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U.S. steelmaking is the smallest contributor
of CO2 emissions per ton of steel produced
in the world, doing its part to prevent
climate change and global warming. This
results from a combination of economic,
financial and technological factors that
have contributed to make U.S. steelmaking a
benchmark for green steel production. This
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paper utilizes scientific data to illustrate
the current situation, the technologies that
serve as the basis for such results and the
future challenges that will keep the industry
on target as an example for the rest of the
world.

Measures of carbon dioxide in the air reveal that
CO2 concentration has reached a level never seen in
800,000 years, creating an imbalance of the natural
carbon cycle on earth. The consequences of this
imbalance on the planet’s average temperature and
ocean waters’ acidity have begun to affect human life,
and in the future may influence geopolitical balance
and the world economy. People all over the world are
demanding that institutions establish policies that
ensure industrial and economic sectors do their part
in reducing carbon emissions.
The iron and steel industry accounts for about
7% of all anthropogenic CO2 emissions — a sizable
amount, particularly if we consider that these emissions result primarily from the integrated steel route,
which depends heavily on coal. Seven geographical
areas — China, EU-28, North America, Japan, Russia
and Ukraine, Korea, and India — produce about 90%
of all the steel in the world, with China being the
largest. North America is the smallest contributor of
CO2 per ton of steel produced, thanks to the predominance of the electric steel route in its steelmaking
sector. The other political subjects have announced
plans and signed protocols to decarbonize their
national steel industries, but these measures appear
to be merely palliative and not sufficient to create the
stated impact.
Effective CO2 emission reduction requires a steelmaking paradigm shift, which would quickly transition to a steelmaking industry based on primarily
low-carbon or carbon-free electricity. Modern processes such hydrogen-based iron reduction will help.
Actually, the technology required to achieve this target not only already exists, but has also been proven
successful on a large industrial scale. There exists
little doubt that the steelmaking companies of the
aforementioned areas cannot make the shift on their
own and will require support from their governments
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and international institutions, but hesitation to follow
this path may be interpreted as unwillingness to effectively contribute to international environmental goals.
The introduction of a “carbon tag” — the calculated amount of CO2 needed to produce and transport a ton of steel — could help people understand
which countries really contribute to containing emissions. The carbon tag could become a helpful tool
to develop new trade regulations. The immediate
consequence is that it would inevitably promote the
concept of local circular economy in the steel sector,
something that the U.S. has practiced for decades.

INTRODUCTION

• Why is the U.S. the most sustainable place on
earth to produce steel?
• What are the main challenges in keeping the
industry on this path?
• Is it reasonable to establish a carbon tag for
improving trade policies?

THE INCREASE OF CARBON
DIOXIDE IN THE AIR AND ITS
CONSEQUENCES
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Why Carbon Dioxide Matters — The theory of
man’s responsibility for earth’s changing conditions
can be simplified to two steps: (i) human burning
of fossil fuel causes CO2 concentrations to rise; and
(ii) rising CO2 causes the increase of average global
temperatures through the greenhouse effect and the
acidity of the oceans. CO2 concentration in the air
has been stable, between 180 ppm and 280 ppm, for
as long as measures go back in time, and throughout
eight glaciation cycles, atmospheric carbon dioxide
was never higher than 300 ppm.1 In his powerful
book,2 first published in England in 2009, Sir David
MacKay — then chief scientific adviser to the U.K.
Department of Energy — showed a detailed trend of
carbon dioxide concentration for the last 1,100 years,
measured up to 1977 from air trapped in ice cores and
from 1958 onwards directly in Hawaii. Fig. 1 shows
that something happened around 1769, when James
Watt patented the first efficient steam engine, the
milestone that marks the beginning of the Industrial
Revolution: CO2 concentration spikes as never before
in 800,000 years. It should be noted that from 1769 to
2006, world coal production increased 800-fold, and
all of that carbon did burn. The burning of fossil fuels
sent into the atmosphere about 26 gigatons of CO2,
and that is the principal reason why concentrations
have gone up.
It is true that the biosphere and oceans naturally
send into the atmosphere 440 and 330 gigatons of
CO2, respectively, but this flow is balanced with a
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The following paper avoids the use of words and
expressions such as climate change, global warming,
environmental impact, carbon footprint, green economy or tariffs. Instead, a clear, simple and straightforward language has been preferred in order to maintain distance from the rhetoric of social networks and
other media: those expressions have indeed become
very popular; have been used as slogans in rallies
and at demonstrations; and have been employed as
keywords in institutional speeches, public addresses
and academic lectures — yet they have been abused
in such a way that they have now lost the univocal connotation they used to have, becoming the preferred
phrases of propaganda, for and against.
This is not a scientific paper, nor does it pretend
to provide technical demonstrations or any kind of
guideline for policymakers. Yet it maintains a rigorous
approach to data — all from verified sources — and
it correlates such data to show how much reality differs from public perception, in particular for the steel
industry, and, more specifically, for North America.
For the sake of clarity, in this paper North America
is intended as the contiguous geographical territories of the U.S., Mexico and Canada; tons are always
intended to be metric tons; and the currency symbol
$ stands for the U.S. dollar.
Both in the U.S. and abroad, the mainstream narrative says that U.S. citizens, unlike those from other
countries, don’t seem to care much about the earth’s
environment. That may be true in part, but whether
people’s concern for certain environmental topics
— like the increase of carbon dioxide concentration
in the atmosphere and the consequent rise of the
planet’s average temperature — is high or low doesn’t
change an important fact: the U.S. steelmaking industry is the smallest contributor of CO2 emissions per
ton of steel of all the major geographical regions of
the world that, combined, produce almost 90% of the
entire global steel production. This is, therefore, an
industry that is doing its part, and, in fact, has been

doing its part for years to minimize those carbon
emissions.
Such minimizing isn’t something that happened
from one day to the next, but rather it is the result of
a combination of economic, financial and technological factors that contributed to making U.S. steelmaking a benchmark for all other countries, most of which
are straining to reduce pollution. Despite the cyclical
nature of our industry, those factors are still in place
today, and so it is possible to foresee that sustainability
in steelmaking will continue to characterize this part
of the world for a long time to come.
In the pages that follow, we answer a few simple
questions:
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correspondent absorption of that gas by the earth.
These natural flows in and out of the atmosphere
have been almost exactly in balance for millennia:
terrestrial ecosystems play an additional role in the
global carbon cycle, offsetting large fractions of the
anthropogenic CO2 emissions, 5 but unfortunately
can’t compensate for it all, or at least not anymore.
The proof is the measure of CO2 concentration in
the air, which rose to 407.4 ppm in 2018, the highest value in the modern atmospheric measurement
record.6 There is indeed very little that can be said
against the evidence: it has been the human burning
of carbon that has increased CO2 ppm concentration
in the air. NASA has calculated that, so far, the plants
and the ocean have taken up about 55% of the extra
carbon put into the atmosphere, while the rest has
stayed in the air. With time, the land and the oceans
will uptake even more CO2, but as much as 20% of
the anthropogenic emissions will remain in the air for
thousands of years.7
These changes in the carbon cycle impact each
reservoir, as shown in the infographics of the Global

(a)

Carbon Project, based on the special report “SR15,”
published by the Intergovernmental Panel on Climate
Change (IPCC) on 8 October 2018 in Incheon, South
Korea, and prepared by 91 authors from 40 countries
using more than 6,000 scientific references.
Effects of Carbon Dioxide Concentration Increase
— Science tells us that excess carbon in the atmosphere
leads to an increase of temperature on the planet —
the greenhouse effect — but the mechanism doesn’t
involve just the air: oceans soak up heat and release it
afterwards, so that it takes years for the CO2 concentration increase to produce its effects. July 2019 was
the warmest month ever recorded on Earth according
to NASA data,8 and 2019 is among the warmest years
since the beginning of recorded temperatures.9
According to the National Oceanic and Atmospheric
Administration (NOAA), annual average temperatures of the oceans’ surfaces have been diverging
from the 20th century (1900–1999) average more and
more since the 1980s. In 2018, global ocean surface
temperatures were 0.66°C higher than that century’s
average. The heat in
2019 also had a strong
impact on polar ice
conditions: the Arctic
ice pack reached a historic low in July (19.8%
below average),10 as did
the Antarctic ice pack,
which reached its smallest extent for July in 41
years of observations.12
The effects of excess
CO2 also include the
quality of ocean waters.
CO2 dissolved in the
ocean creates carbonic
(b)
acid, which increases
the
acidity of the water.
3
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Figure 1. CO2 concentrations over 800,000 years to the late 18th century (a) and CO2
concentrations, measured in parts per million, for the last 1,100 years (b).2

(a)

(b)

Figure 2. Fossil CO2 emissions from 2000 to 2018 and projections of temperature increase under two emission reduction
scenarios 4 (a) and perturbation of the global carbon cycle caused by anthropogenic activities, global annual average for the
decade 2011–2020 (GtCO2/year) (b).
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(a)

(b)

Figure 3. Monthly divergence from global mean temperature, 1880 to 2022 (by NASA Goddard Institute) (a), and annual
divergence of global ocean temperature between 1880 and 2020 (by NOAA) (b).

Since 1750, the pH of the ocean’s surface had dropped
30%.
Consequences of the Temperature Changes — In
1992, 700 independent scientists cautioned that “a
great change in our stewardship of the Earth and
the life on it” was required “if vast human misery is
to be avoided.” A quarter of a century later, the average temperature of the planet has gone up, and the
scientific community wants to give “a second notice”
to the human community.13 They observed that “we
can make positive change when we act decisively,” noting the good progress made in certain areas, like the
decline of emissions from ozone-depleting substances.
One of the consequences of the earth temperature
increase is the worsening of ocean water quality. The
most drastic impacts are expected to occur in the
poorest countries.14 Among the repercussions, an

increase in migration flows is predicted. An example
has already occurred in the U.S. between 2010 and
2015, when migrants heading toward the U.S. border
from El Salvador, Guatemala and Honduras increased
between 25 and 30%, coinciding with a long period
of drought in those countries.15 According to the
International Organization on Migrations (IOM),
200 million climate migrants by 2050 has become the
accepted figure, cited in respected publications from
the Intergovernmental Panel on Climate Change
(IPCC) to the Stern Review on the Economics of Climate
Change.16
How Important Is the Issue of Planet Temperature
Change for Americans? A 2015 Gallup survey
showed that Americans were more concerned about
the environment in the late 1980s and early 1990s,
but interest dropped off in the early 2000s.17 In
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(b)

Figure 4. Arctic sea ice decline from 1979 to 2019 (Credit: M. Scott, NSIDC) (a) and average monthly Arctic Sea July ice extent
for 1979 to 2021, showing a decline of 7.5% per decade (Credit: National Snow and Ice Data Center) (b).
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1989, 35% of the men and
women surveyed said they
cared a great deal about
climate, but only 32% said
the same thing in 2015.18
Gallup repeats the same
poll on a yearly basis, and
results don’t seem to differ
much: out of the various
things that are considered
as being highly important
for the average American,
climate ranked 14 of 15.19
Only recently has the
younger U.S. generation
started to show a real concern about earth’s climate.
Between 2015 and 2018,
51% of those between 18
and 34 years of age agreed
that an increase in earth’s
temperature would pose a
serious threat within their
lifetime, while only 29%
of those aged 55 years
and older agreed with
the statement. The differFigure 5. Countries responsible for historical cumulative CO2 emissions 1850–2017.28
ences in the perception of
ambient changes may also
be due to the exposure
and education of younger people to climate discusmore than 67% of CO2-eq global emissions, with the
sions as well as the relationship between age and
EU and Eurasia responsible for about 33%, followed
political ideology.20
by the North America at 29%, then Japan at 4% and
Only recently, a sizable number of U.S. citizens are
other nations. Developing countries have only been
considering the rise of the planet’s temperature as a
responsible for less than a third of the total, with
serious issue, perhaps as a consequence of the moveChina leading the group at almost 13%. In other
ment started by a Swedish teenager.21 Social media’s
words, China in the last few years has been already
resonance culminated in the last week of September
capable of producing more CO2 emissions than what
2019, when 6 million people around the world took to
Russia and Japan have done since the beginning of
the streets of the largest cities of the globe.22
their industrialization. Using the same resources, we
A very recent Gallup poll show that almost 70% of
see that China is now firmly leading the world with
the citizens on both the Eastern and Western coasts
more than 32%, followed by the U.S. at 12.6%.
of the U.S. believe in the seriousness of the climate
Statistics can present the ranking of individual
issue, while only 60% of Southern and Midwestern
countries when listing the “top 10” producers of terpeople agree.23 In any case, this is more than half of
ritorial fossil fuel emissions.27 In such rankings, of all
the U.S. population, something that government and
the EU-28 nations, only Germany is present, in sixth
industry must take very seriously. Overall, 53% of U.S.
position; in reality, however, the EU-28 is third on the
adults believe that the increase of the earth’s average
list, given that it is a single economic area with comtemperature is primarily caused by human activity.24
mon environmental policies. In this paper, we will not
break the EU down into single countries, as we considPolluters — Both Historically and Today — There
er more interesting the analysis of homogenous data.
are many online platforms designed to provide reliable data about climate indicators, like Climate
Emissions Per Capita — Emissions data can be
Watch25 or Our World in Data based at the University
presented per capita; in such an analysis, the ranking
of Oxford. Such analysis tells us that since the beginof the most polluting countries changes, with Middle
ning of the Industrial Revolution, what we call develEast nations such as Qatar, Kuwait, Bahrain, United
oped, high-income nations have been responsible for
Arab Emirates and Saudi Arabia taking the lead well
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about 21% (note that in the
graph the EU is not represented as one entity but is
broken down into individual countries). Japan is the
only country that has seen
a smaller increase in GDP,
about 16%, while emissions
from 1998 to 2016 have not
changed at all, remaining
at about 9.5 tons of CO2
per person. China, despite
having slowed down its economic growth in the last few
years — 2019 is predicted to
be the weakest year in the
last 2731 — has increased
its GDP per capita by 236%,
also increasing its per capita
emissions by 168%.
Figure 6. Total annual CO2 emissions, in graphic representation by University of Oxford.29

ahead of the U.S. and Canada, Russia, the EU and
Japan. China, due to its massive population, stays
behind but still remains first by absolute volume of
CO2 emissions, with almost 10 billion tons. Another
way to look at the per capita numbers is to rank them
based on the GDP per capita. It is interesting to analyze the progression for each country as per Fig. 7.
In the last two decades, all major steelmaking countries or areas have increased their GDP per capita,
but only two areas have actually reduced emissions:
the EU and the U.S. Actually, in percentage terms,
both have increased the GDP per capita by 22–23%
and reduced emissions by nearly the same amount,

The Important Role of
Developing Countries —
As the aforementioned numbers reveal, a minority of
the world’s population consumes the vast majority of
resources. Even so, more than 60% of anthropogenic
emissions produced today come from emerging economies. While the EU and the U.S. have been cutting
CO2 emissions for two decades, experts predict that
China will reach peak emissions by 2030 and India
will do so during the following decade.32 China, India
and the rest of the developing countries certainly bear
a smaller responsibility for cumulative emissions, but
if we assume that the threat to the planet’s environment is real, we must treat the developing world’s
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Figure 7. CO₂ emissions per capita vs. GDP per capita in logarithmic scale. In 2016 (a) and progression from 1998 to 2016 (b);
CO₂ emissions per capita are measured in ton per person per year. GDP per capita is measured in USD in 2011 prices to adjust
for price differences between countries and adjust for inflation. The size of the bubble indicates the population volume.30
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Country

Nominal GDP PPP adjusted GDP per capita
(in trillions) GDP (in trillions) (in thousands)

U.S.

$20.89

$20.89

$63,413.50

China

$14.72

$24.27

$10,434.80

Japan

$5.06

$5.25

$40,193.30

Germany

$3.85

$4.52

$46,208.40

U.K.

$2.76

$3.08

$41,124.50

India

$2.66

$8.97

$1,927.70

France

$2.63

$3.15

$39,030.40

Italy

$1.89

$2.49

$31,714.20

Canada

$1.64

$1.83

$43,258.20

South
Korea

$1.64

$2.24

$31,631.50

Table 1. Top Countries by GDP as of 22 December 2021 (USD exchange rates) and Territorial Emissions of the Six Largest
Economical Areas of the World, in a Time Chart From 1960 to 2021. Data from Global Carbon Atlas.34

emissions seriously, since they are today’s engine of
planet temperature increase.
For these nations, though, cutting emissions would
mean slowing down or halting the mechanism by
which hundreds of millions of people are progressing
economically. On the other hand, potentially catastrophic humanitarian and geopolitical consequences
in the weakest countries on the planet may be a direct
result of the changes in earth’s average temperature.
This is why every sector of society must look at its
environmental metrics and come up with effective
solutions, regardless of its pollution history or degree
of development.
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CO2 Territorial Emissions — For analysis of the
emissions of CO2 proceeding from the steel industry,
we want to look at the actual total volumes of emissions, so the focus shall be more on the territorial
emissions per homogenous geographical areas, rather

(a)

than the per capita emissions data. China, the U.S.,
Japan, Russia and Ukraine, EU-28, and India count
for about 70% of the world economy and 90% of steel
production. This representation makes clear the role
that the Chinese economy is having on pollution: its
emissions have increased 10 times since the 1970s, at
the pace of 236 MtCO2 per year since 1982. If we look
at the last 10 years, China has accelerated at a pace of
400 MtCO2, while India has also increased, but only at
100 MtCO2 per year.
Japan, Russia and Ukraine have remained stable,
and the only reduction has come from Europe and
the U.S. The U.S. — thanks to the efforts of the states
of New England, New York and the West Coast35 —
leads with –86 MtCO2 per year in the last 10 years,
while EU-28 has only decreased by 73 MtCO2 per year.
The Largest Companies Producing CO2 Emissions
— Another possible way to look at emissions is to

(b)

Figure 8. Bar chart, in billion tons of CO2 from 1965 to 2017, of the major producers36 (a) and annual trend of the big five major
CO2-producing companies37 (b).
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understand which companies have contributed the
most to emissions.
An investigation by Richard Heede at the Climate
Accountability Institute has found that 20 fossil fuel
companies can be directly linked to more than a third
of all greenhouse gas emissions in the modern era.
Between 1965 and 2017, those 20 companies contributed to 35% of all energy-related CO2 and methane
worldwide, totaling 480 billion tons of CO2-eq. Saudi
Aramco is at the top with 59.26 billion tons, followed
by Chevron and Gazprom with over 43 billion tons
each. Twelve of the top 20 companies are state-owned,
and they account for 20% of all emissions since 1965.38
Saudi Aramco is responsible for 4.38% of all CO2 and
methane since 1965. The energy industry has clearly
played and is still playing a decisive role in pollution.

CARBON OXIDE EMISSIONS FROM
THE INDUSTRY
Which Industries Emit the Most CO2 — Thus far,
the only greenhouse gas (GHG) we have discussed
is CO2, because it accounts for more than 75% of
anthropogenic emissions.
There are various estimates of how different sectors
of human activities contribute to global GHG emissions. Here, we want to focus on CO2 industrial emissions, so we are not considering emissions from agriculture, forestry and other land use, which, according
to data from the IPCC, account for up to 15% of the
total.
An article published in Science in June 2018 reported that 33% of the annual industrial CO2 man-made
emissions come from the production of electricity
and heat, 22% from short- and long-distance transportation, 12% from loads following electricity, 10%

from residential and commercial, and 23% from other
industries. Per Hannah Ritchie and Max Roser, iron
and steel account for 7.2% of all industrial CO2 emissions.26 The consolidation of data in different forms
can tell quite different stories. For instance, if we
consider food waste, this is something that is hidden
in the emissions coming primarily from agriculture,
forestry and other land use (FOLU), transportation/
shipping, and electricity, per Fig. 10. Emissions from
food waste account for up to 6.7% of the total, according to an assessment by the UN Food and Agriculture
Administration (FAO).40 This is more than the total
iron and steel CO2 emissions, yet when people throw
away unwanted food, they don’t think about CO2.
Talking about FOLU emissions, another aspect that
makes things even more complicated is that plants
and soil store carbon, removing it from the atmosphere, but they do this to different degrees depending on the specific crops and land use. Today’s world
shows opposite trends: in the U.S., for example, from
1997 to the present, the conversion of agricultural
land into grasslands and reforestation have meant
that, in total, the land and forest exploitation sector
contributed to reducing CO2 emissions, instead of
increasing them;42 in other parts of the world, the
opposite is happening.
The Role of the Energy Industry — The energy
industry is the undisputed largest contributor of
greenhouse gases, but the vast majority result from
the combustion of fuel for electricity generation,
which in the U.S., for instance, is up to 99%.43 More
than a quarter of the CO2 produced by the industry worldwide is due to the generation of electrical
energy, and the main contributors are the coal power
plants: the average emissions from coal anthracite,
bituminous, lignite and subbituminous are about
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Figure 9. Total anthropogenic emissions by gases 1970–201039 (a) and global greenhouse gas emissions by sector of the 49.4
Gt of CO2-equivalent industrial emissions in 2016, where iron and steel is rated at 7.2% (b).
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(a)

(b)

Figure 10. Electricity generation from utility-scale facilities (Source: U.S. Energy Information Administration (EIA), Monthly
Energy Review, January 2021, and Electric Power Monthly, February 2021, preliminary data for 2020) (a), and electricity net
generation by source in 2020 (b).45
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100 kg of CO2 emitted per million British thermal
units (Btu) of energy and about 72 kg in the case of
petroleum. Natural gas is about half of coal, with 53
kgCO2/Btu.44 Renewable energy sources worldwide
are increasing their importance, but have been determinant to reduce the impact only in localized regions.
In this analysis, we will consider three different categories: the energy sources that do not produce carbon
dioxide emissions in the production of electricity —
such as hydropower, wind, biomass, solar, geothermal
and nuclear — then natural gas, and lastly coal and
petroleum.
In the U.S., during the period from 2005 to 2017,
coal’s contribution to total electricity generation
decreased from 50 to 30%, mainly thanks to the
increase of natural gas electricity generation from 19
to 32%; the combination of wind and solar increased
from 2 to 10%.
By the end of 2018, in the U.S. electricity was generated as follows: 36.5% without CO2 emissions, 35%
from natural gas, and 28.5% from coal and petroleum.

(a)

It is interesting to note that renewable generation provided a new record of 742 million megawatt hours
(MWh) of electricity in 2018 — nearly double the 382
million MWh produced in 2008.47
The situation in Europe sees a larger use of renewable sources. The 2019 breakdown provided by
Eurostat results were: 54.1% without CO2 emissions,
balanced by conventional thermal,48 of which 20.6%
was produced by natural gas and 25.3% was produced
by coal and petroleum.49
Despite the fact that the contribution of renewables
has doubled in Europe in the last 10 years, there
are still a number of countries that generate a very
large proportion of their electricity from coal. At the
same time, not all countries have announced a date
for phasing out coal’s use: despite recent efforts to
transition to renewable energy, Germany still lies in
the upper quarter of the country ranking, behind
countries such as Poland, Czech Republic, Greece
and Bulgaria. The government of Berlin is aiming to

(b)

Figure 11. U.S. percentage of electricity generation by source and electricity generation and carbon dioxide emissions from
the electricity sector of the U.S.46
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(a)

(b)

Figure 12. Gross electricity production by fuel, EU-28, 2000–2018 (a), and energy mix in 2019 (source: Eurostat) (b).

phase out coal by 2038, 50 but it also decided to close
down nuclear power plants by 2022.
Dependence on coal for some of these countries
may be quite heavy, as is the case in Poland, with
81% of its electricity generation coming from coal,
54% in the Czech Republic, 46% in Greece, and
45% in Bulgaria; Germany is fourth with 40%. Of
these countries, only Germany has decided to phase
out. The top three European companies that have
reported the largest CO2 emissions in 2018 are three
coal power plants: Bełchatów (Poland) with 38.2
MtCO2, Neurath (Germany) with 32.2 MtCO2 and
Niederaussem (Germany) with 25.9 MtCO2.51
In an effort to compare the CO2 emissions for electricity generation between the EU-28 and the U.S., we
note substantial differences in the energy mix. The

main difference is made by the amount of electricity
generated by natural gas: the U.S. is 35%, while EU-28
is around 20%. The explanation for this is obviously
related to the availability of this resource in North
America, with large deposits of shale gas. On average, the U.S. energy unit is produced with a higher
amount of CO2 emissions — 383 kg CO2 MWh compared to 238 kgCO2/MWh in Europe.
The situation of other countries, however, is quite
different. In the case of China, renewable sources in
electricity production account for only 13.8% of the
total, while coal and petroleum are almost 80% and
the rest is natural gas. Despite declarations of intent
that China’s renewable share of electricity will rise
from 22% in 2015 to 34% in 2040, as wind generation
increases by more than sixfold, the nation’s share of
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(b)

Figure 13. 2017 China’s energy consumption percentage breakdown in the analysis of CSIS52 (a) and the 2040 projection (b).53

I IRON & STEEL TECHNOLOGY I AIST.ORG

(a)

76 Perspectives
For what concerns the U.S., certain
alternative energy generation
China
technologies are now cost-comJapan
petitive with conventional genU.S.
eration technologies. Efficiency
Russia
makes clean energy cost-competEU (28)
itive, for instance, with new gas
0
100
200
300
400
500
600
700
800
power plants.56 In particular, it is
interesting to note that — for utilFigure 14. Comparison of CO2 emission intensity in the power sector (Source:
ity-scale energy production — the
climate-transparency.org, 2020).
cost of nuclear energy is particularly expensive compared to alternative energy sources. Without
coal generation will only decline from 72% in 2015 to
considering possible federal or state subsidies, wind
47% in 2040.
appears to be the most economical way to produce
Considering then the values provided by the
electricity, followed by solar (either thin film or crysU.S. Energy Information Administration (EIA), the
talline) and then by the gas combined cycle. Should a
Chinese energy unit is produced with 556 kgCO2/
new coal plant be built today, it would produce elecMWh, which is almost 50% more than the U.S. value
tricity at twice as much cost as a wind farm. The cost
and more than double than the EU-28 value. Japan is
of coal energy would become cost-competitive only
certainly not in a much better situation, with about
when the plant would be fully depreciated. This is also
69% of its energy coming from coal and petroleum,
the case for nuclear, whose electricity generation cost
with an emission of 470 kgCO2/MWh. Russia is in betbecomes competitive with wind only at nuclear plant
full depreciation.
ter shape with 310 kgCO2/MWh, having more than
This situation is similar also outside the U.S.: in
half of its electricity production based on natural gas
Spain and in Italy, developers are building solar farms
and nuclear, while only 13% on coal. India, though,
without subsidies or tax breaks, betting they can profit
is at 684 kgCO2/KWh due to its dependence on coal
without them. In China, the government has declared
and petroleum.
that it will stop financially supporting new wind farms.
Back in the U.S., developers are signing shorter sales
Affordable Carbon Dioxide-Free Electricity
contracts, opting to depend on competitive markets
— Technological advancements have improved the
for revenue once the agreements expire.57
efficiency ratios of alternative energy sources and
reduced cost of installation for wind and solar in a way
In an interesting analysis by RMI, energy efficiency
that may not have been predictable a few years ago.
and demand flexibility deliver, combined, 40% of
Certain alternative energy–generation technologies
the energy capacity needed to avoid new combined
are now cost-competitive with conventional generacycle gas turbines in the U.S. The opportunity for
tion technologies.
demand-side resources is even higher in some regions,
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Figure 15. 2021 Lazard’s levelized cost of U.S. energy comparison — unsubsidized analysis54 (a) and historical and projected
evolution of clean energy portfolio (CEPs) costs (b).55

77
more than 50% in the Midwest and West and more
than 40% in the Northeast/Mid-Atlantic. Over the
past 20 years, in an effort to reduce coal dependence,
the U.S. has expanded natural gas use dramatically
for electricity generation, but even with persistent
low gas prices, wind, solar, and energy storage technologies have improved and dropped precipitously
in price. RMI research shows that clean energy portfolios (CEPs) are cost-competitive with new natural
gas power plants, providing the same grid reliability
services.
As one of the first technologies used to generate
electricity, hydroelectric power has historically provided the largest share of CO2-free electricity generation
in the U.S. However, in 2019, wind power reached the
level of hydroelectricity and the total of U.S. electricity generation from renewables surpassed coal in April
2019. Because few new hydro plants are expected to
come on-line in the coming years, hydroelectric generation will largely depend on precipitation and water
runoff. Although changes in weather patterns also
affect wind generation, the forecast for wind power
output is more dependent on the capacity and timing
of new wind turbines coming on-line.
Investing in CO2-Free Energy — According to a
new study released in October 2019, more than 100
global investors representing a combined estimate of
$5.9 trillion in energy assets indicated a joint divestment of 15.6% in oil and gas portfolios, almost triple
the rate of 5.7% predicted for 2020, representing a
total of $920 billion of fossil fuel investments by 2030.
Renewable energy is set to benefit as institutional
investors increase clean energy allocations to 5.2% by
the end of 2020 and predict this figure will more than
double to 10.9% by 2029. Surveyed companies alone
are due to invest $643 billion in renewables over the
next decade, with 71% of these businesses affirming
their belief that investment strategies could be used to
make a “material difference” for climate conditions.59
Other interesting news has been the announcement
from the world’s fourth-largest bank, Wells Fargo, of

its signing, on 17 October 2019, of its largest renewable energy deal.60 The 10-year deal with NRG will
allow Wells Fargo to power 400 locations across Texas
with solar energy.
These private investments in the renewable energy
sector may be an indication that all of the subsidies
that have been in place for decades have finally
worked. After long years of quotas, tax breaks, and
feed-in-tariffs, wind and solar have been deployed
widely enough for manufacturers and developers to
become increasingly efficient and drive down costs.
Looking at that from the steelmaking industry perspective, and in particular from the North American
angle, this is excellent news, because the majority of
the steel produced in this part of the world is made
primarily with electricity and having an increasingly
CO2-free energy source will help steel increase its sustainability characteristics.

RECYCLED STEEL: A CLEAN
MATERIAL NOT PERCEIVED AS SUCH
Steel as a Material of Choice — Steel plays a larger
role in our daily lives than we may realize. This is
because iron and steel have been around us for centuries and are perceived as completely natural to our
routine: steel is in the cars we drive, the trains we ride,
the buildings we live in, the appliances we use, the
bridges we cross, the cans for our food, the golf clubs
we swing. In this very moment, each one of us is using
steel: starting with the buckle of our belt, the chair
we are sitting on, the watch on our wrist. If we make a
complete, 360° turn, we would realize that we are surrounded by more steel than our own weight.
Steel is also vital to renewable energy solutions, for
instance, for supporting solar panels or for building
wind turbine towers.
The beauty of steel lies also in the fact that it continually evolves. New production processes and new
steel grades are invented every year. It is, for instance,
the case of the advanced high-strength steels (AHSS),
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Figure 16. U.S. monthly electricity generation from coal and renewable and breakdown of renewables (January 2005–April
2019).58
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which help auto manufacturers to reduce the mass
of vehicles while maintaining safety standards, therefore increasing fuel economy and reducing tailpipe
emissions.61
Steel is by far the most important, multi-functional
and most adaptable of all materials. Steel is strong,
safe, pure, light. The largest modern structures are
made of steel, as are microscopic instruments for scientific research. Steel is used in musical instruments
and prosthetic limbs. In other words: life as we know
it would not exist without steel.

Steel Recyclability — Moreover, steel is one of the
few materials that is 100% recyclable, which means
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Steel Recycling — In addition to being omnipresent,
steel is the most frequently recycled material. In fact,
more steel is recycled than aluminum, paper, plastic
and glass combined.62 In 2018, about 60.4 million
tons of steel scrap were recycled to produce new steel
in the U.S.63 Conversely, of the 38.5 million tons of
plastic waste generated, only 1.68 million was recycled,
while 5.35 million were burned and the rest was landfilled.64 U.S. Environmental Protection Agency (EPA)
data reveals that of 67 million tons of paper scrap generated, only 44 million were sent back for recycling,
while 4.5 million were combusted and the balance was
landfilled.65 Similarly, EPA statistics show that about
11.5 million tons of glass scrap are generated annually, but only 3 million of that are recycled, while for
aluminum, roughly 4 million tons are generated and
less than 1 million is actually recycled. Combining
the recycled aluminum cans, paper, plastic and glass
amounts to about 50 million tons, of which 90% is
paper — still 10 million tons short of steel scrap.
Misinformation in the media about these facts is
widespread. U.S. citizens incorrectly believe that plastic is the most recyclable material,66 and the very reason is that the majority of people associate the activity
of recycling with the domestic exercise of separating
plastic, glass, aluminum cans and paper from general
waste. And by volume, the fullest bin is plastic. People
don’t immediately associate their old car or washing

machine with a product that has been recycled and
has come back to life as a steel beam or a chair.
Municipalities started domestic and commercial
waste recycling programs only when environmental
concerns arose in their communities. While the first
recycling mill to accept residential plastics began
operations in Conshohocken, Pa., USA, in 1972, government programs and eco-friendly communities
slowly started to educate regular people into the habit
of recycling and forcing manufacturers to start producing easier-to-recycle plastic. Their efforts came to
life during the 1980s and 1990s with the adoption of
polyethylene terephthalate (PETE) and high-density
poly ethylene (HDPE), which were designed with recycling in mind.67
Steel scrap, though, started to be recycled at least a
hundred years earlier: the first article on how to make
steel from scrap was published by Scientific American on
11 December 1847 (“To Make Steel,” Scientific American,
Vol. 3, p. 96). The journal Nature, in 1911, provided its
position on electric steelmaking, declaring that “the
melting of steel by means of electricity has passed
the merely experimental stage and become one of
the commercial processes by means of which steel is
manufactured for the market.”68 Scrap became a valuable commodity, and during the Great Depression
many people survived by peddling it.69 In 1942, Nature
issued its first article on the life cycle of iron.
One of the things that helps steel to be recycled are
its magnetic properties: steel is easy and affordable
to recover from almost any waste stream. If there is a
pound of steel scrap out there, be sure: someone will
collect it — for an economic reason long before an
ecological one. Today, more than 31,000 community
recycling programs in North America collect steel,
and they make money from doing so. In 2018, the
total value of domestic purchases of iron and steel
scrap and exports was estimated to be $19.7 billion.70

Figure 17. Portion of the first page and diagram of the first scrap recycling article of Nature, Vol. 150, Nov. 1942, pp. 594–597.71
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that it can be indefinitely reprocessed into the same
material of the same quality. This cannot be said for
most other recyclable materials, some of which can
only be recycled a few times before becoming waste.
Each time paper is recycled, for example, the tiny
fibers that comprise it become a little more damaged. The average piece of virgin paper can today be
recycled five to seven times before the fibers are too
degraded to be useful. After that, they can still be
made into lower-grade paper-based materials like egg
cartons or packaging inserts, only a few more times.
Plastic can often only be recycled once or twice
into a new plastic product.72 That’s because the polymers break down in the recycling process. Coca-Cola
sources only 7% of its plastic from recycled material,
while Nestlé Waters North America uses just 6% recycled content.73 New downstream uses, such as making
all-purpose plastic lumber for decks or benches, or
mixing plastics with asphalt for more durable road
materials, can increase by a few more times the recyclability of plastic, yet we are still talking less than 10
times. Of the plastic recycled to date, only 10% has
been recycled more than once. Following this, plastic
ends up in the municipal waste stream. In their 2017
Science paper on the fate of global plastics, Geyer et al.
wrote, “Recycling delays, rather than avoids, final disposal. It reduces future plastic waste generation only
if it displaces primary plastic production; however,
because of its counterfactual nature, this displacement is extremely difficult to establish.”74
With regard to the rate of recycling, though, asphalt,
concrete and steel are locked in a battle of counterclaims about which is the most recycled material in
the world, but this may be due to each one using
different measures for their claims. Asphalt claims
an 80% recycle rate, but offers no total volume rate.
Concrete claims a 70–80% recycle rate, but because
it is recycled into two different streams — fine aggregate and course aggregate chunks — this is a disputed

claim. Then comes steel’s claim of an 88% recycle
rate.75
With that said, it seems obvious to ask: if something
can be made of steel, or, better said, “recycled steel,”
why would we make it with plastic, knowing that it will
eventually end up in a landfill?
When we buy something made of steel in North
America, 70% of its content on average is recycled; in
many cases, the recycle content is 100%, as in the case
of reinforcing bars used for any type of construction
— residential, commercial and public infrastructure.
And steel recycling is good not only for the environment, but also for the economy: according to the last
recycling information report issued by the EPA,76 in
2016 steel recycling supported 170,000 jobs while paying more than $8 billion in wages and almost $2 billion in taxes in the U.S., ahead of aluminum, plastic,
glass, paper, etc.
Life Cycle Assessment of Steel vs. Other
Manufacturing and Construction Materials — The
sustainability of steel products is superior to competing materials and minimizes environmental consequences when measured through the entire life cycle.
The use of AHSS for automotive lightweighting
results in an immediate and sustained decrease in
GHG emissions, whereas the use of aluminum for
lightweighting the same vehicle fleet results in a dramatic increase in overall GHG emissions lasting for
several decades. According to the life cycle analysis
(LCA) study, lightweighting the studied vehicle fleet
with AHSS results in a savings of approximately 260
million metric tons of greenhouse gas emissions by
2053. When compared to aluminum, the use of AHSS
will save more than 400 million metric tons of net
GHG emissions during the same time period.
A peer-reviewed study comparing hot-dip galvanized steel coils produced in North America, primarily used in the construction and automotive sectors,
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Figure 18. Relative greenhouse gas emissions of a passenger car light (PC/L) (a) and a passenger car compact (PC/C) (b) of the
vehicles built in steel or aluminum.77
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to the same product produced in China and shipped
to the North American market found that the coil
sourced from China results in nearly 50% higher
GHG emissions.
Life cycle assessments comparing steel-framed
buildings to wood-framed buildings have demonstrated that steel buildings can result in lower impacts than
functionally equivalent wood buildings. As a building material, steel meets sustainability requirements
according to standards such as the International
Green Construction Code and in green building rating systems like USGBC’s Leadership in Energy and
Environmental Design (LEED), where steel products
can help earn points toward LEED certification.
Public Perception: The Majority of People Do Not
Consider Steel a Clean Material — Even though
steel, especially the steel produced in North America,
has all of the characteristics of a material friendly
to the environment, its negative perception is still
well solidified in people’s minds. This is because its
image is associated with the old “Big Steel” production plants — the long lines of smoking chimneys and
monstrously tall blast furnaces. Unfortunately, many
such plants exist around the world, though none in
the so-called “Western” countries.
This describes the perception of the steel industry not just in the U.S., but for the rest of the world,
too, because insufficient efforts have been made to
educate communities about the fundamental and
irreversible changes that have occurred: in developed
countries, those highly polluting plants are long gone.
Perhaps changing the name of steelmaking plants
from “steel factory” to “steel scrap recycling facility” could have helped, but the steel community has
always focused more on making good steel than making good advertisements.
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What Do We Intend for Sustainability in the Steel
Industry? Sustainability is an interestingly complex
concept. The most often quoted definition is dated
to 1987 and comes from the UN World Commission
on Environment and Development: “sustainable

(a)

development is development that meets the needs of
the present without compromising the ability of future
generations to meet their own needs.”78 Such ability
has to be maintained at a certain level. Translating
this to nature, it can be interpreted as the avoidance
of the depletion of natural resources in order to maintain the ecological balance.
In the words of the EPA, sustainability is based on a
simple principle: everything that we need for our survival and well-being depends, either directly or indirectly, on our natural environment. To pursue sustainability is to create and maintain the conditions under
which humans and nature can exist in productive
harmony to support present and future generations.79
A single ton of recycled steel prevents about 1.75
tons of material from being extracted from the mines:
1.10 tons of iron ore, 0.60 ton of coking coal and
0.05 ton of limestone.80 Recycled steel is produced
from steel scrap in electric furnaces, and with an
increasing share of CO2-free electricity available in
Western countries, recycled steel is also extremely
CO2 mindful.
The steelmaking community shall in fact consider
that the increasing interest in environmental issues by
a large part of the population will be a very important
ally in defense of this sector of the industry, as long
as its sustainability characteristics will be promoted,
enhanced, documented and well communicated to
the public.

HISTORIC PERSPECTIVE OF THE
STEEL INDUSTRY EVOLUTION IN
THE U.S.
Steel Intensity in the World and in the U.S. — At
this point a quick analysis of the history of steelmaking will help provide the proper perspective on the
future of steelmaking. Fig. 20 gives today’s perspective
on how much steel is consumed per person in each
country, ranking the country based on its GDP per
capita. The trend line on the graph will then give us
a measure of the history of industrialization for each

(b)

Figure 19. Photo of a steel plant, Novotroitsk, Orenburg Oblast, Russia, July 2018 (a) and photo of a steel meltshop in operation,
Sayreville, N.J., USA, February 2003 (b).
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country: those on the bottom left are underdeveloped
and developing countries, while those on the far right
of the graph are the most developed. The trend line
for steel intensity typically shows a maximum value
around the middle of the graphic, which is intended
as the peak of industrial development.
For the U.S., between 1965 and 1975 steel consumption was above 120 million tons total, or 600/
per person, and the GDP per capita was in the range
of $4,000 (equivalent to $30,000 today). When the
market reaches maturity — in other words, when the
country has developed the majority of its infrastructure and the economy is mainly a consumer economy
based on private more than public investments — the
trend line tends to descend to values around 300 kg/
person, but at a much higher GDP per capita.
Exceptions to this rule have been taking place in
the last 15 years: it is the case in the Chinese economy,
which is today above 500 kg/person, but at a GDP per
capita one-fourth compared to what the U.S. GDP
was in the 1960s and 1970s when the steel industry
boomed. In part this is also the situation in Turkey,
but the development in terms of steel intensity in
China clearly shows an overproduction of steel products if compared to the GDP of the country and the
relative low acquisition power of its population. It
is remarkable that when the steel industry peaked
in Europe, during the mid-1970s, the steel intensity
never surpassed 500 kg/person. This paper does not
discuss how the overflow of steel affected the global
steel market, yet it has to be noticed that such overproduction has come at the expense of the environment, considering that the structure of the Chinese
steel industry is fundamentally based on coal, as is the
nation’s energy sector.
Scrap Production — One of the results of high steel
intensity for a country is the consequent production

of steel scrap, which inevitably happens a few decades
later. In all countries under development, where steel
is essentially used in building the country’s infrastructure, the steel consumed will come back as scrap after
more than two or three decades; when the country’s
economy is instead mature, it may take less than half
that time. An example is the case of automotive scrap
in the U.S.: on average, scrapped cars are coming back
in the steelmaking cycle after slightly more than 10
years, typically used about 15,000 miles/year with an
end-of-life of up to 200,000 miles.81 Appliances have
on average the same life expectancies, with gas ranges
going up to 15 years, dryers and refrigerators around
13 years, and compactors and dishwashers around 9
years.
This is the reason why today the U.S. is the one
place on the planet where the most scrap is produced
and processed, and although in general the nation
already relies heavily on scrap for its steel production,
there is an excess of more than 10 million ton annually,82 which is available for export.
The largest market for U.S. scrap is Turkey, whose
steel industry is largely based on electric steelmaking,
followed by Mexico, Taiwan, China and countries of
the so-called Indian subcontinent.
History of Mini-Mill Companies — The history of
steelmaking in the U.S. dates back to the middle
of the 19th century, when the Scranton brothers,
George and Seldon, moved to the Lackawanna Valley
in Pennsylvania, an area rich in coal and iron, and
settled in the five-house town of Slocum’s Hollow, now
Scranton, Pa., to establish an iron forge. That was
the beginning of what history books have described
as an incredibly epic journey, which had its center in
Pittsburgh, a city surrounded by large coal deposits
and at the junction of three navigable rivers, the ideal
location for steelmaking. Jumping many decades
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Figure 20. Steel consumption (kg) vs. GDP ($) per capita, based on data from The World Bank, and the World Steel Association
(a); comparison of steel intensity in U.S. from 1900 to 2017, in the EU from 1960 to 2017 and in China from 1975 to 2017, in kg of
steel per person and GDP per capita measured in U.S. dollars of 2017 (b).
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Figure 21. U.S. ferrous scrap purchases, consumption, and imports 2013–2017 in million metric tons (a) and U.S. ferrous scrap
purchases, consumption, and imports 2013–2018 in million metric tons (b).83
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ahead, the U.S. steel industry has seen an incredible
transformation, driven by technological advancements. At the beginning of the last century, Bessemer
technology led steel production, but already by 1920 it
accounted for only 20% of steel production, with open
hearth furnaces taking the rest. At that time, though,
the first electric arc furnaces (EAFs) were starting to
appear.
It took four decades for the blast furnace/basic
oxygen furnace (BF/BOF) process to be developed
and to become available for industrial production,
which happened around 1960. These are the years of
the large expansion of steel in North America — over
the course of about 15 years, production stepped up
from 90 million tons to almost 140 million in 1973.
Then came the years of the big steel crisis at the end
of the 1970s. Production of combined iron and steel
fell almost by 50%, with many steelmakers declaring bankruptcy. At that point, the BF/BOF process
accounted for 60% of production, with about 15%
each for open hearth and the EAFs, but that crisis
marked the beginning of the integrated steel mills
decline. That period coincided with the years in
which large volumes of scrap started to flow back into
the steelmaking cycle: the path for the development of
the mini-mills was set, and Nucor led the way.
The Role of Nucor in the Transformation of the
U.S. Steelmaking Industry — Under the guidance
of Ken Iverson, in 1972 Nuclear Corp. of America
was renamed Nucor Corp.: “We feel that Nucor
Corporation, our new name, not only is simpler but
also more accurately reflects the nature of our business today, since the nuclear end of it accounts for
less than 5% of our sales.”85 Nucor was then listed for
the first time to the New York Stock Exchange and
entered the rank of the Fortune 1000, signaling to the

market that the steelmaking underdog was a company
organized to rapidly grow.
Nucor was certainly in an enviable position due to
its adoption of mini-mill technology. It was able to
produce competitive molten steel from scrap at onetenth the scale required for an integrated mill. This
translated to CapEx that were also about one-tenth
of that required for integrated mills. As depicted in
the 2007 University of Pennsylvania dissertation of
R. Godin,86 “the mini-mill concept offered an OpEx
advantage that was 15% lower than that of integrated
steel manufacturers. Internal and external industry
developments through the seventies also enabled
Nucor to thicken its activity system around its core
businesses, thus laying solid foundations.”
During the expansion of the late 1960s, the integrated steel mills were not able to reduce their cost, so
the larger productions were not accompanied by scale
factor cost reconfiguration. The integrated companies could only justify large investment by incremental
investments in blast furnaces, continuous casters and
modern rolling mills. The mounting pressure from
unions, together with their large capital expenditures,
forced large steelmakers to gradually increase their
prices.
According to Godin, “Between 1969 and 1976, listed
prices jumped 106% from $165 per ton to $339 per
ton, but Nucor, unlike integrated steelmakers, was
sourcing cheap scrap metal for its process, so it was
able to focus on its low cost structure to be competitive in such a commoditized industry.” By that time,
Nucor had developed in South Carolina an EAF that
represented the very latest in steelmaking technology,
and Iverson’s objective was to replicate the success of
his highly productive Darlington mini-mill.
Nucor’s path from 1970 through 1986 was characterized by rapid organic growth and capacity maximization. The backward integration into mini-mill
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Figure 22. U.S. iron and steel production, 1900–2014 (a) and percentages of U.S. steelmaking processes, 1900–2012 (from
USGS and U.S. Bureau of Mines Minerals Yearbooks data from USGS) (b).84

Location

Product

Year

Capacity (t/y)

Darlington, S.C.

Steel bars

1968

120,000

Norfolk, Neb.

Steel angles

1972

160,000

Jewett, Texas

Steel rods, angles

1974

200,000

Steel shapes

1981

400,000

Plymouth, Utah

Table 2. The First Four Nucor Mini-Mills

I IRON & STEEL TECHNOLOGY I AIST.ORG

same market segments. This is when Iverson took up
the challenge and decided to grow in a new and unexplored direction for EAF mini-mills: the hot-rolled
band. In a risky move that committed a large portion
of Nucor’s assets, he announced investment in thinslab caster.88
The 1986 thin-slab casting project in Crawfordsville,
Ind., was possibly the most critical step not only in
Nucor’s, but also in worldwide mini-mill history. In
1986, no mini-mill had the technical ability or means
to compete with, although several had examined
thin-slab casting with the hopes of entering, the sheet
market. Thin-slab casting was an emerging science.
In terms of strategic fit, the move into thin-slab casting was an example of Nucor’s willingness to quickly
invest in new technologies that could provide it with a
cost advantage and to enter new markets. Innovation
has been a Nucor characteristic since the beginning
of the Iverson era, and it is still today the nature of
that company.
Over the years, Nucor has introduced many new
technologies and processes in the U.S. Among other
things, it was the first company in the world to adopt
the scrap continuous charge to the EAF, the Consteel
process, and the first to profit from the large shale
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technology that began in Darlington evolved into an
extremely profitable business for Nucor. Nucor was
recognized by the press as a pioneer in the specialized
steel sector, and Iverson in particular was acknowledged as an authority on issues concerning the U.S.
steel industry.
Then, as now, Nucor Corp. was characterized by
an extremely lean corporate office and decentralized
organizational structure: regional managers have
always been responsible for the entire life cycle of
a mini-mill. The same person who supervises the
construction of a plant was before, and is today,
responsible for overseeing its expansion and efficient
operation. By 1975, Nucor began increasing its production of merchant-quality bars and small structural
pieces, which marked the company’s foray into highmargin markets. Nucor was able to match the prices
of Japanese, Chinese and South American importers,
taking full advantage of surge in demand. Nucor’s
market penetration had increased its sales by 167%
from 1974 to 1979.87
During the crisis of the early 1980s, thanks to the
low cost of its structure and the low cost of scrap,
Nucor preserved profitability and managed to retain
its entire workforce (through use of a reduced workweek). After the crisis, Nucor was perfectly positioned
to profit from the market rebound. It was dominating the newest technology, electric steelmaking, and
its structure made it the most flexible player in the
marketplace. It found itself in a position to expand its
market share to pick up the slack in the market.
By 1985 there were close to 50 mini-mills in operation, four of which were owned by Nucor, so competition was growing. Domestic mini-mills used the same
basic technology centered on the EAF to achieve
similar cost advantages and were competing in the
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gas deposits in North America with the construction of the first U.S. direct reduced iron (DRI) plant
in Convent, La. Nucor was the first company to
profit from the regional value chain: locally sourcing
scrap to produce steel for the local market at very
competitive prices, but, more importantly, developing intimate knowledge of the local market and its
regional dynamics. Others, like Steel Dynamics Inc.
first and Commercial Metals Company later, have followed in its footsteps, and now the U.S. steelmaking
industry is a heavily consolidated industry consisting
of a few big electric steelmaking players that own the
majority of the steel market and remaining integrated
steelmakers.

CARBON DIOXIDE EMISSIONS
FROM STEELMAKING
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Carbon Dioxide Emissions in Steelmaking Depend
on Technology — The steel industry generates
around 5% of all anthropogenic industrial CO2 emissions.90 According to the World Steel Association
calculations, on average for 2017, 1.83 ton of CO2
were emitted for every ton of steel produced,91 but
the carbon intensity of steel production varies widely
depending on many factors, including the technology
used and the age of the plant producing it. Trying to
calculate the exact amount of CO2 emissions per ton
of crude steel is by itself a very challenging task, as
boundaries have to be well defined in terms of energy
input (as coal, fuels, gases, steam, electricity) and
upstream energy consumption (as coke, sinter, pellets,
pig iron, DRI, industrial gases, etc.) and what type of
credit has to be taken for the scrap that gets into the
process, or for the steel product that eventually will
be recycled.
In a 2011 report, the U.K.-based institute Carbon
Trust calculated that electric arc furnaces in North

(a)

America emit 0.2–0.4 tCO2-eq per ton of steel. The
integrated steel route sees the production of steel
from iron ore involving the reduction of iron oxide
using carbon, and therefore the integrated steel plants
produce higher amounts of CO2 emissions. In the
same study, BF/BOF plants are said to emit between
1.8 and 3.0 tCO2-eq per ton of steel produced, while
EAF plants vertically integrated with gas-based DRI
would emit 0.7–1.2 tCO2/ton. As a point of reference,
some old and inefficient open hearth furnaces still in
operation in some parts of the world emit more than
12 tCO2-eq/ton.92
Another interesting study, issued in December 2015
by Lawrence Berkeley National Laboratory and supported by the Energy Foundation China through the
U.S. Department of Energy and later published by
“Resources, Conservation and Recycling,”93 analyzed
the differences in emissions on a regional basis for the
entire iron and steel production process. The results
show a CO2 emissions intensity of 2.1 tCO2/ton crude
steel in China, 1.7 tCO2/ton crude steel in Germany,
1.7 tCO2/ton crude steel in the U.S. and only 1.0 tCO2/
ton crude steel in Mexico, due to the large presence of
EAFs in that country.
There is then a third possible source that can be
used, and it is the report prepared for the executive
committee of the International Energy Agency (IEA)
Greenhouse Gas R&D Program in October 2003.94
In this report, emissions for integrated steel mills
amount to 1.62–2.20 tCO2/ton crude steel, emissions
from scrap-based EAF shops amount to 0.56–0.91
tCO2/ton crude steel, while emissions from a gasbased DRI EAF would amount to about 1.38 tCO2/
ton crude steel, or to 1.96 tCO2/ton crude steel in the
case of a carbon-based DRI process (rotary kiln type
instead of shaft type). In the case of open hearth furnace, the value would result again in the highest of all,
ranging between 2.45 and 3.08 tCO2/ton.

(b)

Figure 23. EAF steelmaking consolidation: in the U.S. there are a total of 142 EAFs in operation. Six companies account for more
than two thirds of the crude steel production, with 50% of the total number of EAFs.89
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There may be an alternative method for arriving at
a good, empirical conclusion: in certain parts of the
world, as is the case in the EU and North America,
plants have to report to local environmental protection agencies the total volume of emissions on a
yearly basis.95 Taking this value and dividing it by the
volume of steel produced in the same period of time
would give a first indication of the specific emissions,
net of the other CO2 associated with the energy components employed to produce the steel, as the electricity, the industrial gases, etc.
Even though these studies are well sourced and use
reasonable methodologies, their results differ. For the
purpose of comparing CO2 emissions for each different technology, it can be useful to average the values
from these studies and see how they relate to each
other, excluding the technologies that are already
known not to be part of the future of steelmaking,
such as open hearth furnaces of the carbon-based
iron reduction.
Comparing then the resulting averages for the integrated steel route (BF/BOF), the electric steelmaking
or mini-mill route (EAF) and the natural gas-based
direct reduction feeding an electric arc furnace (ngDRI/EAF), one finds that BF/BOF emits about twice
as much as the ng-DRI/EAF route and four times
as much as the EAF route. This generic “rule” may
be valid in homogeneous geographical areas, where
the CO2 content of a BtU of energy is the same. But
if we start to compare steelmaking plants using different technologies in different countries, the above
generic rule won’t be strictly applicable: it wouldn’t be
fair to compare a Chinese EAF process with a recent
European BF/BOF process, considering that Chinese
electricity, as explained before, comes with 2.5 times
the amount of CO2 as the European.
A simple conclusion, then, is that a country with a
higher share of steelmaking production based on EAF
would be responsible for much lower emissions than a
country with a large share of steelmaking production
via BF/BOF.

• IISI – A Handbook of World Steel Statistics 1974-1978.
• IISI – Steel Statistical Yearbook 1980, 1982, 1984,
1986, 1988, 1990, 1992, 1994, 1996, 1998, 2000,
2001.
• IISI – World Steel in Figures from 2002 to 2007.
• World Steel Association – World Steel in Figures
from 2008 to 2021.
Fig. 22 shows that, in the U.S., more than 68% of
the steel is currently produced via EAF, and the rest is
made via the integrated steel route. This country has
seen a steady increase of the EAF share since the steel
peak of 1973, increasing at a slow but constant pace.
Reasons for this increase have been discussed before
and include a combination of scrap volumes available,
technology developments, a country transitioning
from industrial expansion to a consumer economy
and the availability of capital in the financial market.
The U.S.’s neighbors, though, have seen a different
development. Canada appeared to follow the EAF
increase up to the years between 1994 and 1998, then
remained flat at about 40% of EAFs. Mexico, on the
other hand, started with a higher share of EAFs in
1974, and after new EAF plants were put on-line in the
1990s, the country reached a share of 75% EAF plants
in 2018. Of note, Mexico is where direct reduction
technology started, which also helped the EAF share
to stay high.
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Differences Among Countries: Who Is Really
Improving, Who Is Not — The myth that “every little
bit helps” does not work for CO2 emissions. As a matter
of fact, if everyone does just a little, we will collectively

achieve only a little. The “if everyone” multiplying
machine is just a way of making something small
sound big.96 For real change to happen in the fossil
fuel footprint, big steps have to be taken, and looking at the steelmaking sector, big surprises may occur
when we closely analyze the facts.
The areas that we will consider for this analysis
are China, EU-28, North America, India, Japan and
Russia and Ukraine, and South Korea. Ninety percent
of the steel produced in the world is made here, so
what happens in these countries has a clear impact on
the global steelmaking industry.
The analysis that follows compares the share of EAF
versus BF/BOF in all of these areas from 1974 to 2018.
Data sources used to compile the following graphics
are:
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Figure 24. Geographical distribution of the world steel production in 2020, showing how China produces more steel than the rest
of the world, and share of EAF steel in the U.S. vs. Mexico and Canada (source: worldsteel).

argue that they have emission standards better than
the 2.15 used here; although, on the other hand, it
has to be said that the EAFs of North America use in
their metallic input units a quantity of more than 10
million tons per annum between gas-based DRI, pig
iron and hot briquetted iron (HBI). These two factors
contribute somehow to balance each other.
In Fig. 24, the trend of EAF in North America from
1974 to 2018 is compared to EU-28, China, Japan,
Russia and Ukraine, India, and South Korea. In all
cases, we can see that North America has the highest
rate of EAFs. Europe started almost at the same level,
but failed to develop consistent electric steelmaking
growth at the same pace as the U.S. Certainly Europe
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If we would weigh-average the three countries in a
single trend, the result mirrors the one in the U.S. In
other words, the trend for North America is the same
trend as in the U.S. regarding the EAF share of steel
production.
If we consider the values of Table 3, which refer
to North America, we get an approximation of the
carbon dioxide emissions by the North American
steel industry as 2.15 × 0.32 + 0.52 × 0.68 = 1.04 tCO2/
ton. Once again, this number does not indicate the
actual value of emissions, but serves as a way to compare the different geographical areas analyzed in the
following. This number, in fact, may be subject to
variations, as North American integrated plants may

Figure 25. Share of EAF production on total steel produced in U.S. vs. the EU, China, Japan, Russia and Ukraine, India, and
South Korea.
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(a)

(b)

Figure 26. Share of EAF steel in the U.S. vs. the EU, Japan and Russia and Ukraine (a) and vs. China, India, South Korea (b).
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of the market has declined a bit compared to North
America, trailing by 15 percentage points.
South Korea is also an interesting case: like Mexico
it started in 1974 with about 40% EAF share, but then
the country invested in integrated steel plants, reducing that share to a little more than 30%.
A further consideration can be made regarding
the ideal projections of the trends analyzed so far. In
the last few decades, the consensus in the U.S. was
that BF/BOF would never disappear. Such considerations, however, were made without factoring in
the implementation of gas-based DRI technology,
which already sees today three large plants in operation (Nucor in Louisiana, voestalpine in Texas and
Cleveland-Cliffs plant in Ohio). With gas prices at current levels and shale gas reserves able to sustain North
America for many decades to come, the chance for
DRI facilities to replace integrated steel plants when
they reach their end of life is a real possibility. That
would be net of any federal carbon control legislation,
but only for pure business return reasons. If, ideally,
the trend of EAF share follows at the same pace seen
in the last 40 years, by 2046 there will be no more
integrated steel plants. For now, we can only note that
there are at least five projects for new carbon-steel
EAF mini-mills that will be built in the U.S. in the
next three years, with at least 5 million tons of new
steel production capacity, so the mark of 70% may be
surpassed very soon.

JUN 2022

is a quite inhomogeneous aggregation of countries
from the steelmaking standpoint, with some — like
Italy — clearly invested in EAF and others — some
Eastern countries — that are still heavily relying on
coal. Yet, as a union, it is hardly able to surpass 40%.
China has clearly been on the opposite path, developing the BF/BOF route for the last three decades,
due to the lack of the electricity resources needed to
sustain adequate EAF growth. Today China hardly
reaches an 11% EAF share.
Japan started in the same way Europe and the U.S.
did, reaching a 30% share 10–15 years later than the
U.S. and from that point on grew in BF/BOF. The
very high costs of electricity in Japan have impaired its
industry growth in number of EAFs, so that today the
share has gone back to about 25%.
Russia and Ukraine have to be analyzed from a
different angle, due to the dramatic political changes
suffered by this area after the fall of the Soviet Bloc.
Russia and its neighbors remained stable at about
12% EAF share until 2000–2002; at that point private investments in steelmaking brought the capital
required to build the EAF shops of the new generation, allowing the country to surpass Japan for percentage of EAF plants.
India, by contrast, has followed a similar path to the
one taken by the U.S., but in a country economically
and politically very different. Today the EAF share
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Europe and Russia and Ukraine are also on an
increasing trend with EAF, but the pace is much slower. Certainly the EU, with its environmental policies
and carbon control legislation, is forcing steelmakers
to take into serious consideration a prompt decarbonization of the industry. Many projects along that line
have been announced, and a few of them have been
launched, but from the macro perspective they are
not even close to being significant enough to drive
the EAF share of the market above 50% anytime soon.
Not much can be said for India and South Korea,
whose trends have been somewhat erratic, yet the
situation of China is quite worrying. It is important to
note that the government has followed through on its
announcements about shutting down the most polluting plants and the number of EAFs has increased, yet
we are talking about an increase from 6% to 11% since
2015. China’s current electrical infrastructure is not
ready to sustain an EAF share of the market of 20% at
the current volumes of production. Certainly China is
making strategic electrical grid investments with new
nuclear plants as well as large projects of renewable
energy. In China, there are already the largest solar
farms on the planet, but the BF/BOF share of its steel
industry is not predicted to substantially decrease
soon, which is not promising when we look at the concentrations of CO2 in the air.
We can also come up with a value of CO2 emissions
per ton of steel produced (carbon intensity) for the
areas of U.S., EU, Russia and Ukraine, India, Japan,
and China. Since we are now comparing different
countries, we have to add to the calculation the different weight of CO2 that each electrical energy unit
brings with it: as reported in Fig. 15, the electrical
energy produced in the EU-28 is 38% more CO2efficient than the one in the U.S., in Russia and
Ukraine only 19% more, while the other areas have
a higher carbon intensity for electricity production

than the U.S. at the following rates: India 78.6% and
Japan 22.7%, China 45.2%. In the case of China, for
every pound of CO2 emitted in the U.S. for the production of electricity, China emits 1.452 lbs.
That difference of efficiency in CO2 emission has to
be prorated for the amount of electrical energy that is
used in the production of a steel ton in the EAF route.
The study by de Beer provides a breakdown of energy
in each one of the steel routes,97 and for the scrapbased mini-mill, the electrical energy is of course
predominant, with 92% of the total energy input for
product transformation from raw material to rolling
and finishing.
As shown in Fig. 25, a ton of steel produced in the
EU-28 has more CO2-eq emissions than one produced
in the U.S. This calculation demonstrates that the EU
produces about a third more CO2 emissions per ton
of steel. The case of China is even worse, since they
produce up to 116% more CO2 emissions than North
America per ton of steel.
Once again, this paper is not trying to provide
absolute values of scientific significance but uses
an engineering methodology to provide reasonable
comparisons between different steelmaking routes
in different areas of the world. In order to verify the
calculation of Fig. 27, we can try to come to the same
conclusion using the actual emission values that are
reported by steelmakers to their local environmental
protection agency. For the U.S., these values are annually reported to the U.S. EPA and posted on its website.
For 2018, a total of 49,422,290 ton of CO2eq were
reported for integrated steel plants and 12,917,983
ton of CO2eq were reported for electric steelmaking
plants. The same year, the U.S. integrated steel industry produced a total of 26,340,000 tons and the minimills produced 58,290,000 tons. A simple division of
the total CO2 emissions by the total production per
each category gives us 1.721 tCO2/ton for the BF/BOF

USA

EU(28)

Russia and
Ukraine

Japan

China

Share of EAF per each geographical area

69.9%

42.40%

28.2%

25.4%

9.2%

A1

Share of BF/BOF per each geographical area

30.1%

57.60%

71.8%

74.6%

90.8%

A2

Share of the 2.15 tCO2/ton for BF/BOF route

0.6472

1.2384

1.5437

1.6039

1.9522

B = 2.15 x A2

Share of the 0.40 tCO2/ton for EAF route

0.2796

0.1696

0.1128

0.1016

0.0368

C = 0.52 x A1

8% of energy not as electricity in EAF route

0.0224

0.0136

0.0090

0.0081

0.0029

D = 0.08 x C

92% of energy as electricity in EAF route

0.2572

0.156

0.1038

0.0935

0.0339

E = 0.92 x C

1.000

0.621

0.809

1.227

1.452

F (see Fig. 15)

0.2572

0.097

0.0840

0.1147

0.0491

G=ExF

0.93

1.35

1.64

1.73

2.00

H=B+D+G

—
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+77%

+86%

+116%

—

Carbon intensity adjustment on kWh production

Carbon intensity (tCO2/ton)

Table 4. Calculation of CO2 Emission per Area Corrected by the CO2 Efficiency Factor in Electricity Generation
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route and 0.221 tCO2/ton
for the EAF route. These
values, however, are direct
emissions only, per EPA
reporting protocol, so to
these numbers we need
to add indirect emissions
in order to start with the
amount of CO2 produced
for the generation of electricity used in the two
different processes. This
number is higher in the
EAF case than for the BF/
Figure 27. Carbon intensity (tCO2/t) and related percentage share of EAF steel per each
BOF route, which, in any
geographical area in year 2020.
case, will not bring the
emission factors above
the ones indicated in
Table 4, which remain the ones used for the calculaindustry is responsible is moving iron ore: more than
tions in this paper.
1.4 billion tons are transported annually, most of
which are moving from Australia to China. But the socalled “minor bulk” transportation of steel products
The Role of Transportation — Measures and calculaexceeded 400 million tons in 2016 and reached 390
tions performed so far on the CO2 emissions for a ton
million in 2017.
of steel consider the pure cost of production of steel
Maritime shipment is the preferred way to move
right off the fence of the steel manufacturing facility.
steel across the planet, and modern ships are an effecSteel products, though, are used sometimes hundreds
tive and efficient way to carry dry bulk material; yet
or thousands of miles away from where they have been
moving these large ships consumes fuel. It has been
produced. And shipping a ton of steel comes inevitacalculated that a modern ship emits between 10 g and
bly at a CO2 price.
40 g of CO2 per ton of freight and per km of transporIn a report on the annual total CO2 emissions by
world region produced by a study at the University of
tation; specifically, a 10,000+dwt general cargo ship
Oxford,99 international transport is considered as an
has an emission factor of about 11.9 gCO2/ton-km
independent region, as in 2017 the mere shipment of
and a smaller one, half size of that, can reach about
goods across nations was responsible for 1.16 billion
19.8 gCO2/ton-km.101 For the sake of making a quick
tons of CO2, equal to 3.2% of the entire world carbon
calculation, let’s consider an emission factor of 15.8
emissions for that year.
gCO2/ton-km, which is the average of these two values.
Looking at the 2016–2017 numbers, we see that
As an example, the shorter sea route from the port
the largest portion of shipments for which the steel
of Qingdao, China, to New York, N.Y., USA, takes
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Figure 28. Direct emissions, as per EPA reporting protocol, for steel production in the U.S. in total ton of CO2eq (a), and total
steel production with the cumulated breakdown of EAF and BF/BOF route in ton (b).98

I IRON & STEEL TECHNOLOGY I AIST.ORG

60,000,000

JUN 2022

50,000,000

90 Perspectives
Dry bulk trade 2016–2017
(Million tons and percentage annual change)

%
change

JUN 2022

I IRON & STEEL TECHNOLOGY I AIST.ORG

kgCO2/t, net of the yield losses from
iron ore to final steel product.
Main bulks
3,040.9
3,196.3
5.1
Going back for a moment to the
history
of mini-mill evolution in the
Iron ore
1,418.1
1,472.7
3.9
U.S., we see that the shift from
Coal
1,141.9
1,208.5
5.8
the old, large, integrated plants
Grain
480.9
515.1
7.1
producing various millions of tons
to
be shipped everywhere in the
Minor bulks
1,874.6
1,916.5
2.2
nation to regional smaller facilities
Steel products
406.0
390.0
–3.9
able to profit from local scrap and
Forest products
354.6
363.6
2.5
regional clients was the reason why
companies such as Nucor were able
Total dry bulks
4,915.5
5,112.8
4.0
to be successful. Whether or not
Table 5. Volumes of Dry Bulk Trade in 2016 and 2017 Across the World100
mini-mill companies at the time
of their growth were fully aware of
their environmental role, they have
Distance
Emission
made a significant contribution to
Port of departure
Port of arrival
traveled (km)
(tCO2/ton)
the reduction of CO2 emissions in
Qingdao, CNTAO
New York, USNYC
19,666
0.31
North America, both because they
are using a much less CO2-intensive
Hamburg, DEHAM
New Orleans, USMSY
9,182
0.14
technology (the EAF) and also
Mumbai, INBOM
Los Angeles, USLAX
18,744
0.30
because of their regional structure,
St. Petersburg, RULED
Houston, USHOU
5,907
0.17
which minimizes average shipment
distances for both the raw materiBusan, KRPUS
San Francisco, USSFO
9178
0.15
als and/or the products. It’s not so
Istanbul, TRIST
Miami, USMIA
10,415
0.16
common in the industrial sector
that business growth goes hand in
Table 6. Example of CO2 Emissions Due to Sea Shipment Per Ton of Shipped
Material From Different Locations Around the World to Ports of the U.S.
hand with environmental improvements, but indeed this has been the
case of the steel industry in North
10,619 nautical miles, or 19,666 km, which at the
America: company profitability has
above-mentioned emission factors would add 0.31
meant fewer emissions to the environment.
tCO2/ton of steel transported.
These calculations only take into account the shipCan CO2 Emissions Be Reduced Without
ment of the steel product out of the plant, but in
Impairing Business Growth? Scrap availability in
some cases we shall also consider the CO2 emissions
North America has been the crucial factor for the
coming from the shipment of metallic raw materials
development of the EAF sector, and scrap is present
needed to produce steel. This is the case of Turkey,
because in the past steel has been used. The majority
which gets half of its scrap shipped from the U.S., so
of that scrap was from iron ore mineral transformed
the 165 kgCO2/t to be added to Turkish steel sold
in the BF/BOF process. So the observations that indiinto the U.S. should actually be something more like
cate EAF as the preferred method to decrease CO2
250 kgCO2/t. The situation gets even worse for China,
emissions are not to be intended as a denigration of
which gets the majority of its iron ore from Australia:
the BF/BOF route. Electric steelmaking flourished in
the 310 kgCO2/t to be added to Chinese steel sold into
the U.S. in a large part thanks to the BF/BOF producthe U.S. should actually be something more like 780
tion of the past century.

(a)

2016

2017

(b)

Figure 29. Maritime route from the Turkish port of Istanbul to Miami and the associated specific CO2 emission (a) and maritime
route from the Chinese port of Qingdao to New York and the associated specific CO2 emission (b).
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The electric steelmaking industry today keeps growing in all of North America, and it does so because
it is profitable. This growth will keep helping the
North American steel industry to reduce its carbon
emissions even further. The BF/BOF route will be
present in North America for a good while. Even if
scrap volumes remain extremely high, they will not
be sufficient to allow the production of the steel
needed to meet the demand of 300 kg/person/year in
the U.S., 450 kg/person/year in Canada and 200 kg/
person/year in Mexico (Fig. 23). Virgin iron units will
be needed also to meet certain steel grades that the
EAF route can’t yet guarantee. Fortunately for North
America, natural gas is present and affordable, so it
is possible to foresee a scenario in which the existing
BF/BOF plants that reach end of life will transition
from coal to natural gas, profiting from the incredible
infrastructure and human capital they have created
in decades of operation. This is one of the challenges
that executives of those companies know very well:
all BF/BOF steelmakers of North America also have
EAFs in their portfolio of technologies and are directly or indirectly connected to DRI. Such transition will
also benefit the environment, because the DRI route
can guarantee savings in terms of CO2 emissions.
In the other areas of the world, the situation is
not as good from the perspective of CO2 emissions.
In some regions, a steelmaking paradigm shift is
needed. Such discussion is ongoing among regulatory agencies. The shift shall be intended as the rapid
abandonment of BF/BOF as the primary route for
producing steel. Some European countries have made
announcements in this direction, yet announcements
must be followed by facts, which is one of the typical
areas of disagreement between the two sides of the
Atlantic. Despite the announcements of the past and
many projects focused on emissions abatement, the
European steelmaking sector has not reduced CO2
emissions as much as North America has done with
much less regulation and driven by business efficiency.

INDUSTRIAL ENVIRONMENTAL
REGULATIONS AND TARGETS
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CO2 Reduction Targets — Before discussing the difference between a carbon tag and a carbon tax, and
how these two apparently similar concepts in reality
may have a completely different consequence on the
reduction of emissions, it is worth briefly summarizing the emission reduction targets that some countries have assumed as goals. The Paris Agreement,
made during the 21st UN Framework Convention on
Climate Change about GHG emissions mitigation,
signed in 2016, was negotiated by 196 countries. As
of May 2022, 194 states and the European Union have
signed the Agreement. The 2021 Glasgow COP26 did

not substantially modified these goals. The aim is to
hold the increase in the global average temperature
to well below 2°C above pre-industrial levels and to
pursue efforts to limit the temperature increase to
1.5°C above pre-industrial levels, in recognition of
that fact that this would significantly reduce the risks
and impacts of the changes in climate.102
Each signatory government has ratified the Paris
Agreement in their own country, defining their own
targets. It is worth mentioning that the EU-28 has set
goals to reduce by 40% the greenhouse gases emissions by 2030 with respect to the levels of 1990 and by
89–95% by 2050. China has declared that by 2030 it
will produce 20% of its energy needs with renewable
sources and that it will reduce the ratio of CO2/GDP
by 60–65% by 2030 with respect to the 1990 levels.103
Criticism of the agreement has come from multiple
sides. It’s worth mentioning a few titles of papers published in Nature in 2016 and 2017: “Prove Paris Was
More Than Paper Promises” and “Paris Agreement
Climate Proposals Need a Boost to Keep Warming
Well Below 2°C.” These indicate that nations are not
following through on their intentions and point to
flaws in the model adopted in Paris. Yet the technical
feasibility of these targets has broadly been demonstrated by the 5th Assessment Report (AR5) of the
IPCC.
More recent publications, however, raise concerns
about the broad political and economic feasibility of
compatible emission trajectories. Typically, they rely
on large-scale deployment of so-called negative emission technologies (NETs) — a type of pilot backstop
technology that is often associated with natural land
loss, stranded assets by 2100, a potentially dangerous
emission overshoot level and resulting fundamental
ethical issues of intergenerational equity.
In an article in Nature Communications,105 Bednar
argues that the financial viability of late-century
NETs has thus far not been adequately addressed and
shows that NETs enter IPCC scenarios for the wrong
(discounting), as opposed to the right (hedging uncertainties), reason. Carbon prices increasing at rates
above economic growth may lead to small near-term
revenues compared to future expenditures for NETs.
So not only is the science that explains the correlation between CO2 concentration in the air and the
planet’s temperature increase extremely complicated,
but there are also difficulties demonstrating the longterm effectiveness of the economic method of establishing a price on carbon, a carbon tax.
A problem with so many orders of complexity like
the planet’s climate can only be tackled with an integrated strategy, combining all of the tools available
into one single system, starting with the strengthening of the global capacity of CO2-free power plants,
facilitating the transition from coal to natural gas,
investing in hydrogen, capturing CO2 at the time
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Figure 30. Global CO2 emissions pathways (a) and probabilistic temperature outcomes of the Paris Agreement (b).104
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of emission, or directly into the atmosphere, redesigning the transmission and distribution networks,
increasing the biosphere capacity of absorption, and
exploring the opportunities offered by climate engineering and geography. And, of course, such an integrated strategy includes a program to reduce emissions based on efficiency improvement of industrial
process: economic efficiency, energy efficiency and
technology efficiency. The combination of all of these
efforts seems to pre-figure a new industrial revolution,
driven by opportunity and not just need.106
Following Targets Without Being Part of the
International Protocols — A protocol as complex
as the Paris Agreement, with almost 200 members
and ramifications for the economy of each country,
has no chance of success if mutual trust is lacking
among countries, and, unfortunately, we do not live
during a time of accord among the nations of the
world. Regulations are reasonable not only when
they establish achievable goals, but also when they
are accompanied by a way to control parties’ followup. Regulations are reasonable when there is a way
to effectively enforce them and if there are consequences for any member who is in default. If these
conditions are not met, then regulations become
meaningless, or just generic indications of intentions,
rather than rules to be followed.
This is the fundamental reason why some members
of the Paris Agreement are reluctant to continue participating and want to abandon the agreement, even
as they lack an actual scientific critique of the reasons
for which the agreement was made.
Mutual trust is the pillar of every agreement, and
social media has not helped in cementing trust
among countries. It is worth mentioning, for instance,

that Mario Draghi, for eight years the head of the
European Central Bank and currently the prime
minister of Italy, in an article entitled “European
Countries Do Not Trust Each Other,” declared that at
this point the main threats to Europe are flaws in its
own politics: the abundance of communication tools
undermines confidence in the objectivity of facts and
undermines trust in the “experts.” Believing they can
capture the mood of voters, politicians often make
instinctive, not rational, decisions.107
Something that the steel industry can do to contribute to the targets of emission reduction is to go back
to the fundamentals of the origin of CO2 emissions
and find simple and enforceable ways to limit these
emissions. The next section explains why the carbon
tax is not the right way to achieve that goal.

THE CARBON TAG AS A DRIVER
FOR HEALTHY ENVIRONMENTAL
REGULATIONS
Some countries have introduced carbon pricing plans
to make carbon use more expensive with the intent to
transition to zero carbon emissions. Carbon pricing
plans have so far been unilateral measures that have
taken the form of:
• A standard tax on carbon emissions (carbon tax).
• A cap-and-trade system (emissions trading system, or ETS).
Why a Unilateral Carbon Tax in the U.S. May
Increase CO2 Emissions in the World — The carbon tax is defined as a fee imposed on the burning
of carbon-based fuels (coal, oil, gas). Proponents of
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the carbon tax put it at the core of all policies for
reducing the use of fossil fuels. This article does not
intend to enter in the macroeconomic consequences
of a carbon tax introduction. Instead, it will make a
few observations about how the introduction of a unilateral carbon tax in certain countries will eventually
produce the opposite of the intended effect on CO2
emissions.
In October 2019, the International Monetary Fund
(IMF) released a report that found that putting a flat
$75/ton carbon tax in place by 2030 would cause
average global energy prices from coal to increase by
214%. Of all the countries the IMF assessed, France’s
power bill from coal would rise the least, increasing
by 123%. Argentina was the country that would see
its energy bill from coal rise the most under this plan
and time frame, growing by nearly 300%.109
Other energy sources saw a much wider range in
the uptick in energy prices. The IMF estimates that
France would only have a 2% increase in its electricity bill, while globally electricity prices would rise by
nearly 20 times that rate. Gasoline had the smallest
increase in energy prices and the tightest range in
prices. Since other types of energy, like natural gas,
electricity and gasoline, emit less CO2, the carbon
tax would cause less movement in energy prices, even
under a high-tax scenario.
The IMF reports that the carbon tax of $75/ton of
carbon would need to be instituted all around the
world and, particularly, in countries that are major
emitters. Under this scheme, countries and businesses
relying on high-carbon energy sources, like coal,
would see the biggest increase in their energy bills.110
The World Steel Association affirmed that “there
is a risk that inequities introduced by carbon pricing
mechanisms could jeopardize fair competition.”111 If,
for instance, the U.S. would institute unilaterally a carbon tax, the IMF has shown that not only would the

price of coal more than double, but the price of natural gas would also increase by 135%. As a consequence,
electrical steelmakers in the U.S. that rely on natural
gas for their process — used in both the EAF as a
direct energy source or used in the direct reduction
process for the generation of DRI and HBI, which are
components of the EAF charge together with scrap,
and used in the generation of electricity — will have a
higher cost of production and consequently the steel
product will have an increased price. If, conversely,
a foreign country with a more CO2-intensive energy
matrix would not establish such a tax, its domestic
steel would have a better price differential, with the
result that more steel from that foreign country will
be imported and consumed in the U.S. The net result
in terms of emissions of CO2 in the atmosphere will
be positive, more CO2 emissions.
Above or Beyond the Carbon Tax and ETS
System? Even among convinced environmentalists,
there exist doubts around the effectiveness of straight
carbon tax policies that would not consider the issue
from a more global perspective. Naomi Klein, for
instance, asserts, “Pulling off high-speed pollution
phase-out is not possible with singular technocratic
approaches like carbon taxes.”112
Lately, discussions about a border carbon adjustment (also called “carbon border tax”) have started
in Europe, South America and Canada. So far nobody
has implemented this yet.
It remains to be seen, though, if the carbon border
tax will go above and beyond the present initiatives,
and resolve the paradoxical effects of unilateral carbon taxes, or if it will go even beyond that, and function as an additional protection to the existing (or
future) carbon tax policies.
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Figure 31. Existing, emerging and potential carbon pricing initiatives (emissions trading system (ETS) and tax).108
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Figure 32. Range of estimated percent change in energy prices in 2030 due to carbon tax (a) and Impact of a $50/ton carbon
tax on employment loss in the coal sector in 2030 (b).

International Acceptance of a Carbon Border
Adjustment Mechanism — Many countries have
already started internal discussion, some behind
closed doors, some not. In the case of Canada, the
Canadian Steel Producers Association (CSPA) has
been advocating for months the adoption of a carbon
tag rule, informing public opinion of how Canadian
steel would be much cleaner than any other steel if
used in Canada, purely based on the carbon emissions volume needed to transport their steel from outside North America. CSPA affirmed: “We make the
greenest steel used in Canada.”113 Regarding Latin
America, Paolo Rocca, chief executive of Tenaris,
addressed the Alacero Congress of 2019, saying, “[We]
have to promote policies that would compare steel
imported from India with steel produced in Brazil
based on the content of the CO2 emission. And it shall
be a fair comparison, so that our countries will not be
establishing rigid rules to end up importing flat steel,
pipes and everything else from countries that have
a much more CO2-intensive energy matrix than we
do. I believe that today is a time in which, before [we]
start relining an old blast furnace, we have to think it
twice.”114
Regarding Europe, Frans Timmermans, vice president of the EU Commission, declared (8 October
2019) that the EU would start working on a tax on
polluting foreign firms in an effort to shelter EU businesses striving to meet a goal of becoming climate
neutral by 2050. He also said that Europe should “be
prepared to consider other instruments, for instance
a carbon border tax, to level the playing field for
European products if other countries do not go as far
as us, or refuse to go in the right direction.”115 Ursula
von Der Leyen, EU Commission president, said that
the EU cannot allow its companies to suffer a competitive disadvantage with its European Green Deal
and a net-zero emissions by 2050. “There is no point

in only reducing greenhouse gas emissions at home,
if we increase the import of CO2 from abroad.116 On
15 March 2022, the Council reached a general agreement on the Carbon Border Adjustment Mechanism
(CBAM) regulation. The main objective of this measure is to avoid carbon leakage, but it also encourages
partner countries to establish carbon pricing policies
to fight climate change.
How the CBAM Could Work — There are many
ways to envision such a European policy measure, and
they can be grouped under two different options:
the “import tax option” and an “EU-wide carbon tax
option.”
Import tax option: Under this option, EU importers of steel, aluminum and other products with high
carbon footprints would have to buy carbon allowances, as EU producers do under the EU cap-andtrade. This would effectively introduce an import tax
and raise the price of imported goods, boosting the
competitiveness of metals and other goods produced
in the EU. Such a move risks breaching World Trade
Organization (WTO) rules, which require equal
treatment of similar products and no discrimination
between domestic and foreign producers.117

Figure 33. Paolo Rocca addressing the World Steel
Association meeting of Monterrey in 2019.
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EU-wide carbon tax option: Compliance with WTO
rules could be easier if the import levy was matched by
a carbon tax on all goods, including those produced
in the EU. Under this option, the carbon leakage issue
could be addressed because foreign producers would
pay a higher levy if they pollute more than other producers. But EU producers would then face problems,
as the prices of their exports would rise, making them
less competitive abroad. That could have a sizable
impact on some sectors. EU steelmakers, for instance,
export more than 10% of production. An EU-wide tax
would also need unanimous backing by all EU member states, contrary to most other EU decisions that
are decided by a majority. Past attempts to introduce
levies across the bloc have failed as governments are
loath to transfer tax-raising powers to Brussels.118
Certainly, the imposition of any measure of this
kind by Europe would have an important economic
impact on the U.S.-EU relationships. “It’s not whether
it’s going to happen — it’s going to happen,” former
Secretary of State John Kerry predicted in December
2019.119 Yet, by imposing tariffs on goods from the
U.S. and other countries that lack tough climate policies, the Europeans would help their own industries
avoid being handicapped by the EU’s greenhouse gas
efforts. But if they were to hit the U.S., they would risk
a worsening trade war with the U.S. administration
[at that time]. For years the U.S. has warned that the
new environmental plan could be an irritant in trade
relationships with Europe.120 The EU has stated that
its CBAM targets imports of carbon-intensive products, in compliance with international trade rules, to
prevent offsetting the EU’s greenhouse gas emissions
reduction efforts through imports of products manufactured in non-EU countries where climate change
policies are less ambitious than in the EU.

CONCLUSION

• The availability of scrap, thanks to enhanced
recovery and a circular economy: recycling
is a key component of our environmental
commitment.
• The availability of natural gas, considered
a likely limiting factor (16 years of usable
reserves) at that time, has increased dramatically thanks to shales development. Natural gas
today could support a much longer transition,
and the prices are today a fraction of the prices
of 20 years ago. The direct reduction route can
today take a much more relevant role in the
steel production matrix than was considered 20
years ago.
• The cost of renewables has gone down significantly, and technologies like hydrogen reduction, supported by production and storage
of hydrogen via electrolysis, are promising
a potentially viable alternative to traditional
routes.
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“Taking the steel demand expected for 2050, if we
switch to a scenario in which the share of the BF/BOF
route is reduced to 32%, while EAF is increased to
38% and DRI to 30%, emissions would be reduced
almost 20% compared to what we would have by
working as we do today; and if we apply BAT for
these technologies, the reduction reaches 35%. This
will not be enough and breakthrough technologies
will still be needed, but at least it would put us on
the track we identified years ago. The potential for
using renewables to decarbonize our process is huge.
If we bring the share of electric steel to 50% of our
energy requirement, the power requirement could
be entirely supported by a surface of solar panels
of 1,600 km2, considering an efficiency of 20%. The
recovery and recycling of scrap, the use of natural
gas as a transition fuel for iron reduction and energy
generation, the use of hydrogen as a storage path for
energy, and higher quality raw materials, can be the
core of our industry’s transformation, and the only
credible course of action to ensure sustainability. In
the coming years, when coke ovens will gradually
reach the limits of their lifespan, every company will
have to consider reconfiguring its upstream steelmaking, keeping in mind the increasing pressure from all
stakeholders. We can be a leading component of a circular economy, acting together with our value chain
to reduce the overall impact on the environment.”
The U.S. is already decades ahead compared to
the rest of the world in terms of its share of EAF as
part of total steel production. Thanks to subsidies on
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There are no better words to conclude this paper than
the ones used by Paolo Rocca in his keynote speech
at the World Steel Association meeting of 15 October
2019: “Today our industry emits almost three times
more than 20 years ago. The shift in the production
route has not materialized: the EAF route continues
to represent around 30% of the total, and the specific intensity of CO2 per ton of steel remains more
or less the same as in 1998. We can no longer delay
concrete actions to dramatically reverse this trend.
As we indicated 20 years ago, the path to decarbonization means substituting blast furnaces for natural
gas-based direct reduction and the EAF, together with
the gradual introduction of breakthrough technologies. We know that CO2 emissions for DRI are 70%
of the traditional BF route, and for EAF are less than
30% of the BF route, and that changing the mix is the

only way to achieve results in a relatively short period
of time.”
“Compared to the global situation of 1998, three
aspects have changed substantially:
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renewables that created a new sector of the energy
industry that is now flourishing, today — even absent
such subsidies, thanks to the economy of scales now
in place — this country is expected to maintain the
lead in terms of the sustainability of its steel industry.
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