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In-use stock of a product is the amount of the product in active
use. In-use product stocks provide various functions or services on
which we rely in our daily work and lives, and the concept of in-
use product stock for industrial ecologists is similar to the concept
of net manufactured capital stock for economists. This study esti-
mates historical physical in-use stocks of 91 products and 9 product
groups and uses monetary data on net capital stocks of 56 products
to either approximate or compare with in-use stocks of the cor-
responding products in the United States. Findings include the
following: (i) The development of new products and the buildup
of their in-use stocks result in the increase in variety of in-use
product stocks and of manufactured capital; (ii) substitution among
products providing similar or identical functions reflects the im-
provement in quality of in-use product stocks and of manufactured
capital; and (iii) the historical evolution of stocks of the 156 prod-
ucts or product groups in absolute, per capita, or per-household
terms shows that stocks of most products have reached or are
approaching an upper limit. Because the buildup, renewal, reno-
vation, maintenance, and operation of in-use product stocks drive
the anthropogenic cycles of materials that are used to produce
products and that originate from natural capital, the determination
of in-use product stocks together with modeling of anthropogenic
material cycles provides an analytic perspective on the material
linkage between manufactured capital and natural capital.
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Wealth, as a stock concept, refers to the total value of eco-
nomic resources at a given time and consists of both fi-

nancial and nonfinancial wealth (1, 2). A nation’s nonfinancial
wealth is also characterized as manufactured (or produced)
capital. It is traditionally measured by the “net capital stock”
[which is termed “net stock” by the US Bureau of Economic
Analysis (BEA)] of fixed assets owned by private business, non-
profit institutions, and government, plus the net stock of durable
goods owned by consumers (3, 4). In the context of developing in-
dictors for measuring sustainability, there have been efforts (5–8)
in recent years to provide a more comprehensive measurement
of wealth by taking into account stocks of additional forms of
capital (e.g., natural and human capital). These efforts remind us
that there are linkages between manufactured and natural capital
[which is a stock that includes land, water, forests, minerals, solar
energy, fossil fuels, living organisms, and the services provided by
the interactions of all of these elements in ecological systems (5–
9)]. From an industrial ecology perspective, one of these linkages
is that the formation and operation of manufactured capital
requires the transfer of physical materials from natural capital to
manufactured capital, such as from iron ores to iron metal and
then to components of automobiles. Currently existing approaches
use monetary (rather than physical) metrics when measuring
manufactured capital, and there is a lack of analytical methodol-
ogy to explore the linkage between manufactured capital and nat-
ural capital in terms of physical materials transfer.
Thus, after providing a definition of “in-use stock,” a concept

that was developed in the field of industrial ecology, the present
study seeks to demonstrate how long-term estimation of in-use
stocks of manufactured products can complement existing monetary

approaches to measuring manufactured capital and helps to explore
the linkage between manufactured and natural capital in terms of
physical materials transfer. In-use stock can be defined either for
a tangible manufactured product (hereafter “product” unless oth-
erwise noted) as the amount of the product in active use or for
a material (such as iron or copper) as the amount of the material
contained in in-use stocks of all products that use that material.
In-use stocks of products are essential for sustaining our modern
lifestyle because they provide various functions or services on which
we rely in our daily work and lives (Fig. 1). Because products that
have been identified as fixed assets or consumer durable goods
by the BEA are basically the products for which industrial ecologists
estimate in-use stocks (3, 10), the concept of net manufactured
capital stock for economists is similar to the concept of in-use
product stock for industrial ecologists. However, there are at least
three differences between these two concepts: (i) Net stocks are
measured in monetary units, whereas in-use stocks are mostly
measured in physical units (e.g., number of computers, kilograms
of iron); (ii) only stocks of products are quantified when estimating
net stocks, whereas both stocks of products and materials contained
in products can be quantified when estimating in-use stocks; and (iii)
the stocks of some intangible products such as software are included
in the determination of net stocks but are excluded in the deter-
mination of in-use stocks (10).
The determination of net stocks has been carried out by

governmental organizations in the United States since the 1950s
(3, 11). Extensive determinations of in-use stocks have only
appeared in the last two decades (12–16), and, unfortunately,
almost all in-use stock studies focus on materials rather than
products. We argue that the determination of in-use stocks and
relevant flows of products has its own special importance. (i) The
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functions or services demanded by human society are directly
provided by products rather than materials contained in prod-
ucts. (ii) In-use stocks of products, especially from the per capita
(PC) or per household (PHH) perspective, can serve as measures
of functions or services demanded by human society. (iii) It is the
demand for functions or services that drives the demand for the
existence and operation of in-use stocks of products; this second
demand drives the subsequent demand for building up, renew-
ing, renovating, and maintaining in-use stocks of products (17);
and this final demand drives the anthropogenic cycles of both
products and materials contained in products (Fig. 1). In this
sense, in-use stocks of products play the role of driving anthro-
pogenic material cycles (16) and linking these cycles with manu-
factured capital, as well as functions and services demanded by
modern society (15). (iv) When integrated with price information,
in-use stocks of products can be used to estimate or to be com-
pared with net stocks of products. And (v) when integrated with
information on material compositions of products, in-use stocks
and relevant flows of products can be used to estimate in-use stocks
and flows of materials.
In this study, we characterize and quantify long-term in-use

stocks of products (Materials and Methods and SI Appendix,
Tables S1–S3). A product was so defined because its stocks and
flows data could not be further decomposed. For example, all
mobile phones were grouped into a product because we could
only estimate in-use stock for them as a whole, although it could
be more helpful if they were divided into more specific products
such as smart and nonsmart cell phones. In some cases, products
providing similar or identical service(s) were aggregated into
a “product group” for convenience in showing results or com-
paring in-use stocks with net stocks. For example, five kinds
of televisions (TVs) were aggregated into the TV group. The
available data enabled us to estimate in-use stocks for 91 prod-
ucts (SI Appendix, Table S1) in the United States. Some of them
were aggregated into nine product groups (SI Appendix, Table
S2). We also collected data on net stocks of 56 products (SI
Appendix, Table S3) (3, 10) from the BEA and used them either
for approximating the corresponding in-use stocks when data for
the latter were unavailable or for a comparison with corre-
sponding in-use stocks data for 13 products or product groups
(SI Appendix, Table S4) of which the latter are available. Our
initial analysis refers to absolute stocks (i.e., overall total US

stocks). To explore stock issues further, both in-use stocks and
net stocks in absolute terms at the US national level were divided
by the US population (by the number of adults in the case of
“road vehicles”) and/or household numbers to get PC and/or
PHH in-use and net stocks, respectively. Patterns and reasons for
patterns of the historical evolution of product stocks in different
terms were then explored.

Results
For our entire dataset, the historical evolution of in-use stock
and/or net stock for each product or product group, in absolute,
PC, and/or PHH terms, is illustrated in SI Appendix, Figs. S3–S40.
Those that we regard as most important and/or most typical are
shown in Fig. 2. The evolution of stocks in different terms may
differ from each other in features (e.g., increase, decrease, or
stable) and increase/decrease rates (SI Appendix, Section 4) be-
cause the US population and household numbers have been in-
creasing and the household size has been shrinking (SI Appendix,
Figs. S1 and S2). Stocks of each product, in whatever terms, in-
crease for a given period after the product is introduced into
the market. For some products, such as passenger cars, personal
computers, and coal electricity generation capacity (Fig. 2 B, F, and
K), an accelerating period succeeds the beginning period during
which the stocks were increasing relatively less quickly (a similar
analysis cannot be carried out for all products, however, because
data for a small number of product stocks do not extend backward
to the year in which the products were introduced into the market).
In-use and/or net stocks of most products, especially in PC or

PHH terms, do not always currently or continually increase.
Rather, after the early growth period(s) their evolution over time
follows one of four different patterns:

i) PC and/or PHH stocks (and therefore also absolute stocks)
for a small number of products are continuing to increase
(we term this “pattern I”). This pattern generally occurs in
three situations: (i) for products recently developed and in-
troduced into markets to provide new services or functions
(e.g., personal computers and mobile phones; Fig. 2F);
(ii) for products developed to replace products providing sim-
ilar services or functions (details discussed later); and (iii) for
products providing services or functions for which demand is
still increasing (e.g., medical instruments and books; Fig. 2I).

ii) Absolute stocks (and therefore PC and/or PHH stocks) for
some products have disappeared, decreased, or are currently
decreasing (we term this “pattern II”). This pattern gener-
ally occurs in four situations: (i) for products providing ser-
vices or functions no longer needed by modern society (e.g.,
tape drives; Fig. 2H); (ii) for products replaced by later prod-
ucts that provide similar services or functions (details dis-
cussed later); (iii) for some products or product groups,
such as home appliances as a whole (SI Appendix, Fig. S50),
PHH in-use stocks have been increasing after 1980, but PHH
net stocks are decreasing due to the decrease in average pri-
ces; and (iv) for almost all machinery, net stocks decreased
from approximately 1980 to approximately 1995, probably
because the United States transferred part of its industrial
production capacities to other regions in this period (Fig. 2D).

iii) Saturation of stocks occurs for a majority of products or
product groups, either in absolute, PC, or PHH terms (we
term this “pattern III”). This pattern includes: (i) products
whose stocks have been relatively stable for years or even
decades [e.g., PHH floorspace of residential buildings (Fig.
2C), PC ownership of TVs (Fig. 2G), and absolute in-use
stock of aluminum cans (Fig. 2J)]; (ii) products whose stocks
basically remain stable but with fluctuations within a narrow
range [e.g., PHH in-use stocks of ranges (Fig. 2E), PC stock
of desktop computers (Fig. 2F)]; (iii) products whose stocks
remained stable for varying periods some years or decades
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Fig. 1. In-use product stocks drive anthropogenic material cycles and provide
functions or services demanded by modern human society. Fabri, fabrication;
Manuf, manufacturing; Dis, discard, disposal, and dismantling; Recyl, recycling.
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ago, but increased after that and then again became stable at
a higher stock level [e.g., per adult in-use stock of passenger
cars and bicycles (Fig. 2B), PC electricity generation capacity
from natural gas (Fig. 2K)]; and (iv) for almost all machin-
ery, net stocks after 1995 remain basically stable, probably
because the United States retained a relatively stable indus-
trial production capacity (Fig. 2D).

iv) Stocks of a very few products experience fluctuations with
a large range (we term this “pattern IV”), such as net stock
of mainframes (Fig. 2H) and in-use stock of motorcycles (SI
Appendix, Fig. S4).

We find that substitution occurs for nine product groups in
which different products provide the same or similar services or
functions (SI Appendix, Table S2). For seven of these product

groups [except locomotives (Fig. 2A) and personal computer
central processing units (CPUs) (Fig. 2F)], total in-use stocks,
either in PC or PHH terms, have been stable for years or de-
cades. However, in-use stocks of products within each product
group show varying features: in-use stocks of older products are
decreasing (situation ii of pattern II) or in a few cases remaining
stable, whereas those of newer products are increasing (situation
ii of pattern I). For example, total per adult in-use stocks of
passenger cars and light trucks are relatively stable after 2000, but
light trucks are substituting for passenger cars (Fig. 2B). Similar
phenomena can be observed for other product groups (Fig. 2 E,
G, K, and L, and SI Appendix, Figs. S28C and S31B).
A summary of the number of products or product groups

following different patterns of historical stock evolution is shown
in Table 1. More than 50% of these data series follow pattern III,
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and patterns I and II each account for ∼20%. Because almost all
products or product groups following pattern I can be fitted by
an S-curve (see below), and we expect that saturation may also
take place for them in the near future; therefore, stocks of most
studied products or product groups have reached or are ap-
proaching an upper limit.
Comparisons between in-use stocks and net stocks for the 13

products or product groups (SI Appendix, Table S4) for which we
have data are conducted in two ways. In the first approach, both
in-use and net stocks of each product or product group are dis-
played together (SI Appendix, Figs. S41–S52, Left). This compar-
ison demonstrates that the two types of stocks share very similar
historical evolution for most products or product groups except for
residential buildings, home appliances, and personal computers.
In the second approach, the net stock to in-use stock ratios were
calculated (SI Appendix, Figs. S41–S52, Right), and their historical
evolution was found to resemble that of market prices for the
above three product groups (SI Appendix, Table S9). For home
appliances and personal computers, the dissimilarities between net
stock and in-use stock evolution result from continuous price
decreases due to technology development. The consistencies ob-
served from comparisons in these two methods verify the re-
liability and robustness of our estimation of in-use stocks.
By drawing the historical evolution of in-use stocks of products

on the same time scale (Fig. 3), we observe the several waves of
stocks that occur in different time periods. These waves mean
that different products and the functions or services they provide
are developed or introduced into markets at different times, such
as passenger cars at the beginning of the 1900s, refrigerators in
the 1920s, TVs in the 1940s, microwave ovens in the 1960s, desktop
computers in the 1980s, and laptop computers in the 1990s. The
development of transportation infrastructures is shown in Fig. 3A.
The canal length peaked in ∼1860 and then declined over the next
two to three decades as railways and roads provided more efficient
alternatives. Railway length peaked in ∼1920 and declined over the
next several decades, simultaneous to the development of highway
and air transportation. The length of oil pipelines peaked in ∼1970
and then decreased as well. The number of airports, the length of
paved roads, and the length of gas pipelines grew simultaneously
and are approaching their respective peak levels. Waves of the
development of transportation facilities as shown in Fig. 3B ac-
curately reproduced and thus verified those of transportation
infrastructures.
Home appliance development is shown in Fig. 3C. A diversity

of patterns is seen, but in nearly every case there is an approach
to saturation, with the peak level for some products (ranges,
microwave ovens, and refrigerators) at one unit PHH. The im-
plication is that households gradually added these appliances as
they became available, but unlike the canals to road and rail
transition, appliance substitution has not been a significant factor
in stock development in most cases (the exception being electric
ranges and dryers substituting for their gas equivalents). Electronic

devices entered service only in the middle of the 20th century but
already show definite wave patterns in their stocks (Fig. 3D). The
two obvious examples are monochrome TVs to cathode-ray tube
(CRT) TVs to flat-panel TVs, and desktop computers to por-
table computers. Note that it took a much shorter time for
computers, flat-panel TVs, and mobile phones to reach the sat-
uration level compared with monochrome TVs, CRT TVs, and
home appliances such as ranges and refrigerators.

Discussion
In the field of technology analysis, a life-cycle model usually
classifies the development of a technology into three (or some-
times four) phases: childhood (or introduction), adolescence (or
growth), and maturity (or saturation), sometimes followed by se-
nescence and ultimate death (18). For convenience in quantitative
analysis, a technology’s life cycle is indicated by any of various
indicators such as output volumes, market share, product char-
acteristics, or performance (18). The logistic model, which is fully
specified by three parameters and has an S-shape, is often used to
quantitatively model typical temporal patterns of technology de-
velopment over time (18, 19). It shows slow growth in childhood,
followed by accelerating and then decelerating growth in adoles-
cence, and saturation in maturity. A widely accepted explanation
for the logistic model is that every anthropogenic system has a
carrying capacity that is limited; therefore, the growth rate of a
technology inside the system begins exponentially but decreases to
zero as the development of the technology approaches the sys-
tem’s carrying capacity (19, 20).
The fitting analysis we have performed shows that the three-

parameter logistic model (SI Appendix, Section 7) effectively
simulates the temporal evolution of in-use stocks for 80 products
and 9 product groups and of net stocks for 50 products (ex-
cluding the “senescence and death” phase for products following
pattern II), either in absolute, PC, or PHH terms, as appropriate
(SI Appendix, Tables S6–S8). For seven of the nine product
groups listed in SI Appendix, Table S7, the saturation of in-use
stocks of all products and the substitution among products inside
each group coexists. Therefore, the logistic model is more suit-
able for simulating the total stock of all products within a group
than for the stock of individual products. The logistic model
fails to simulate historical evolution for in-use stocks of only 11
products and net stock of only 6 products, and these are mainly
in two cases: (i) for products of which the time length of the
stock data is too short to cover the whole adolescence or to reach
back to the childhood of the technology life cycle, such as the net
stock of railroad equipment (SI Appendix, Fig. 5D); and (ii) for
products of which the stock historical evolution follows pattern
IV, such as motorcycles. The good applicability of the logistic
model in simulating stock data means that the temporal evolu-
tion of stocks of most products or product groups identified in
this study can be explained by the three-phase technology life-
cycle model and that stocks of most products or product groups
have become or will become saturated in the United States.
Unlike some former studies that use flow indicators such as

output volumes (18) or quasi-stock indicators such as cumulative
production (21), one of the characteristics of this study is that
only stock indicators are used for the logistic curve fitting. We
note that in the field of population biology/ecology from which
the logistic model was originally developed (22), all data were
actually based on stock indictors (e.g., population of humans,
animals, or bacteria) rather than flow indicators (e.g., growth or
birth of population). Using stock indicators for the present study
provides several advantages. (i) It helps to explain where the
carrying capacity exists and how it can be quantitatively esti-
mated. For example, our results show that the saturation level
of both ranges and microwave ovens is about one unit PHH,
whereas the saturation level of the total of passenger cars and
light trucks is about one vehicle per adult (18 y and older).

Table 1. Number of studied products or product groups with
different stock historical evolution patterns in the United States

Data series

Patterns of stocks evolution

I II III IV Sum

In-use stocks of products* 18 20 49 4 91
In-use stocks of product groups† 1 1 7 0 9
Net stocks of products‡ 13 12 27 4 56
All data series together§ 32 33 83 8 156

*Refer to SI Appendix, Tables S1 and S6.
†Refer to SI Appendix, Tables S2 and S7.
‡Refer to SI Appendix, Tables S3 and S8.
§Sum of the above three rows.
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(ii) There is potential for using data compiled by this study and the
three-parameter logistic model to approximate product stocks in
geographical regions for which historical development patterns
or current GDP levels are similar to those of the United States or
to develop future scenarios of the evolution of product stocks in
the developing world by using the level of product stocks in the
developed world as a benchmark (17, 23).
Fig. 3 calls to mind the Kondratieff waves, the 1920s obser-

vation that the world’s industrial nations have undergone ∼50-y
cycles of economic growth and decline over the past two cen-
turies (24), with each wave correlated with a rapidly evolving
technological innovation (25). The legitimacy and significance of
the Kondratieff waves have been the subjects of vigorous aca-
demic debate for decades (26, 27), but an important finding of
the well-known “growth of US transport infrastructures” dia-
gram (28, 29) is that economic long waves are reflections of in-
use stocks of some products. Fig. 3A is essentially a 30-y exten-
sion of that work, showing that by 2010, railway track distance,
paved road length, and number of airports have reached or are
approaching the peak. Fig. 3C extends the concept to household
appliances, a level of specificity not before attempted in long-
wave analysis. Fig. 3D does the same for electronic products,
which could be regarded as emblematic of a fifth Kondratieff
wave of telecommunications and information technology, extend-
ing over half a century from a starting point around 1980 or 1990
(26, 27, 30). (Note, however, that our analysis is for the United
States only, whereas the classical Kondratieff analysis is for many
industrial nations combined.)
The approach and data demonstrated in this study permit us

to estimate the historical evolution of three indicators: (i) the
number of products or product groups in use in a particular epoch;
(ii) the improvement and substitution of products by newer and
better products; and (iii) the in-use stock of each product or
product group of interest. For example, if we choose an example
list of products in three sectors (Table 2) and determine their
product stocks, the following information can be uncovered:
(i) The variety of US in-use product stocks and thus of

manufactured capital in these sectors increased from 1900 (only 2
products) to 1950 (9 products) and then to 2000 (14 products) due
to the invention of new products; (ii) the quality of many types of
manufactured capital has been improved due to substitution
among products that provide similar or identical functions, such as
the different types of TVs; and (iii) the quantity of many types of
manufactured capital, as indicated by product stocks, increased
for a period but then largely became saturated. This informa-
tion demonstrates that our approach enhances perspectives of
manufactured capital that are not fully captured in existing mon-
etary metrics for measuring wealth, and thus complement those
approaches.
If integrated with information on the material compositions

of products, in-use product stocks can be used to estimate in-
use material stocks. This approach, together with methods for

Table 2. A non-exhaustive example list of products in three
sectors showing the variety increase and quality improvement of
in-use product stocks and thus of manufactured capital in the
United States

Year
Transportation

facilities
Home

appliances
Electronic
products

1900s Bicycles — —

Train cars
1950s Bicycles Ranges Monochrome TVs

Train cars Refrigerators
Passenger cars Washers
Light trucks
Air carriers

2000s Bicycles Ranges Cathode-ray tube TVs
Train car Microwave ovens Flat-panel TVs
Passenger cars Refrigerators Desktop computers
Light trucks Washers Laptop computers
Air carriers Mobile phones
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Fig. 3. Waves of the historical evolution of in-use stocks for transportation infrastructures (A), transportation facilities (B), home appliances (C), and elec-
tronic products (D) in the United States. The thin lines in A, B, and D, as well as all lines in C show the empirical data; the bold, smooth lines in A, B, and D show
results of the S-curve fitting.
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modeling anthropogenic material cycles (13, 31), helps to ex-
plore how materials are transferred from natural capital to
manufactured capital and demonstrates how US manufactured
capital relies on the use of materials that originate from natural
capital (32). By exploring metals typically used by the products
listed in Table 2, our data (details in SI Appendix, Table S10)
demonstrate the following phenomena. (i) Increasing types and
numbers of materials have been used in new products developed
in different periods, such as the Al, Mg, Ti, and Be used in air-
craft after the 1920s and the >36 metals used in computers after
the 1980s (33). (ii) The improvement or substitution of products
can also result in the use of more types of materials or the use of
different materials in the same product—e.g., the demand for
safer and more comfortable airplanes resulted in the transition
from wood-and-fabric airplanes to all-metal airplanes before
World War II (34), and passenger cars started to use platinum
group metals in catalytic converters in the 1970s (18). (iii) The
growth of in-use product stocks results in the growth of in-use
metal stocks, and therefore also for metal flows, although for
metals such as iron and aluminum, the saturation of product
stocks may result in the saturation of metal stocks (13, 16).These
phenomena reveal that manufactured capital in the United States
has increasingly relied on the use of more and more types of
materials and on the growing magnitude of use of most of them.
The final point to make concerning in-use product stocks is

that their analysis is more than just an interesting complementary
approach to the measurement of manufactured capital. The for-
mation and operation of manufactured capital almost always
requires the transfer of mineral and material resource components
of natural capital, a linkage that has not been quantitatively as-
sessed heretofore. The realization that in-use products are repos-
itories of materials, however, provides that link. If the materials
palette of a product is known, its connection to natural capital
becomes quantifiable. If all in-use products are similarly evalu-
ated, the transfer of capital from natural to manufactured capital

becomes comprehensive, supplementing an economic assess-
ment with one that evaluates the full panoply of the associated
natural resources. We thus view the dynamic quantification of in-
use product stocks as opening a previously unidentified window
into the estimation of capital.

Materials and Methods
Products and product groups involved in this study were classified into
10 sectors (SI Appendix, Tables S1-S3): (i) transportation infrastructures;
(ii) transportation facilities; (iii) buildings and structures; (iv) machinery and
equipment; (v) consumer durables [different from those in the BEA’s defi-
nition on consumer durables because we excluded transportation facilities
and some other products (3, 10)]; (vi) electronic products; (vii) containers;
(viii) oil and gas pipelines; (ix) electricity generation technologies; and
(x) electricity transmission and distribution. These products provide most of
the functions or services that are demanded by modern society. However, all
possible products could not be listed or analyzed, nor is each product or sector
analyzed comprehensively. For example, we have data on aluminum con-
tainers but not for iron or plastic containers, and we analyze all mobile phones
as a whole but do not have data for smart cell phones. These gaps provide the
potential for further studies in this field should suitable data become available.

Physical in-use stocks of products were quantified for as long a time period
as possible by two methods: (i) using available stock data; and (ii) the top-
down method (SI Appendix, Section 1 and Table S1). The unit for measuring
in-use stock is appropriate for each product, but is not necessarily consistent
among products. For example, the unit for in-use railway stocks is meters,
whereas the unit for in-use building stocks is square meters. BEA’s monetary
data on net stocks of products (current-cost valuation) for the period 1925–
2011 or 1947–2011 were collected to either approximate or be compared with
in-use stocks of the corresponding products or product groups (3, 10). These
data were originally measured in current US$ and they were transformed into
constant 2000 US$ to exclude the impacts of inflation (SI Appendix, Table S3).

ACKNOWLEDGMENTS.We thank Nick Baker, Michael Cusick, Arnulf Grubler,
Jeffrey Jones, Christine Jun, Carl Lam, Reid Lifset, Stefan Pauliuk, Jay
Townley, and Jinlong Wang for providing relevant data or references; and
the editor and anonymous reviewers for helpful comments.

1. Organisation for Economic Co-operation and Development (2013) OECD Framework
for Statistics on the Distribution of Household Income, Consumption and Wealth
(OECD, Paris).

2. Samuelson PA, Nordhaus WD (2010) Economics (McGraw-Hill/Irwin, New York),
19th Ed.

3. U.S. Department of Commerce & Bureau of Economic Analysis (2003) Fixed Assets and
Consumer Durable Goods in the United States (Department of Commerce & Bureau of
Economic Analysis, Washington, DC), pp 1925–1997.

4. Organisation for Economic Co-operation and Development (2009) Measuring Capital:
OECD Manual (OECD, Paris).

5. Arrow KJ, Dasgupta P, Goulder LH, Mumford KJ, Oleson K (2012) Sustainability and
the measurement of wealth. Environ Dev Econ 17:317–353.

6. United Nations University-International Human Development and United Nations
Environment Programme (2012) Inclusive Wealth Report 2012: Measuring Progress
Toward Sustainability. Summary for Decision-Makers (United Nations, Bonn, Germany).

7. World Bank (2011) The Changing Wealth of Nations: Measuring Sustainable De-
velopment in the New Millennium (World Bank, Washington, DC).

8. World Bank (2006) Where Is the Wealth of Nations: Measuring Capital for the 21st
Century (World Bank, Washington, DC).

9. Daly HE, Farley J (2004) Ecological Economics: Principles and Applications (Island,
Washington, DC), 2nd Ed.

10. U.S. Bureau of Economic Analysis (2014) Detailed Data for Fixed Assets and Consumer
Durable Goods (U.S. Bureau of Economic Analysis, Washington, DC).

11. Young A, Musgrave JC (1980) Estimation of Capital Stock in the United States. The
Measurement of Capital, ed Usher D (Univ of Chicago Press, Chicago), pp 23–82.

12. Buckingham DA; U.S. Geological Survey (2006) Aluminum stocks in use in automobiles
in the United States. Fact Sheet 2005-3145 (U.S. Geological Survey, Reston, VA).

13. Chen WQ, Graedel TE (2012) Dynamic analysis of aluminum stocks and flows in the
United States: 1900-2009. Ecol Econ 81:92–102.

14. Gerst MD, Graedel TE (2008) In-use stocks of metals: Status and implications. Environ
Sci Technol 42(19):7038–7045.

15. Gordon RB, Bertram M, Graedel TE (2006) Metal stocks and sustainability. Proc Natl
Acad Sci USA 103(5):1209–1214.

16. Müller DB, Wang T, Duval B, Graedel TE (2006) Exploring the engine of anthropo-
genic iron cycles. Proc Natl Acad Sci USA 103(44):16111–16116.

17. Pauliuk S, Müller DB (2014) The role of in-use stocks in the social metabolism and in
climate change mitigation. Glob Environ Change 24:132–142.

18. Grübler A (1998) Technology and Global Change (Cambridge Univ Press, Cambridge,
U.K.).

19. Meyer PS, Yung JW, Ausubel JH (1999) A primer on logistic growth and substitution -
The mathematics of the Loglet Lab software. Technol Forecast Soc 61(3):247–271.

20. Meyer PS, Ausubel JH (1999) Carrying capacity: A model with logistically varying
limits. Technol Forecast Soc 61(3):209–214.

21. Bento N (2012) Electrical Transition in Transport: Extent, Causes and Prospects for
Diffusion of Electric Bicycles in China. IIASA Interim Report IR-12-006. (International
Institute for Applied Systems Analysis, Vienna).

22. Kingsland S (1982) The refractory model - the logistic curve and the history of pop-
ulation ecology. Q Rev Biol 57(1):29–52.

23. Modaresi R, Müller DB (2012) The role of automobiles for the future of aluminum
recycling. Environ Sci Technol 46(16):8587–8594.

24. Kondratieff ND (1935) The long waves in economic life. Rev Econ Stat 17(6):105–115.
25. Schumpeter JA (1939) Business Cycles: A Theoretical, Historical and Statistical Analysis

of the Capitalist Process (McGraw-Hill, New York).
26. Devezas TC, ed (2006) Kondratieff Waves, Warfare and World Security (IOS, Am-

sterdam).
27. Dickson D (1983) Technology and cycles of boom and bust. Science 219(4587):

933–936.
28. Grubler A, Nakicenovic N (1991) Evolution of Transport Systems: Past and Future

(International Institute for Applied Systems Analysis, Laxenburg, Austria).
29. Grubler A, Nakicenovic N (1991) Long Waves, Technology Diffusion, and Substitution

(International Institute for Applied Systems Analysis, Laxenburg, Austria).
30. Devezas TC, Linstone HA, Santos HJS (2005) The growth dynamics of the Internet and

the long wave theory. Technol Forecast Soc 72(8):913–935.
31. Chen WQ, Graedel TE (2012) Anthropogenic cycles of the elements: a critical review.

Environ Sci Technol 46(16):8574–8586.
32. Graedel TE, Harper EM, Nassar NT, Reck BK (2013) On the materials basis of modern

society. Proc Natl Acad Sci USA 112:6295–6300.
33. Greenfield A, Graedel TE (2013) The omnivorous diet of modern technology. Resour

Conserv Recycling 74:1–7.
34. Jakab PL (1999) Wood to metal: The structural origins of the modern airplane. J Aircr

36(6):914–918.

6270 | www.pnas.org/cgi/doi/10.1073/pnas.1406866112 Chen and Graedel

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 D
ec

em
be

r 
25

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1406866112/-/DCSupplemental/pnas.1406866112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1406866112/-/DCSupplemental/pnas.1406866112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1406866112/-/DCSupplemental/pnas.1406866112.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1406866112/-/DCSupplemental/pnas.1406866112.sapp.pdf
www.pnas.org/cgi/doi/10.1073/pnas.1406866112

