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Abstract

We present in two parts an assessment of global manufacturing. In the
first part, we review economic development, pollution, and carbon emis-
sions from a country perspective, tracking the rise of China and other
developing countries. The results show not only a rise in the economic
fortunes of the newly industrializing nations, but also a significant rise
in global pollution, particularly air pollution and CO2 emissions largely
from coal use, which alter and even reverse previous global trends. In
the second part, we change perspective and quantitatively evaluate two
important technical strategies to reduce pollution and carbon emissions:
energy efficiency and materials recycling. We subdivide the manufactur-
ing sector on the basis of the five major subsectors that dominate energy
use and carbon emissions: (a) iron and steel, (b) cement, (c) plastics,
(d ) paper, and (e) aluminum. The analysis identifies technical con-
straints on these strategies, but by combined and aggressive action,
industry should be able to balance increases in demand with these
technical improvements. The result would be high but relatively flat
energy use and carbon emissions. The review closes by demonstrating
the consequences of extrapolating trends in production and carbon
emissions and suggesting two options for further environmental
improvements, materials efficiency, and demand reduction.

81

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

01
3.

38
:8

1-
10

6.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 1
1/

09
/1

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



EG38CH04-Gutowski ARI 23 September 2013 16:27

Contents

1. THE REOCCURRING AND
CHANGING PATTERNS OF
MANUFACTURING . . . . . . . . . . . . . 82
1.1. Economic Growth and

Pollution . . . . . . . . . . . . . . . . . . . . . . . 82
1.2. The Changing Geography of

Manufacturing . . . . . . . . . . . . . . . . . . 85
1.3. The Reoccurring and Changing

Patterns of Manufacturing:
Summary . . . . . . . . . . . . . . . . . . . . . . . 89

2. EFFICIENCY IMPROVEMENTS
AND MATERIALS
RECYCLING . . . . . . . . . . . . . . . . . . . . . 91
2.1. The Energy Required to

Produce Materials . . . . . . . . . . . . . . 92
2.2. Materials Recycling and

Closed-Loop Manufacturing . . . . 93
2.3. Estimated Improvement

Potential . . . . . . . . . . . . . . . . . . . . . . . 97
3. THE MANUFACTURING

GAME . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

1. THE REOCCURRING AND
CHANGING PATTERNS OF
MANUFACTURING

We start with a historical review of the chang-
ing geographical patterns of manufacturing
over the past four decades, as well as the
reoccurring pattern for newly industrialized
countries experiencing economic growth and
increased pollution.

1.1. Economic Growth and Pollution

The term manufacturing applies to a wide
range of industrial activities generally focused
on making products. This includes produc-
ing not only automobiles, airplanes, buildings,
electronics, clothing, and other products but
also the input materials, including steel, alu-
minum, concrete, timber, coal, oil, and silicon,
and the energy resources needed to produce
them. Manufacturing plays an important eco-
nomic role by providing jobs and the means by

which an economy can grow, but it is also dis-
ruptive and often harmful to both humans and
the environment.

It is hard to overstate the historical impor-
tance of manufacturing as an economic force.
It has been and remains the major mechanism
by which large nations develop economically,
resulting in higher per capita incomes, a bet-
ter standard of living, and eventually better
health and longer life expectancy. Amsden (1)
describes the economic dynamic succinctly:

Economic development is a process of moving
from a set of assets based on primary prod-
ucts, exploited by unskilled labor, to a set of
assets based on knowledge, exploited by skilled
labor. The transformation involves attracting
capital, human and physical, out of rent seek-
ing, commerce, and “agriculture” (broadly de-
fined), and into manufacturing, the heart of
modern economic growth. (p. 2)

Many of the major economic leaders for
the past century, such as the United Kingdom,
Germany, the United States, and more recently
Japan, have risen to their developed status due
in large part to their mastery of manufacturing,
and many emerging economies such as China,
India, and Brazil are also relying on manufac-
turing to build infrastructure, create jobs, and
sell exports to transition to new, higher liv-
ing standards. Besides these two groups, other
countries such as South Korea and Taiwan
have greatly improved their economies, again
by using manufacturing as a principal means of
development.

This development, however, comes with a
cost. For example, the transformation from
agrarian society to manufacturing can be
wrenching, uprooting people from their tradi-
tional rural setting, separating them from their
family and friends, and subjecting them to new,
much more regimented lifestyles, in unfamil-
iar and sometimes unsafe circumstances. These
new circumstances can lead to the abuse of the
workers, as well as of the environment.

Throughout history one can observe the
reoccurring pattern of economic development
and harm, both environmental and human, as
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manufacturing grows to become a significant
economic activity. Accounts of the Industrial
Revolution in England include not only signif-
icant increases in income, but also significant
pollution and human tragedy. For example, as
Manchester rose to an international center for
steam-powered cotton production in the nine-
teenth century, it also significantly degraded its
air quality by burning coal for heat and power.
An 1840s government report referred to the
Manchester air as “intolerable” and “visibly im-
pure” (2, p. 81). The resulting living condi-
tions for the residents significantly shortened
their life expectancy. For example, the poor of
Manchester lived for only 17 years on average,
compared with 38 years for the rural poor of
England, and the wealthy of Manchester lived
for only 38 years, versus 52 years for their rural
counterparts (2, 3). Such differences are due not
only to increased coal burning for industry but
also to increased coal burning in the home (4).
Similar patterns of pollution and hardship have
been recorded for all the major manufactur-
ing countries as they transitioned from largely
agricultural societies, lacking experience with
or need for environmental and labor laws, to
developed countries. In the process, the tran-
sitioning nations have addressed labor and en-
vironmental issues to varying degrees, and liv-
ing standards have risen accordingly. Each of
these countries has improved, and average life
expectancies have increased, often dramatically.
For example, according to the UN, life ex-
pectancies in the United Kingdom, Germany,
the United States, and Japan—currently be-
tween 76 years (men in the United States) and
87 years (women in Japan)—are among the top
20% globally (5).

Today, we see similar patterns of develop-
ment as the so-called developing and emerg-
ing economies work to build a manufacturing
base for their economies. For example, in re-
cent decades China has skyrocketed to a ma-
jor economic and manufacturing power in the
world, maintaining near double-digit economic
growth, but simultaneously it has fouled its
water and air and sickened its people (6, 7).
According to the World Bank, China’s cities

are among the most polluted in the world,
with fine particulate matter PM10 and PM2.5

exceeding the EU’s air quality standard of
40 μg/m3 for 99% of the country’s urban pop-
ulation. For example, measured PM2.5 con-
centrations in Guangzhou in 2007–2008 aver-
aged 70.1 μg/m3, or approximately seven times
the World Health Organization’s (WHO’s) an-
nual average standard for PM2.5 (8). Further-
more, some data show that NOx and SO2 pol-
lutants in the air in China have been constantly
rising (6, 9).1 By WHO estimates, ∼300,000
people died prematurely in 2001 as a result
of China’s unhealthy urban air, and more re-
cent estimates place the toll much higher. For
example, the Global Burden of Disease Study
2010 report places at 1.2 million the premature
deaths in China due to air pollution (10). And
although China appears to have put in place ad-
ditional policies to address SO2, PM, and NOx

emissions, local utilities are resistant to imple-
menting these improvements without financial
support (6, 11). As a consequence, the trend
of constantly declining global SO2 emissions
(from combustion and processing) that began
in 1975 has been reversed and has been ris-
ing again since about 2000. For example, in
2005 China and India contributed ∼34% of
global SO2, whereas in 1970 they contributed
less than 7% (9). However, China’s National
Bureau of Statistics reports improvements in its
industrial wastewater discharge quality (6), and
evidence of carbon monoxide emissions from
2005 to 2009 shows improvement due to energy
efficiency and emissions-control regulations
(12).

This pattern of growth and pollution
followed by significant net benefits, including
pollution reduction, has been observed by many
and generalized in the so-called environmental
Kuznets curve (EKC). The EKC hypothesizes
that pollution rises as per capita income rises
and, after some critical point, declines. The

1In a historical comparison, Grübler (4) described how
London’s nineteenth-century coal burning resulted in high
levels of smog and led to particulate and SO2 concentrations
of up to 4,000 μg/m3.
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Industrial Revolution in the United Kingdom
and the emergence of China as a manufacturing
power seem to suggest this same pattern. And
many have reported similar patterns in studies
of specific pollutants in certain countries and
regions (13). However, recent reviews of EKC
models show that they do not stand up to econo-
metric scrutiny. That is, although there is clear
evidence of improvements, particularly when
looking at concentrations of specific pollutants
in urban areas, the EKC hypothesis is much less
secure when looking at total aggregated pollu-
tants. Stern (14) provides a heuristic explana-
tion for this observation by breaking down the
phenomenon into scale effects (i.e., growth) and
efficiency effects (i.e., improvements in pollu-
tion intensity or pollution/output). For wealthy
countries, growth is slower, and efficiency ef-
fects can overcome scale effects; however, the
reverse can be true in emerging countries.
Furthermore, the efficiency effects in wealthy
countries may be due in part to outsourcing.
In addition, just as one pollutant comes under
control, new toxins appear. For instance, if
pollutants are aggregated to include CO2 and
waste, then they continue to rise monotonically
(14), and still other potential new categories of
pollutants, such as nanomaterials or genetically
modified biological materials, which are not
yet fully understood, might come into play.
It often takes decades to identify the conse-
quences of the new chemicals and materials we
are constantly developing. Nevertheless, there
are circumstances in which pollution from
developing countries can be reduced because
of both the availability of new technology and
the adoption of stringent regulation standards
as currently practiced in the developed world
(13). Ultimately, we need a more detailed un-
derstanding of the actual changes in society as
wealth increases before an EKC mathematical
framework can be confidently proposed (15).

Although the pattern of economic devel-
opment through increased manufacturing may
still change, currently it is typically accom-
panied by a significant amount of pollution
side effects but, of course, with a promise of
future benefits. What is clearly different today

from the period of the Industrial Revolution,
however, is both the scale of manufacturing
and the location displacement of the pollution
side effects. In terms of scale, global manufac-
turing’s annual output (value added) grew by a
factor of 200 between 1800 and 2010 and by a
factor of 60 between 1900 and 2010, the latter
approximating the same increase as in the world
production of steel [25 million tonnes (Mt) to
1,500 Mt] in that same period. The growth from
1900 to 2008 translates into a compound annual
growth rate of ∼3.7%. This is faster than the
∼3.1% increase in world GDP over the same
period (4, 16–19). The result of this expansion
is that manufacturing is now an enormous
venture, 200 times larger than it was in 1800 on
an absolute scale and approximately 30 times
larger on a per capita scale. Such a pervasive and
widespread activity results in enormous ma-
terial flows and emits huge quantities of waste
products. These flows now rival natural geo-
logic flows and extend pollution well beyond
the borders of the polluter, even to the extent of
altering the ecology of the planet. For example,
world industry now uses ∼190 exajoules of
primary energy, approximately one-third of
all energy used globally, and emits ∼14 billion
tonnes (Gt) of CO2 and 50 Mt of SO2, or almost
40% of all global anthropogenic emissions
from energy and industrial processes each year
for each of these gases, respectively (9, 20, 21).
Furthermore, global manufacturing is growing
and increasing its energy use and carbon
emissions.

In this review, we focus particularly on en-
ergy use and carbon emissions in manufactur-
ing. This is because energy use in manufac-
turing is dominated by fossil fuels (more than
90%) (22), and these fuels, especially coal, are
responsible for the majority of the CO2 emit-
ted by manufacturing and for many pollutants
(e.g., SO2, NOx, PM10, and PM2.5). In general,
CO2 from manufacturing also includes process
emissions, for example, for the calcination of
limestone, and for the carbon reduction of var-
ious metal oxides, especially iron oxides. Be-
cause climate change responds to the absolute
amount of CO2 in the atmosphere, we primarily

84 Gutowski et al.
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report total absolute quantities of CO2 emitted
by various countries or industrial sectors. At-
tempts to normalize these values to create so-
called emission intensities or energy intensities
are explained in the context of the problem be-
ing addressed.

1.2. The Changing Geography
of Manufacturing

Manufacturing is a competitive sport, and as
such it is constantly changing as the source
of comparative advantage shifts. For example,
several hundred years ago, China and India
dominated world manufacturing; in 1750, they
produced well over one-half of the world’s
manufactured goods. But then they lost out
to Britain and the Industrial Revolution that
spread quickly through Western Europe and
the United States, reducing their share to well
below 10% by 1900. In the twentieth century,
the United Kingdom, Western Europe, and the
United States completely dominated manufac-
turing with a combined world share well above
50% for the first three-quarters of the century
and then declining slightly as Japan rose to
prominence circa 1975 (3). More recently, the
world has seen a historic shift, with a surge in
manufacturing coming primarily from China,

but with notable growth coming from several
other Asian and Latin American countries,
particularly India and Brazil who ranked among
the top 10 manufacturers in the world in 2010.
Figure 1 illustrates this pattern of relative de-
cline in the West and advancement in the East,
with regions categorized as the West (United
Kingdom, United States, Germany, Japan)
and the East (China, India, Indonesia, Taiwan,
South Korea, and Brazil). Although our
descriptors are not quite geographically pure,
they do capture the main players in this relative
transition in manufacturing. The individual
plots for China and the United States indicate
a historic return of China as one of the largest
manufacturers in the world, with approxi-
mately 20% of global manufacturing’s GDP in
2010.

Although the percentage of world manu-
facturing output (current dollars, international
exchange rates) is shown in Figure 1 as decreas-
ing for the West and the United States, their
absolute outputs increased during this time.
Hence, the percentage for the East increased
even faster. In fact, the growth rates for these
countries have been exceptional and prolonged,
a combination that is absolutely required if they
are to join in the lifestyles enjoyed by the de-
veloped nations. Allen (3) argues that, although
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Figure 1
Manufacturing output (current dollars, international exchange rates) as a fraction of the total for the West
(United Kingdom, United States, Germany, Japan) and the East (China, India, Indonesia,
Taiwan, South Korea, Brazil), with China and the United States also shown separately (23, 24).
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the developed nations can grow only at the
pace of new technology development (∼1–2%
per year in GDP per capita), to join the devel-
oped world in two generations (60 years) the
emerging nations must grow at ∼6% or higher
(GDP) depending on population growth. This
assumes that the developing nation started out
with a GDP per capita of one-fifth to one-
quarter that of the developed world. If the ratio
is smaller, then the growth rate must be higher.

The transition shown in Figure 1 for man-
ufacturing GDP is also found in the pattern
for the use of resources and the emissions from
these different regions, only with a twist: The
emissions for the emerging nations of the East
are generally considerably larger than those for
the West. The result is that even when the East
accounts for only a small fraction of manufac-
turing GDP, its emissions of CO2, SO2, PM,
and NOx account for much higher fractions
of the world total. For example, consider an
earlier period circa 1995 when the East con-
tributed only a small fraction to world manufac-
turing output (∼10%; compared with 60% for
the West). Even then, these fledgling manufac-
turing industries of the East were already signif-
icant contributors to world manufacturing CO2

output (more than 30% and slightly larger than
that of the West). This result is due in large part
to the nature of their manufacturing, building
heavy industries, and a heavy dependence on
coal, as is true for China and India. As the East
grew, and particularly as it expanded heavy in-
dustry (i.e., iron and steel, cement, and chem-
icals in particular), their manufacturing CO2

emissions grew significantly. This is shown in
Figure 2.

Currently, the East contributes ∼50% of the
total global manufacturing CO2. This is almost
a complete role reversal with the West, which
dominated in the early 1970s with its CO2 frac-
tion in the vicinity of 38–44%. Table 1 gives
the rank order of the top 10 countries in terms
of manufacturing output and CO2 and in the
production of steel and cement for 2010.

Table 1 indicates that many of the devel-
oping countries rank much higher in terms of
CO2 emissions than in terms of manufactur-
ing output. The exception to this pattern is
Brazil, with a relatively low carbon electric grid
due to a significant contribution by hydroelec-
tricity. (See Reference 27 for a discussion of
greenhouse gases from hydropower.) Further-
more, four of the top ten manufacturing carbon
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Figure 2
Manufacturing CO2 emissions (including direct, allocations for heat, electricity, and construction) as a
fraction of the global manufacturing total for the West (United Kingdom, United States, Germany, Japan)
and the East (China, India, Indonesia, Taiwan, South Korea, Brazil), with China and the United States also
shown separately (25).
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Table 1 World manufacturing rankings: output, CO2, and steel and cement production in 2010a

Production quantity
rank

Manufacturing
output rank Country

Manufacturing
outputb

CO2

production
rank Country

CO2

productionc Steel Cement
1 USA 1.77 1 China 5,097 1 1
2 China 1.76 2 USA 1,457 3 3
3 Japan 1.06 3 India 858 4 2
4 Germany 0.61 4 Russian Fed. 765 5 7
5 Italy 0.31 5 Japan 452 2 6
6 Brazil 0.30 6 South Korea 280 6 12
7 South Korea 0.28 7 Germany 278 7 18
8 France 0.25 8 Canada 209 16 31
9 UK 0.23 9 Indonesia 196 37 19

10 India 0.23 10 Saudi Arabia 192 27 12
Source: World Bank IEA WSA USGS

aData compiled from References 19, 23, 25, and 26. Abbreviations: WSA, World Steel Association; IEA, International Energy Association; USGS, US
Geological Survey.
bIn trillions of US dollars.
cCO2 production is given in million tonnes. CO2 emissions with electricity and heat are allocated for the sum of manufacturing industries, construction
and other energy industry uses.

emitters are not in the top ten manufacturers
based on monetary output. And six of the top
ten carbon emitters are not in the high-income
group.

Putting these trends together produces a
world manufacturing CO2 plot as shown in
Figure 3. The pattern shows a period of
gradually increasing CO2 emissions from 1970
to 2002, followed by a relatively sharp rise
after 2002. During the earlier period, the
developed world reduced its CO2 emissions
largely by slowing or even reducing its outputs
in the heavy industries, with the developing
and emerging nations picking up that slack
with their increased production, so that total
global emissions continued an upward slope
(Figure 3). The sharp rise starting in 2002 cor-
responds to a significant expansion in China,
which joined the World Trade Organization
in 2001 and directed much of its expansion
into exports.

This combination of rising carbon emissions
and increasing exports for the manufacturing
nations means that a significant amount of

carbon is being traded as embodied emissions
in products. Recent studies suggest that approx-
imately one-quarter of all CO2 emissions are
embodied in international trade. For example,
Peters & Hertwich (28) estimate the figure to
be 22% (5.3 Gt CO2) in 2001, while Davis and
colleagues (29, 30) estimate it at 23% (6.2 Gt
CO2) in 2004.

Regional studies show that, on balance,
the developed world is a significant importer
of carbon emissions, whereas the developing
world is primarily an exporter. That is, when
accounting for the carbon emissions from the
manufacturing of products that are traded,
the major direction of carbon flow is from the
developing to the developed world. For exam-
ple, Weber & Matthews (31) estimate carbon
emissions embodied in trade for consumption
in the United States at between 9% and 14% in
1997 and between 13% and 30% in 2004. Sim-
ilar results were found for carbon imports to
Switzerland, Sweden, Austria, the United
Kingdom, and France, where Davis & Caldeira
(29) estimate CO2 embodied in imports to
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Figure 3
CO2 emissions from the manufacturing sector, including direct allocations for heat, electricity, and
construction, for various regions of the world (25).

constitute more than 30% (of consumption), or
more than 4 tons per capita for these countries
in 2004. The leading exporters of emissions
in 2004 were China (1.4 Gt CO2), the United
States (0.5 Gt CO2), and Russia (0.4 Gt CO2);
the leading importers were the United States
(1.25 Gt CO2), Germany and Japan (0.4 Gt
CO2 each), and China (0.3 Gt CO2) (29–31).

Whether the responsibility for carbon
emissions should be assigned to exporters or
importers is a debate with many opinions. Both
sides presumably gain by the trade but would
suffer different consequences should a carbon
tax be imposed. For example, in one study the
consequences of a US$50/t CO2 tax levied on
producers was found to result in an effective
average tariff on Chinese exports of 9.7%,
whereas for the United States it would be 2.9%
and for the EU 1.4% (32, 33). Of course, if the
taxes were levied on the consumer, the high car-
bon intensity products would again be exposed,
but the mechanisms and locations for the finan-
cial transactions would differ. A problem arises,
however, if not all countries participate in the
carbon tax policy. Then, there is the possibility
of production moving to nonparticipating
countries resulting in so-called carbon leakage

if the emissions are assigned to producers. In
this case, there is a clear advantage to using
consumption-based inventories. Such a scheme
could then include nonparticipating polluters
and work against the so-called race to the bot-
tom, when production moves to nonregulated
countries. At the same time, from a practical
point of view, it is much more difficult to
estimate consumption-based carbon. These
estimates are calculated using multiregional
input-output models. There are significant
challenges in collecting the data and converting
the country data to a consistent set of global
data. Generally, there has been a five-year lag
between data collection and model availability.
In addition, because the consumption-based
calculations are much more complex than
production-based calculations, they are also
somewhat less accurate. Nevertheless, the
advantage of discouraging the so-called pro-
duction pollution havens favors consumption-
based accounting (28). At the same time, the
implementation of consumption-based ac-
counting and regulations could be interpreted
as establishing trade barriers and will require
further refinements in international trade
agreements.
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Because of the significant magnitude of
China’s carbon exports, much attention has
been paid to them. A recent paper in Energy
Policy (34) examined China’s annual CO2

emissions from exports from 2002 to 2008
using a structural decomposition analysis. The
paper gives reasonably good agreement with
other studies during this period and shows a
trend of increasing trade emissions as a fraction
of total domestic CO2 emissions for China,
rising from approximately 15–20% in 1997 to
an estimated 48% in 2008. The decomposition
analysis revealed the main driver for this
increase: a change in export composition,
primarily due to an increase in the fraction
of metal products, and to a lesser extent
electronics, in China’s exports. Other smaller
factors included an increase in exports, a small
change in economic structure, and a significant
reduction in emissions intensity. However, the
emissions intensity is measured in terms of CO2

per monetary value of exports, and because
Chinese exports are becoming more valuable as
they transition from low-end products such as
textiles to higher-end products such as machin-
ery and electronics, this could have the effect of
making emissions intensity improve. Overall,
however, the study suggests that CO2 emis-
sions attributable to exports increased rather
dramatically as a fraction of total domestic
emissions to approximately 50% in 2008 (34).

1.3. The Reoccurring and Changing
Patterns of Manufacturing: Summary

In summary, then, global manufacturing ap-
pears to be in the middle of a historic transi-
tion, with emerging economies, led by China,
challenging the industrialized nations’ domi-
nant position. Figure 2 shows this trend. Such
a transition is necessary if the developing na-
tions are to raise themselves to a higher standard
of living through industrialization. Whether
this pattern continues, however, is not assured.
Surges of this type have faltered before, most
notably with Japan in the 1990s. What is im-
portant from an environmental point of view
is that the growth of the developing nations

will require heavy industry, and this will most
likely be fueled by coal. This would be partic-
ularly true for China, India, and Indonesia, all
large coal producers. The question is whether
this industrial development will take place in an
environmentally benign way. Although there is
no absolute answer to this question, it is the
central dilemma that faces global manufactur-
ing. Below, we summarize six important parts
of this problem, and in the next section we
review two general strategies that could help
reduce the environmental load associated with
manufacturing.

1. Product mix: Significant carbon emis-
sions from manufacturing become
noticeable when emerging countries
develop heavy industries. This is part
of the so-called “big push industrializa-
tion,” as has been practiced by many
former emerging countries such as
Japan, Taiwan, and South Korea and is
currently being practiced by China (3).
Developing nations have many physical
needs for infrastructure, housing, and
transportation, and providing for them
locally creates opportunities for jobs and
nurtures local industry as it grows and
develops. While other forms of devel-
opment are possible such as agriculture,
trading, mining, and services, they have
not been as successful as manufacturing
for large developing countries. Figure 4a
shows how industrial CO2 is dominated
by just five of the basic materials from the
so-called heavy industries: iron and steel,
cement, plastics, paper, and aluminum.
In a subsequent discussion, we refer to
these as the big five. Notice in Table 1
how the top seven CO2-producing man-
ufacturing nations are also the top seven
steel producers, and, with the exception
of Japan, they are in the same order.

2. Scale and future demand: The number
of people in the world with basic needs
still unmet is enormous. Of the current
seven billion people on the planet,
only approximately one billion are in the
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Figure 4
(a) Total industry CO2 (from fuels and process emissions) broken down by major subsectors (39). (b) Growth of steel production from
1900 to 2011 (18, 19).

high-income category (i.e., gross national
income per capita greater than approx-
imately $12,000), and approximately
three billion people are below $3,000
(35). Despite indications of materials
saturation (in iron, steel, and concrete) in
a few developed countries (36–38), there
are still many materials to be produced,
especially if poor countries aspire to the
rich countries’ levels of consumption.
Most of the growth shown for steel in
Figure 4b after circa 2001 is due to
China’s production growth.

3. Efficiency: The large investments re-
quired for primary materials production
facilities can take decades to recover, and
thus once built, these facilities are closed
down only reluctantly; as such, some
number of inefficient facilities continue to
operate. But here the emerging countries
can have the advantage. New facilities can
employ the most energy-efficient tech-
nologies. According to the International
Aluminium Institute, Africa and China
are the most efficient aluminum smelting
regions in the world (39–41). However, as
an industrial subsector, materials are only
moderately traded compared with other

products, meaning most demand is local.
This can act to shelter regional industry
and potentially allow for low-efficiency
operation. Furthermore, not all automa-
tion is cost-effective in low–labor rate
countries, and future energy-efficiency
improvements for the traditional heavy
industries are limited (3, 42, 43). Section 2
addresses this issue in more detail.

4. Fuels: By definition, manufacturers com-
peting in commodity materials must be
very cost conscious, and energy is a sig-
nificant component of cost. It is still the
case that coal is the cheapest fuel, and in
some locations often the only one avail-
able in large quantities. As a result, coal
has powered most of the emerging coun-
tries’ manufacturing. For example, of the
ten largest manufacturing CO2 producers
in Table 1, six are among the ten largest
coal producers, and the top three rank in
exactly the same order as coal production
(44). In addition, coal-exporting coun-
tries such as Russia and Australia increas-
ingly supply the East with coal. This high
use of coal by the emerging manufactur-
ing countries results in high production
not only of CO2 but also of other air
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pollutants. Future development of nat-
ural gas, though uncertain at this time,
could very well modify this pattern.

5. Pollution control: Although we have
not emphasized pollution control in this
review, there are clear differences in the
level of implementation in the developing
versus the developed world. For example,
an analysis of the SO2 emissions from the
global manufacturing sector indicates a
10% decline between the years 1990 and
2000, with the US manufacturing sector
declining by 25% even while output rose
by 24% over roughly the same period
(1987–2001). A decomposition analysis
reveals that most of this improvement
came from technology (pollution con-
trols) and not offshoring (45). In fact,
total global SO2 emissions had been
on the decline since the mid-1970s.
However, with the rise of the East, led by
China, and significant increases in coal
burning without adequate pollution con-
trols, global SO2 emissions again began
to rise starting in 2000 (9, 46). National
aggregate sulfur coal emission factors
(tS/kt coal) indicate a steady decline for
North America, Europe, South Korea,
and Japan from 1970 to 2005, whereas
China, Australia, New Zealand, and the
former Soviet Union have remained
essentially flat during this period, with at
most modest improvements (9).

6. Trade: The purpose of trade is to improve
the economic well-being of the partners,
but the ultimate effect on environmental
impacts is less clear (47, 48). The answer
one gets to this question depends in
part on how long one is willing to wait.
From the historical record, early heavy
industrial development based on coal
always leads to increased pollution. With
time, and increased affluence, however,
clean water and urban sanitation usually
improve and SO2 emissions decrease,
whereas such outputs as CO2 and solid
waste generally do not follow this pat-
tern (14, 47). The issue of industrial

migration to poorly regulated countries
is an ongoing area of research, often
called the pollution haven hypothesis.
Most studies in this area have been
inconclusive, pointing out that corporate
location decisions involve many factors
including distance to market, skilled
labor availability, taxes, and many other
issues (47, 49). However, some more re-
cent studies find more mixed results, with
some suggesting that the pollution haven
hypothesis is real and possibly large (48).

2. EFFICIENCY IMPROVEMENTS
AND MATERIALS RECYCLING

In this section, we turn our attention to two
strategies to improve the environmental per-
formance of manufacturing: energy efficiency
and materials recycling. Taken together, these
strategies can reduce not only energy use (which
is predominantly from fossil fuels), but also car-
bon emissions as well as other pollutants. For
example, the current increases in global man-
ufacturing CO2 as shown in Figure 3 are in
large part due to coal use in China, and with-
out proper controls, coal is a major source of
several important air pollutants (i.e., PM, SO2,
and NOx) (50). Any strategy that reduces coal
use will also work to reduce these pollutants.

To examine these strategies, we shift our
focus from exploring the historical shift in
the national character of manufacturing, as in
Section 1, to look at the industrial subsectors
that dominate energy use and carbon emis-
sions. As mentioned earlier, we focus on the
big five materials: (a) iron and steel, (b) ce-
ment, (c) plastic, (d ) paper, and (e) aluminum.
This approach allows us to assess the technical
improvement potential for manufacturing, and
hence to speculate about possible future scenar-
ios. We do this without regard to cost and pro-
ceed as if the financial incentives exist to pro-
mote these activities. We start by looking first at
the energy-efficiency potential and then at the
materials recycling potential. Finally, we bring
this together to estimate manufacturing’s self-
improvement potential, and in particular how
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it will fare compared with projected increases
in demand.

2.1. The Energy Required
to Produce Materials

The energy required to produce materials has
received considerable attention in the litera-
ture, and we now have in hand several estimates
for potential efficiency improvements through
the adoption of best available technology
(BAT). For example, Table 2 gives global
average values for the direct energy required to
produce the big five materials for primary and
secondary production, and reports ranges for
potential efficiency improvements to primary
production (the third column). The last column
is simply the theoretical benefit of replacing all
primary production by secondary production.2

The energy values (columns 2 and 4) include
the fuels and other direct energy inputs (e.g.,
electricity) required to extract and produce
these materials per kilogram of material output
(38, 42). These numbers are approximations
based on a review and reconciliation of various
references, and are probably no better than
±10% (38, 42, 51). The direct energy values
include neither the electricity generation
losses of the utilities nor the fuel value of the
material.

As seen in the table, the potential reductions
in energy intensity through the implementa-
tion of BAT vary considerably; for example, ac-
cording to Saygin et al. (52), the potential to
reduce energy used in steelmaking varies from
9% in the industrialized world to ∼30% in the
developing world. When aggregated over the
materials production sector, estimated reduc-
tions generally range from 20% to 30% (38, 39,
42, 52). For example, Saygin et al. (52) suggest
an overall efficiency improvement potential of

2The meaning of the numbers in the last column is quite
different from the meaning of the values in the third column.
Although BAT values are generally practical and achievable,
the recycling values are only theoretical and there are many
barriers to obtaining these high values, as is discussed in the
next section.

27 ± 8%. Although these gains are significant
and constitute a necessary part of a future re-
duced energy scenario for the industrial sec-
tor, they are small compared with past gains in
these industries and with the needed improve-
ments if we are to meet carbon reduction tar-
gets to limit global warming. For example, the
Intergovernmental Panel on Climate Change
recommends a minimum reduction in carbon
emissions by half by the year 2050 (22). If we
make the reasonable assumption that the ma-
terials sector will see a doubling in demand by
that time, then the carbon intensity of the ma-
terials sector must be reduced by 75%. Clearly,
this magnitude of improvement cannot be met
through efficiency improvements alone.

The irony here is that the reason this
sector’s future improvements are limited is that
it has been paying close attention to efficiency,
which it has already improved significantly. In
fact, the basic processes to make these materials
have been in place for a long time [∼80 years
for some plastics (the newest materials on the
list) and more than 200 years for iron and steel].
This is important because during this time
the primary processes have been improving,
and the very best are now approaching their
thermodynamic limits. For example, the best
available smelting processes for iron and
aluminum are now in the vicinity of 55–65%
efficient. Although not all of the material
production efficiencies are this high, they are
high, and future improvements will be limited
as indicated in Table 2. In fact, the energy ef-
ficiency of industry in the industrialized world
is well above the other major energy-using
sectors, including residential and commercial
buildings and transportation. For example, in
a recent paper Ayres et al. (53) calculated the
second law exergy efficiency for US industry
and for the US economy as a whole, with the
result that industry is almost four times more
efficient (30% versus 7.7%) (49). More details
on potential energy-efficiency improvements
for the materials sector can be found in
Reference 52, which differentiates between
the improvement potentials in the developing
countries versus the industrialized countries.

92 Gutowski et al.

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

01
3.

38
:8

1-
10

6.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 1
1/

09
/1

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



EG38CH04-Gutowski ARI 23 September 2013 16:27

Table 2 The estimated global average direct energy intensity of materials production [in
megajoules/kilogram (MJ/kg)] and the estimated reductions from best available technology (BAT) as
percent of primary

Material
Primarya

(MJ/kg) BAT reductionb
Secondarya

(MJ/kg)
Max recycling

reduction
Steel 25 9–30% 9 64%
Aluminum 93 12–23% 6 94%
Cement 4 20–25% — 0%
Paper 23 18–28% 12 48%
Plastics 32 9–27% 15 25%

aSee References 38 and 42.
bSee References 38, 39, 42, 43, and 52.

Their work includes the surprise that although
it is generally true that there is more improve-
ment potential in the developing countries
compared with the industrialized countries,
the situation is reversed for aluminum smelting
and pulp and paper production (52).

The last two columns in Table 2 do sug-
gest, however, that potentially larger efficiency
gains can be had by increasing recycling. The
gains look very significant for steel, aluminum,
and paper. The low value for plastics is a result
of our not including the fuel value of the mate-
rial, which is substantial. For example, if the fuel
value for the plastics is estimated as 40 MJ/kg
and this is charged to primary production, then
the maximum potential reduction from recap-
turing this material could be portrayed as 80%.
Because of these potentially large gains, and be-
cause of several recent publications that allow
global estimates for recycled materials, we turn
our attention to recycling and the general no-
tion of closed-loop manufacturing in the next
section. Note that no secondary energy value is
given in Table 2 for cement because cement is
not recycled (54).

2.2. Materials Recycling and
Closed-Loop Manufacturing

The idea that material recycling is good for
the environment is well known. For decades, it
has been discussed in the literature, analyzed,
debated, and promoted (55–61). The principal

benefits come from the assumption that the
recycled material can substitute for the primary
material and therefore displaces various activ-
ities that use energy, emit pollution, and alter
the landscape. That is, recycling should result
in less mining and extraction, less smelting, less
material refining, and less end-of-life (EOL)
treatments such as incineration and landfill.
In fact, recycling is often considered a corner-
stone of a broader vision for the sustainability
of a closed-loop society or of closed-loop
manufacturing. Although all of this is well
known, what is new are significant advances in
our understanding of global material flows and
recycling that allow for first estimates of global
recycling rates. Some of this work has been go-
ing on for some time and is now bearing fruit.
In particular, this includes the work of Graedel
and coworkers (62–65), Allwood and coworkers
(43, 66), and Ashby (51).

To frame this discussion, we provide a sim-
plified materials flow diagram to emphasize two
return routes for secondary supply, one from in-
dustry as prompt scrap (PS) and the other from
EOL products as old scrap (OS).

The parameters c and f represent the frac-
tions of the source streams that are returned to
recycling: f = Qos/QEOL and c = QPS/Qp. In
practice, you want c to be small (because 1−c is
the yield) and f to be large. The recycling rate
as a fraction of total materials production out-
put is r; i.e., r = Qsec/Qp. Because of growth
and time delays in the use phase due to the long
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lifetimes of some products such as buildings,
roads, and infrastructure generally referred to
as stocks, EOL materials are less than demand:
QEOL ≤ QD. Manipulation shows that

r = c + f · QEOL

Qp
. 1.

This reveals that making the early production
processes more efficient (making c small) will
actually reduce the recycling rate r. We return
to this topic in the next section.

2.2.1. Recycling rates. Environmental gains
from recycling cannot be realized unless the
dispersed products are first collected and sepa-
rated. These practical requirements greatly fa-
vor used materials that can be found in large
quantities with known properties. Unfailingly,
this occurs close to home while the materials are
still in some stage of manufacture. In fact, this
so-called internal recycling (of PS) currently
constitutes approximately one-half of the sec-
ondary supply for steel and aluminum. Calling
this material recycled, however, hides the fact
that internal recycling actually is a form of in-
efficiency. That is, significant energy has been
invested and carbon emitted to produce new
material only to return a part of it to be repro-
cessed again before it can be turned into a useful
product. Efforts to reduce the energy use and
carbon emissions of materials production would
rightly make every effort to reduce this fraction.
For example, data from German steel produc-
tion show this fraction decreasing from ∼46%

of production in 1960 to ∼12.5% in 2005 (with
corresponding yields improving from 54% to
87.5%) (40), and still other improvements can
reduce it further (66, 67).

Because of this complication, studies of re-
cycling often focus on what is collected and pro-
cessed after the EOL of the product. Recent lit-
erature reports this rate as the EOL recycling
rate, or EOL-RR (64). This rate is similar to f
in Figure 5 but accounts for losses in the sec-
ondary process; hence EOL-RR = fraction of
Qsec from Qos minus secondary losses divided
by Qp. This means EOL-RR ≤ f. A review of
this literature indicates that recycling rates vary
enormously across materials and that in gen-
eral material recycling rates could be improved
significantly. Two exceptions with already high
values of EOL recycling are some metals and
paper. For example, EOL-RR for metals used
in the highest volumes (e.g., iron and steel, alu-
minum, copper, and lead) can be well above
50% (64), and we estimate that paper and card-
board are in the range of 40–50%. One of the
highest metals recycling rates is for lead (Pb), a
success story based on significant (but not yet
totally inclusive) worldwide efforts to avoid the
toxic effects of lead. The result is that the EOL-
RR for lead is estimated to be more than 90%.
In terms of climate change, however, the most
important metal is iron (Fe), because steel is the
single largest energy user and carbon emitter
in the world materials sector. According to the
United Nations report, the EOL-RR for steel
is impressive, ranging from 70% to 90% (64).

Qsec

Materials production
(primary)

Product manufacturing
Use

(stocks)
Lost

Materials production
(secondary)

Qprim QP QP

QPS (c) QOS (f )

(1-f )(1-c)

QEOLQD

Figure 5
Simplified materials flow diagram for primary and secondary materials production, product manufacturing, and use phases. (To
simplify the discussion, we do not show losses at the materials and manufacturing boxes. These are discussed in References 64–66.)

94 Gutowski et al.

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

01
3.

38
:8

1-
10

6.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 1
1/

09
/1

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



EG38CH04-Gutowski ARI 23 September 2013 16:27

A counter example and indicator of the signif-
icant work that needs to be done at the other
end of the scale comes from other metals, often
valuable, but used in small quantities in vari-
ous applications. These include alloying ingre-
dients (vanadium, tellurium) or materials used
in magnets (neodymium, samarium), batter-
ies (lithium), lighting applications (europium,
ytterbium), and thin-film photovoltaics (PVs)
(tellurium, indium) that are essentially not re-
cycled (EOL-RR reported as <1%) (64).

However, overall, and especially compared
with the recycling of most other materials, met-
als recycling is a relative success story. That is,
if one looks at an aggregate measure of met-
als recycling based on total mass, the EOL-
RR for metals is high; we calculate it to be in
the range of 51–87% using the UN Environ-
ment Programme (UNEP) estimates for EOL-
RR and US Geological Survey (USGS) data for
world production quantities for 37 of the most
highly used metals. This is because the mass of
steel and iron is so large (at least an order of
magnitude larger than the next largest metal—
aluminum—which also has a relatively high
EOL-RR) that any aggregate statistic would be
dominated by steel and iron. We get this result
even though there are many examples of metals
used in smaller quantities that are not recycled
at all.3

However, the flipside is that other
materials—nonmetals, with the exception of
paper and cardboard previously mentioned—
generally have rather low recycling rates
compared with metals. For example, overall,
plastics have low materials recycling rates
even though bottles made from polyethylene
terephthalate are often collected for curbside
recycling in some communities. Plastics are
victims of their own success: That they can
be altered by a wide array of fillers and additives
means that there is a great deal of uncertainty

3For example, the number average recycling rate for the 37
metals mentioned above is only 19–31% (versus 51–87% for
the mass average) indicating that many metals are recycled
at low rates or not at all, whereas the majority of the mass is
recycled.

concerning their physical properties when they
are collected. A second point is that plastics,
although used in large volumes, usually are
not incorporated as large masses in any given
product. This presents a challenge to their
collection and recycling. We estimate the
EOL-RR for plastics to be ∼2–7%. And, for
cement, which plays a major role in energy
use and carbon emissions, second only to steel
in the materials sector, the situation is worse.
Cement is not recycled. Concrete, however,
can be reused in some instances (for example,
as roadside barriers and cement blocks), can be
downcycled (used, for example, as riprap for a
seaside barrier), and can thereby be thought of
as displacing some need for primary cement
and concrete. However, this is not closed-loop
recycling.

Overall, if one makes an estimate of the ag-
gregate EOL recycling rates for mass aggre-
gated metals, cement, paper, and plastics, the
result would be in the range of 20–44%. These
results are shown in Table 3. Again this result
is dominated by two materials: steel, which is
recycled at high rates, and cement, which is not
recycled.

This result is important because future
potential improvements would need to exceed
the range given in Table 3. For example, in a
world where half the total mass of these mater-
ials is unrecyclable cement and the other half is
completely recycled, then the maximum mass
average recycling rate EOL-RR would be 50%.
A comparison of this value with the last row in
Table 3 (20–44%) gives an indication of
the maximum potential improvement. This
exercise underscores the importance of future
research to further refine our knowledge of
recycling rates.

2.2.2. Scrap availability. To successfully re-
duce the environmental impacts associated with
materials production, it is important not merely
that we collect EOL materials and have a high
value of EOL-RR but also that these recycled
materials actually displace a significant fraction
of primary production. For a steady-state (no-
growth) economy, this is not difficult, but when

www.annualreviews.org • A Global Assessment of Manufacturing 95

A
nn

u.
 R

ev
. E

nv
ir

on
. R

es
ou

rc
. 2

01
3.

38
:8

1-
10

6.
 D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 M

as
sa

ch
us

et
ts

 I
ns

tit
ut

e 
of

 T
ec

hn
ol

og
y 

(M
IT

) 
on

 1
1/

09
/1

3.
 F

or
 p

er
so

na
l u

se
 o

nl
y.



EG38CH04-Gutowski ARI 23 September 2013 16:27

Table 3 Estimated current global EOL material recycling ratesa,b

Material EOL-RR Calculation details and references
Steel 70–90% UNEP (64)
Metals (mass average including the 37 most highly used
metals)

51–87% Calculated using UNEP (64) and USGS data

Cement 0% 54
Plastics 2–7% 51, 66
Paper 40–50% 51, 66
Overall (mass average for metals, cement, plastics, and
paper)

20–44% Calculated using data from References 42, 51,
54, 64, and 66 and from USGS data

aPlastics and paper could be recycled by collecting and burning them for their fuel value. This would not be material recycling per se and is not considered
here.
bAbbreviations: EOL-RR, end-of-life recycling rate; UNEP, UN Environment Programme; USGS, US Geological Survey.

there is growth, and particularly when the prod-
ucts have long lifetimes, the EOL recycled ma-
terial may make up only a very small portion of
materials demand. A simple compound annual
growth rate model can be used to illustrate this
point. Consider that a product with a lifetime
of n years is produced in year o in the amount of
Qo. If production grows at an annual rate of i,
then when this product is retired and available
for recycling in year n, production will be Qn,
or

Qn = Qo (1 + i )n. 2.

If we assume some fraction of Qo is captured and
instantly recycled without losses ( f = EOL-
RR), then the maximum fraction of EOL ma-
terial that could displace production would be

QEOL max

Qn
= f

(1 + i )n
. 3.

A few examples can illustrate the effect of
growth rate. If n = 1, i is small (a few percent),
and f is high, then the EOL material can cover
a very large fraction of production. However,
consider the extreme example of recycling PV
systems. Over the past several decades, these
systems have been growing at an annual rate of
∼35% per year. If we assume a PV lifetime of
25 years, continued growth at 35% per year,
and f = 1.0, Equation 3 would give us a ratio
of 0.00055. That is, even with an EOL-RR of
100%, these recycled EOL materials will rep-
resent less than 1% of demand. Of course, this

is an extreme example. Most products do not
grow at 35% per year, nor do they have lifetimes
as long as 25 years. But even for more modest
situations, the growth effect can be quite no-
ticeable and could prevent us from obtaining
the closed-loop system performance one might
expect. Another example for steel recycling il-
lustrates this point. Although world steel recy-
cling rates (as a fraction of supply) were quite
high in 1980 (∼60%) after a period of produc-
tion stagnation, they began to decline as pro-
duction grew, and then declined precipitously
between 2000 and 2006 to ∼34% while steel
grew during this period at a rate in excess of
8% per year (see Figure 5b) (18, 19, 39). Hence,
although recycling will continue to hold signif-
icant potential to reduce our demand for pri-
mary materials and, in doing so, reduce our en-
ergy use and carbon and toxic emissions, in the
face of significant growth there is no such thing
as closed-loop manufacturing. Growth must be
much slower for this idea to work well.

Although there are many additional issues
concerning recycling that could be discussed,
for the sake of brevity we list only some here
with references that provide an in-depth dis-
cussion of these issues. These issues include
the difficulties of materials separation [includ-
ing thermodynamic limits (65, 68–70) and the
resulting loss of materials often after only one
or two recycling cycles (71–73)] and the in-
creased complexity of new products [including

96 Gutowski et al.
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Table 4 Current and estimated future recycling rates, r (References 38, 42, 43)

Material Current, r% 2050, r%
Steel 37 69
Aluminum 30 65
Cement 0 0
Paper 45 70
Plastics 4 28

more complex material combinations and the
addition of power and controllers to products
(74–77)], both of which continue to challenge
our ability to turn scrap materials into accept-
able inputs for new products.

Considering these effects, recent publica-
tions have made estimates of current and fu-
ture potential recycling rates r. The values given
in Table 4 are from References 38, 42, 43.
The current rates listed in the table are per-
haps more modest than some people would
think. The low rates for steel and aluminum
are strongly influenced by improvements in
yield and recent rapid growth in these materi-
als, and they have in earlier times been higher.
However, the low rate for plastics is primar-
ily due to technical problems. The estimates
for 2050 include the assumption that primary
production improves substantially, thereby sig-
nificantly reducing the fraction of PS, c. They
also include significant advances in our abil-
ity to capture materials, thereby increasing the
fraction of EOL material f. However, in two
cases—steel and aluminum—the maximum val-
ues are limited by estimates of future growth.
Although this growth is relatively modest—
approximately 1.5% per year—the estimated
long life spans for the major products made
from steel and aluminum result in the limiting
values of 69% and 65%, respectively.4 The es-
timate for paper is set at 70%. Because primary
paper uses biomass for energy, and secondary
paper often uses fossil fuels, setting the recy-

4Of course, these could be estimated to be larger by including
larger contributions from PS, but this would actually increase
the energy intensity of primary production by reducing its
yield. The overall effect would be to increase energy use, not
to reduce it.

cling rate too high can actually increase CO2

emissions (see Reference 78), and the estimate
for plastic is only at 28% because of the techni-
cal problems we have already mentioned.

2.3. Estimated Improvement Potential

The two previous sections provide the back-
ground information necessary to understand
the future self-improvement potential for the
materials production sector of manufacturing.
In fact, several different publications have ad-
dressed this problem for the global manufac-
turing sector focusing on energy use reduction
(38–40, 42, 79) and carbon reductions (22, 40,
43), and although some of the details of the sce-
narios examined differ, the overall conclusions
are quite similar. By combining cutting-edge
and other efficiency improvements, yield im-
provements, and aggressive scrap collection in
the recycling processes, manufacturing may be
able to just offset modest growth (∼1.5% per
year) and maintain relatively level energy usage
and carbon emissions. Put another way, man-
ufacturing should be able to halve its energy
and carbon intensity in the face of a doubling
in demand by 2050, resulting in high but es-
sentially flat energy use and carbon emissions.
For example, one study estimated that by com-
bined and very aggressive actions the energy
needed to make the big five materials per unit
of aggregated mass could be reduced by 50–
56%, but the total mass was expected to roughly
double by 2050, offsetting these improvements
(42). More specifically, a high-demand scenario
would result in a slight overall increase in en-
ergy used by this group of materials (+6%), and
a low-demand scenario would result in a slight
overall reduction (−20%) by 2050 (38, 42).
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Although this appears to be an improvement
compared with current trends (see Figure 3),
this would not be sufficient to meet current in-
ternational targets to limit climate change, as
mentioned above. In other words, manufactur-
ing needs yet another 50% reduction to meet
the minimum target. We conclude this article
with a few suggestions as to how these addi-
tional reductions might be obtained, but before
doing this, we briefly review the larger nature
of the manufacturing enterprise, which is im-
portant to keep in mind.

3. THE MANUFACTURING GAME

In Section 1, we touched on the very positive
role manufacturing can play in helping devel-
oping nations raise their standard of living by
both creating jobs and providing for their own
material needs, but it is also important that we
reckon with the market nature of manufactur-
ing. In a free-market society, manufacturing is
an activity for profit, with ambitions that go
well beyond providing for people’s basic needs.
Manufacturing is actually a collusion of sorts,
between manufacturers and consumers to cre-
ate yet new needs. The results of these new
needs are more production and more consump-
tion [and affluence (80, 81)]. This growth can
work to lessen and sometimes defeat the efforts
focused on efficiency improvements. The trend
is very clear in the historical record for the pro-
duction of goods, and for power requirements
and combustion emissions of CO2. For exam-
ple, Figure 6 shows global patterns of growth
for 13 indicators, expressed as per capita trends,
averaged over the world population.

The figure gives a clear message about
growth in manufacturing: Every graph rises,
mainly linearly, so in addition to forecast
population growth, the per capita impacts of
production, if they continue along this path,
will increase steadily in the near future. More
specifically, the graphs show that the past
50 years have led to a more-than-average dou-
bling of economic prosperity, with an increase
in life expectancy from 55 to 70 years, whereas
per capita power requirements and consequent

emissions, having been steady for 40 years,
have begun to rise in the past 10. This increase
in prosperity has led to increased mobility,
with per capita flights quadrupling and per
capita transport emissions rising by a quarter.
Personal consumption of steel, cement, and
paper—three of the key materials that drive
most industrial emissions—has risen absolutely
steadily for paper and with a recent surge for
steel and cement, largely driven by a rapid ex-
pansion of construction in China. In turn, this
growth in material consumption has led to in-
creased material service provision, with one car
operating for every eight people on the planet,
and an astounding increase of built space
leading to provision of ∼30 m2 per person.

The growth in per capita demand for
energy, materials, products, and services illus-
trated in Figure 6 is averaged over the global
population and as such disguises a key question:
Does this growth reflect improving prospects
for the poor or an increasing gap between rich
and poor? The answer to this question is that
both are happening, and it is those who are ac-
tively engaged in manufacturing, as indicated in
Figure 1, who have the best chance to catch
up. Furthermore, if this trend continues, the
world will experience yet another remarkable
transition, a crossover in consumption from
the rich world to the poor. That is, just as
Figure 2 shows a crossover around 1994 be-
tween the East and the West in CO2 emissions
from manufacturing, and Figure 1 suggests
a crossover in manufacturing output possibly
occurring in the next decade, there is a chance
that a similar crossover for consumption is not
too far off. For example, a recent McKinsey
report (95) estimates that by 2025 developing
economies could account for nearly 70% of
global demand for manufacturing products.
At the same time, some observers are not this
optimistic (96), but it will be a historic event
should it occur.

Table 5 summarizes the current levels of
global per capita consumption from the data
shown in Figure 6 and reports the current an-
nual growth rate in per capita consumption,
based on a linear regression fit to the data from

98 Gutowski et al.
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Figure 6
Trends of manufacturing growth. The graphs have been normalized by population data from Reference 82, which correlates closely
with Reference 83: (a) Global GDP in constant 2000 US$ (24) and life expectancy (5); (b) emissions figures taken from Reference 25
refer to direct fuel combustion only, and so ignore process emissions, and the industry figures show no reallocation of emissions from
electricity generation relating to electricity use in industry; energy figures from Reference 84, converted to power by dividing annual
consumption by 31,536,000 seconds; (c) airplane passengers carried and transport CO2 emissions from References 85 and 86; (d ) steel
data from Reference 87, cement data from Reference 26, and paper data from Reference 88; (e) global car production data from
Reference 89, table 1–23, converted to in-use stocks, assuming a 20-year car life with zero stock in 1960; built space calculated from
cement production (26), assuming all cement used as concrete to create building floors lasting for 40 years. Cement usage estimated at
300 kg/m2 based on bottom-up estimates for a 200-mm floor slab (in References 90 and 91), and a top-down estimates of Chinese
construction (in Reference 92); ( f ) silicon wafer production data from Reference 93, and electric motor data from Reference 94.
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Table 5 Global per capita consumption of energy, materials, products, and services in 2010, and
average annual growth rates for these goods deduced from the gradient of a straight line regression
to the 2001–2010 data shown in Figure 6, divided by 2010 levels

Global per capita economic, environmental, and
global consumption indicators

2010 global average per
capita

Annual rate of
increase

GDP (2000 US$/person/year) 6,009 1.4%
Total primary power (watts/person) 2,449 1.2%
Direct manufacturing and construction power
(watts/person)

467 1.6%

CO2 from fuel combustion (t/person/year) 4.35 1.7%
CO2 from industry (t/person/year) 0.90 2.5%
Number of airplane journeys per 1,000 people/year 376 3.1%
CO2 emissions from transport
(kilogram/person/year)

820 0.4%

Steel (kilogram/person/year) 206 3.6%
Cement (kilogram/person/year) 480 4.6%
Paper (kilogram/person/year) 58 1.1%
Electric motors produced/person/year 1.16 5.3%
Square inches of silicon wafer produced/person/year 1.35 5.0%
Stock of cars (number of cars in use per 1,000 people) 125 0.9%
Stock of built space (m2/person) 27.4 2.9%

2001 to 2010. The table shows positive growth
in every variable, with GDP, energy, and emis-
sions totals growing at ∼1.5% per year, but
with all industrial measures ahead of this: Di-
rect emissions attributed to manufacturing are
growing at 2.5% per year; materials require-
ments, particularly for construction, are grow-
ing at ∼4% per year; and motors and silicon
wafers, which were used as indicators of prod-
uct complexity, are growing at 5% per year.

Figure 7 shows forecasts of future emissions
from industry, with a range of three popula-
tion forecasts, assuming either that the linear
increase in industrial emissions per person con-
tinues or that industrial emissions per person
stay at today’s levels. This last scenario is simi-
lar to the result in Section 2.3. Global warming
arises not from annual emissions but from
their accumulation, and Allen et al. (97) show
forecasts of the peak warming that will arise
from different levels of accumulated emissions
up to 2050. They highlight that an accumu-
lation of one trillion tonnes (Tt) of carbon
(3.67 Tt of CO2), approximately half of which

has already been emitted, equates to a peak
warming of 2◦C, which has been the target for
most international negotiations on warming
to date and forecast peak warming for higher
accumulations. Fuel combustion contributes
approximately two-thirds of all anthropogenic
emissions (25), and approximately one-quarter
of direct fuel combustion is attributable to
industry, as shown in the emissions figures of
Figure 6 and Table 5. Therefore, Figure 7
shows levels of CO2 accumulation correspond-
ing to the midrange forecasts by Allen et al. (97)
for peak warming of 2, 3, and 4◦C, assuming
that the industrial share of anthropogenic
emissions remains one-sixth.

Figure 7b makes for bleak reading: Un-
der all six scenarios, the allowable accumulated
emissions resulting in peak warming of 2◦C
will have been surpassed by the industrial sec-
tor by 2050, with annual emissions continuing
to rise for all but the lowest population sce-
narios beyond that date. This is in agreement
with our earlier assessment in Section 2.3 of the
big five’s limited ability to reduce their energy

100 Gutowski et al.
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Figure 7
Scenarios of CO2 emissions from direct fuel combustion in industry (a) per annum and (b) accumulated from current levels estimated in
Reference 97. High and low population forecasts are from Reference 83. Medium population forecasts are from Reference 98. Industry
emissions per person are assumed either to rise with the same linear trend as shown in Figure 6 or to remain constant at today’s levels.

consumption and CO2 emissions. Again, very
significant gains are possible and need to be
pursued, but there appears to be a significant
disconnect between what can be reasonably ex-
pected from energy efficiency and recycling if
the targets for limiting climate change are pur-
sued. There are, however, two other mitigation
options that could have an equal or greater ef-
fect in reducing the environmental impacts of
industry but that so far have received very little
attention:

1. Material efficiency: A range of strategies
aiming to deliver material services with
less material production is referred to as
material efficiency. As we have discussed,
most energy is used in industry to make
a few key materials, for which energy is
a significant driver of cost. Although fu-
ture opportunities for energy efficiency
in producing these materials are limited
(40, 42), there are still many opportuni-
ties to deliver material services using less
material. This might come about through
reusing old material without secondary
processing or through material efficiency
in product design (for example through
designing lighter-weight, longer-lasting
products). A white paper on this topic (99)
has led to a book on material efficiency for
steel and aluminum (66) and a focused

Royal Society meeting and special issue
on the topic (100), spanning all aspects
from economics, sociology, and policy to
technology; however, as yet, the strategy
has received little attention either in pol-
icy or in commercial practice.

2. Demand reduction: Although apparently
counter to all assumptions of most
economic policies, demand reduction
could transform manufacturing impacts,
if strategies could be found to pull
down the per capita consumption of
richer consumers. Demand reduction
has received attention in the literature of
sustainable consumption (e.g., 101) and
in more recent academic writing on well-
being and happiness (e.g., 102–104). The
thrust of this writing is that a substantial
body of evidence shows that, beyond
some threshold of wealth, individuals
become no happier with increasing
wealth/consumption; therefore, an eco-
nomic policy aimed at ceaseless growth
may not correspond with one aimed at
increased well-being. In fact, according
to Dasgupta (105), gross measures of
aggregate consumption and investment
are measures neither of current well-
being nor of future well-being. To date,
the sustainable consumption work has
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largely aimed to gather evidence and
has led to few practical measures for
implementation but along with material
efficiency could be the most powerful
key to reducing industrial impacts.

Current efforts to clarify the development
of manufacturing, as discussed in this review,
point to a looming conundrum: This develop-
ment, which could be viewed as a moral imper-
ative for the low-income countries (81), could
also bring significant global environmental
harm. Because manufacturing’s carbon emis-
sions are dominated by a few basic, high-volume
materials that are very important for develop-
ment, are already quite efficient, and are with-
out obvious substitutes, additional measures be-
yond those reviewed here will be necessary. In

closing, we have identified two possible options
above, both emphasizing behavioral change
more than technical prowess. Without these ac-
tions, ultimately, the manufacturing sector may
not be able to meet even modest climate change
goals. Manufacturing could be saved, however,
by aggressive action in other sectors: a low-
carbon grid, carbon capture and storage, and
deeper cuts in transportation and buildings. We
do not consider these here, but there are reason-
able doubts about the first two arriving in time
to have an impact before 2050 (43). Future work
needs to consider the interactions between all
sectors (manufacturing, transportation, build-
ings, and energy supply) and how they can work
together to meet environmental goals and allow
development for the poor.
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sources, ed. BR Bakshi, TG Gutowski, DP Sekulić, pp. 113–22. Cambridge, UK: Cambridge Univ. Press

71. Eckelman MJ, Daigo I. 2008. Markov chain modeling of the global technological lifetime of copper.
Ecol. Econ. 67:265–73

72. Matsuno Y, Daigo I, Adachi Y. 2007. Application of Markov chain model to calculate the average number
of times of use of a material in society. An allocation methodology for open-loop recycling. Part 2: case
study for steel. Int. J. Life Cycle Assess. 12:34–39

73. Eckelman MJ, Reck BK, Graedel TE. 2012. Exploring the global journey of nickel with Markov chain
models. J. Ind. Ecol. 16:334–42

74. Johnson J, Harper EM, Lifset R, Graedel TE. 2007. Dining at the periodic table: metals concentrations
as they relate to recycling. Environ. Sci. Technol. 41:1759–65

75. Graedel TE, Erdmann L. 2012. Will metal scarcity impede routine industrial use? MRS Bull. 37:325–31
76. Allwood JM, Laursen SE, de Rodrigues CM, Bocken NMP. 2006. Well Dressed? The Present and Future

Sustainability of Clothing and Textiles in the United Kingdom. Cambridge, UK: Univ. Cambridge Inst.
Manuf.

77. Dahmus JB, Gutowski TG. 2007. What gets recycled: an information theory based model for product
recycling. Environ. Sci. Technol. 41:7543–50

78. Virtanen Y, Nilsson S. 1992. Some environmental policy implications of recycling paper products in
Western Europe. Exec. Rep. 22, IIASA, Laxenburg, Austria. http://webarchive.iiasa.ac.at/Admin/
PUB/Documents/ER-92-022.pdf
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