of tons of lubricants 
required for smooth turbine operation.

As a result, large-scale accelerated production and instal-
lation of wind turbines would bring a temporary increase in 
fossil fuel demand and in associated greenhouse gas emis-
sions amounting to about 7 grams of CO2 equivalent for every 
generated kWh. To be sure, this bump is only temporary as 
the paybacks for both the energy embedded in turbines and 
CO2 emissions attributed to their materials are, depending on 
turbine size and location, just six to 12 months: Afterward, and 
for the rest of their lifetimes, the machines are generators of 
carbon-free electricity. 

But wind generation is just a part of a larger material chal-
lenge associated with rapid decarbonization. Other demands 
are even more challenging because of the need for metallic 
ores that contain steadily lower concentrations of the needed 
elements.

Copper, indispensable for electric vehicles, is a prime 
example of these consequences. The average EV contains 
about 80 kg of it, compared to less than 15 kg in an internal 
combustion engine car. Replacing today’s 1.4 billion ICE 
vehicles by EVs would thus require more than 90 million tons 
of additional copper supply during the next 27 years. Copper 
extraction for all purposes was about 21 million tons in 2022. 

But this comparison hides the enormous displacement of 
waste solids and high energy expenditures associated with 
this demand. While hematite, the most common iron ore, has 
up to 60 percent iron and bauxite has 15 percent to 25 percent 
aluminum, the dominant copper ores exploited in the early 
2020s have only 0.6 percent of the metal, and further 
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With the growing emphasis on electric vehicles as a 
replacement to conventional cars and trucks, the 
supply of lithium—the major component of high-

capacity batteries—is critically important. While new mines are 
coming online and lithium production is set to triple this decade, 
that growth won’t keep pace with the estimated demand from the 
projected fleet of new EVs. In 2022, 14 percent of all new cars 
sold were EVs, up from less than 5 percent in 2020. 

“EVs are set to enter a new phase in which raw material and 
component supply come to the fore of policymaking as critical 
elements of the clean energy transition,” wrote Leonardo Paoli 
and Timur Gül of the International Energy Agency in a report 
published in 2022. “For the first time, supply-side bottlenecks are 
becoming a real challenge to the electrification of road transport 
and are adding to traditional demand side challenges.”

It’s not just lithium. In 2022, McKinsey and Company identified 
nickel as the critical metal most in danger of shortages, due to 
its use in industries beyond electric vehicles. While nickel and 
cobalt prices have come down from an early 2023 peak, they are 
still elevated. 

Battery supply issues are beginning to be felt by automakers. 
In August 2023, General Motors warned that it was going to 
miss production targets due to the inability to source advanced 
batteries. 

Some analysts have pointed to recycling as one way to stretch 
limited resources; very little lithium is recycled at present, and 
rates for copper, zinc, and cobalt are less than 50 percent. But 
recycling will have only a small effect when demand for critical 
minerals is growing so quickly. A September 2023 report from the 
Boston Consulting Group predicted, “There is likely to be another 
price spike in 5–10 years’ time due to a shortage of the raw mate-
rials needed in batteries.” Such an increase in prices may slow or 
even stop the transition to EVs. •

EV’s MATERIALS ROADBLOCK

Lithium battery packs make up an outsize portion of the 
cost of an electric vehicle. Shortages for critical minerals 
may hinder EV manufacturing. Photo: Getty
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quality decline is inevitable. This means that the extraction of 
additional 90 million tons of copper by 2050 would require 
drilling, blasting, removal, processing, and waste deposition 
amounting to about 15 billion tons of rock, a mass equivalent 
to the world’s annual extraction of all fossil fuels and of all 
metallic ores, combined.

Similarly, if we were to eliminate coke in primary iron 
smelting and natural gas from ammonia production processes, 
replacing both with green hydrogen generated using renew-
able electricity, just these two uses would require new elec-
trolytic processes capable of producing about 90 million tons 
of H2 a year. That would inevitably run into high supply risks 
concerning the availability of platinum, iridium, scandium, 
and yttrium catalyzers, and, of course, it would be predicated 
on assuring about 5 PWh of uninterrupted supply of green 
electricity (equivalent of nearly 20 percent of today’s total 
global generation).

Finally, the International Energy Agency expects that com-
pared to 2020, the expansion of EVs and battery storage could 
raise the demand for lithium by over 40 times, and those of 
graphite, cobalt, and nickel by up to 25 times by 2040.

Engineering Focus
The material challenges of the replacing fossil fuels by low- 

or zero-carbon energy conversions are not insurmountable 
but tackling them must begin by realizing that the absolute 
decarbonization of global energy supply is yet to begin: Fossil 
fuels still account for 82 percent of the world’s primary energy 
consumption. We are still in the earliest phase of the transition 
even as far as the decarbonization of electricity generation is 
concerned. 

Because we are at the beginning of what will prove to 
be a long process, annual installation rates of green energy 
conversions will have to increase substantially and must be 
sustained over the course of decades. Achieving such progress 
is fundamentally dependent on the multiplication of global 
supplies of a wide range of materials, minerals, and elements, 
ranging from heavy and common (steel and concrete) to 
common but highly energy intensive (copper, aluminum, and 
silicon) and to uncommon and strategically important (cobalt, 
rare earths). 

And even raising material production to such highs is 
no guarantee that green energy projects will receive them. 
Decarbonization is in inevitable competition with the 
material needs of other priorities, such as the need to fix 
aging infrastructures in affluent economies and to build badly 
needed new ones in low-income countries. 

Tackling these material challenges also require a focus 
from engineers to develop more efficient processes and new 
machines that require fewer or different materials. However, 
while good engineering can lessen the degree of the material 
constraints, they can’t erase them altogether. 

That last point is the most important one to remember. 
Some may think that we now live in a dematerialized era, 
where data is considered the new oil and AI is talked of as the 
new electricity. However, that would a profound categorical 
mistake: Matter always matters, never more so than when 
trying to make the modern world free of fossil carbon. ME
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A worker installs a battery pack for a Ford Focus on the 
assembly line at the Ford Motor Company’s Michigan 
Assembly Plant in Wayne, Mich. The International Energy 
Agency estimates the expansion of EVs and battery storage 
could raise the demand for lithium by over 40 times by 2040.  
Photo: Bill Pugliano/Getty Images
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