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Abstract
This paper is a review of the current state of the theory of economic growth. It concludes
that the theory is gravely deficient, both in terms of underlying economic assumptions (microfoundations) and naive treatment of technology. The dominant neo-classical theory is based
on the self-contradictory assumption that the economy grows while in a state of Paretooptimal competitive equilibrium driven by exogenous technical change. The so-called "new"
theory of endogenous growth replaces this by the assumption that capital is really free-floating
knowledge that is a public good available to all. Since both assumptions are inconsistent with
historical and current reality (as well as common sense) a new theory, based on more realistic
assumptions, is badly needed. The new theory should explicitly reflect, among other stylized
facts, the phenomenon of learning by doing and the existence of productive knowledge that
is a private good. It should also reflect the fact that new technologies create new sectors that
grow, develop, and mature at different times and rates according to a characteristic life cycle.
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The Historical Background
It is too often forgotten that economic growth has been a relatively episodic phenomenon
in human history. Modest periods of real growth occurred at various times in the more distant
past, but growth that took a century in the late middle ages is now compressed into a decade,
or even a single year. What has changed? Is the change irreversible?
According to economic historian Angus Maddison, economic growth between 500 AD
and 1500 AD averaged 0.1% per year or 10% per century [Maddison 1982]. 1 From 1500 to
1700 growth in western Europe accelerated fourfold. At the beginning of that period Spain
was the wealthiest country of Europe, thanks to its American colonies and the gold and silver
they produced. But within a century Spain was declining, in relative terms, and the Dutch had
taken the lead based on trade. Elizabethan Britain and France under Henry IV, too, grew
rapidly from the mid 16th century on, overtaking the Dutch thanks mainly to superior naval
prowess. After 1700 or so France became the economic leader of Europe for a time, under
Richelieu, Louis XIV and Colbert, while Britain was suffering from Civil War and its
aftermath. But the French economy collapsed after the death of Louis XIV, due to excessive
debt and the financial madness that followed John Law's visionary debt privatization scheme
(the Mississippi Company) coupled with the incompetence of the Regency.2
After 1700 growth accelerated to 0.5% per year, in the 18th century. Great Britain
achieved a growth rate of 1% per year throughout the 18th century, becoming the richest
country in the world by virtue of stable government, sober financial management (after 1720)
and major technological innovations in steam power, iron smelting, cotton textiles, and
machine tools, followed (in the 19th century) by steam railways, steamships and steel. Yet
the period of British economic supremacy lasted less than a century. By 1880 or so Britain
had lost its leadership in industrial productivity and output per capita to the U.S. By 1900
Germany, too, had passed Britain industrially. Britain did not stop growing but others grew
faster. A few years ago even Italy had surpassed Britain in GNP per capita.3
The rise and (relative) fall of leading economies is an important feature of the overall
pattern. But another feature is a general acceleration. Leading economies have typically
peaked and faltered, while followers have typically achieved still higher growth rates (for a
time) before faltering in their turn. In contrast to previous centuries, a number of countries
have sustained growth rates of more than 10% per year for a decade or even two. Japan
managed to keep it up through the 1960s and 1970s. Taiwan and Korea have done as well
or better in the 1970s and 1980s. Malaysia, Indonesia and Thailand followed by a few years.
Most recently, China has grown very rapidly throughout the 1990s and the Philippines seem
poised to follow suit.
Meanwhile the Japanese economy has come to a virtual standstill in the 1990s. South Korean
growth has slowed from 10% per annum to around 6% now. The pattern continues.
Can the recent surge of economic growth, which began two centuries ago (and is still
accelerating in some parts of the world) continue indefinitely? To what do we owe this "great
leap forward"? Theories of economic growth (and, for that matter, theories of trade) are only
one small part of neoclassical economics. But growth is such an important phenomenon that
a good theory is a vital prerequisite of policy. Unfortunately, it must be said that if a "good"
theory is one that allows predictions with an accuracy significantly better than random, no
such theory exists.
Sadly, this fact has never stopped economists from recommending policies on the basis
of poor theories, sometimes in the strongest possible terms. Not infrequently, in the past, the
recommended policies have turned out disastrously. But this has had little impact on the
defenders of established theory, in all epochs. Today no less than in the past.
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The basic idea of growth theory until the 1950s has been that the drivers of economic
growth are labor, land and capital. The labor force is assumed to be (roughly) proportional
to population. Beyond this, the relationship is seldom explored more deeply. Land was the
only form of capital considered at first, it being a surrogate for all natural resources. Later,
the importance of man-made capital had to be recognized and included. Gross output, then,
depends on "factors of production", usually identified as labor, capital and land or resource
inputs. The output is generated from inputs by a "production function", which may or may
not be given explicit mathematical form.4
During the 19th century good data was scarce, hence quantitative analysis was rare.
However it was clear that both population and land inputs were increasing. The latter, of
course, was attributable to the opening up of the American continents to colonization.
However, by the late 19th century the input of new land was no longer significant, yet
economic output per capita was rising rapidly; in fact, more rapidly than ever before in
history. This fact led the economists of the time to conclude that the accumulation of manmade capital must be the critical factor driving economic growth. Also, the relatively few
giant corporations of the late 19th century — like Carnegie Steel, Dupont, Standard Oil and
the major railroads — were owned directly by wealthy entrepreneurs, not by impersonal
financial institutions. Thus, it did not seem necessary to distinguish corporate profits from
personal savings.
The growth models invariably include other relationships (without which they would be
indeterminate), such as assumed models of the rate of labor force (i.e. population) growth, the
rate of capital accumulation (i.e. investment less depreciation) and the rate of natural resource
depletion. Investment is often equated with savings — an assumption that is more convenient
than realistic.
The problem of growth was addressed by Karl Marx. Marx argued that society as a whole
had no need for the wealthy capitalist property-owning class, which he called the bourgeoisie.
He believed that capitalism, which depended on this class, would fade away of its own
accord. It was to be replaced by socialism, in which the "means of production" would be
owned by all the people in common, including the formerly exploited urban working class
(proletariat), together with the formerly exploited rural peasants. The virtue of socialism, in
Marx's eyes, was that it bypassed the profit-taking middleman, whose only function was to
save and reinvest his profits (thus increasing his personal wealth). Marx thought the
government could perform this function just as well (in the name of all the people, of course)
without diverting funds into luxury goods and lifestyles unaffordable to "the masses".
Marx's theory was remarkably influential even though it made few predictions and most
of the ones it did make turned out to be wrong. For instance, Marx predicted that industrial
worker's wages would fall inexorably until most workers were earning a bare subsistence
wage. This prediction was contradicted by the facts, in every industrial country. In fact, the
opposite occurred. Marx also asserted that savings (by the property owners) were the engine
of economic growth. In this regard, he was in agreement with the classical economists — who
were also wrong.

Deterministic Single-Sector Growth Models
Jean Baptiste Say, an early 19th century French economist, is credited with "Say's law"
which is usually stated as: "supply creates its own demand." The underlying idea is that if
consumer demand temporarily exceeds supply, it will be reduced automatically as income is
diverted into savings to finance new supply. Similarly, if consumer demand falls momentarily
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below supply, wages and output will fall until the balance is restored, presumably by spending
money out of prior savings. (Say was never explicit about the details of the balancing
mechanism).
Say's law was regarded as axiomatic by orthodox fin de siecle economists like Alfred
Marshall. Orthodox self-regulating free market theory remained the basis of government
economic policy advice in most western countries, despite the global depression, until the late
1930s and even until World War B. For instance, President Hoover was advised in 1929 by
his Secretary of the Treasury, banker Andrew Mellon, to "liquidate labor, liquidate stocks,
liquidate the farmers, liquidate real estate". and "purge the rottenness from the economy"
[Rothbard 1972 p. 187]. Hoover demurred and tried (somewhat feebly) to stimulate demand,
thus becoming the first Keynesian. Similarly, senior British treasury officials — students of
Marshall — produced a so-called White Paper in 1929 in opposition to Lloyd-George's
campaign to reduce unemployment through a program of public works. The Memorandum on
Certain Proposals Relating to Unemployment argued that this was impossible because the
total fund of national savings was fixed and, if diverted from foreign lending to domestic
purposes, exports would be reduced correspondingly with no net gain to the economy
[Robinson 1962 p. 71]
The extended worldwide economic slump of the 1920s (except in the US) followed by
an even deeper slump in the 1930s, appeared to John Maynard Keynes, in particular as a clear
violation of Say's law. 5 Keynes and his followers argued convincingly as early as 1930 that
supply and demand need not be balanced automatically in a free competitive market. The
most obvious example is probably the consistent long-term pattern of over-production by
farmers, which happen to be the one sector that most closely approximates the idealized
"competitive equilibrium" conditions, with many small producers. (Of course, agriculture is
subsidized and thus not a truly free market; but the subsidies are a political response to the
miseries caused by free market conditions.)
The basis of Keynes' argument was that there is a vicious circle: declining demand would
cause manufacturers to cut wages and/or lay off workers, and cut investment. The net effect
would be to reduce worker's buying power and cause demand to fall still further. The
Keynesians argued that supply and demand could be in balance at any level of demand below
or up to maximum productive capacity. This seems rather obvious today, but it took a long
time to penetrate the economics profession, despite the evidence of massive unemployment
and underutilized productive capacity. Keynes pointed out that savings need not be invested
productively. His policy recommendation was for governments to step in as an investor of last
resort to fill the gap in demand (and employment) through deficit spending on public works.6
Yet, despite Keynes' efforts to discredit the supposed role of savings as a driver of
economic growth, others continued to regard it is central. Frank Ramsey, anticipating modern
views on economic rationality, wrote his classic paper on optimal saving and capital
accumulation in 1928 [Ramsey 1928]. An obscure Russian economist Fel'dman was
apparently the first to set forth the famous formula g = s/v , where g is the growth rate, s is
the savings rate and v is the capital/output ratio [Fel'dman 1928 (tr. 1964)]. The relationship
was rediscovered independently, later, by Roy Harrod [Harrod 1939], and Evsey Domar
[Domar 1946].7 It was the basis of the so-called Harrod-Domar growth models [Harrod 1948;
Domar 1947]. But independent conditions on s and v must be satisfied to reconcile labor
productivity growth at a rate m and labor force growth at a rate r. The key implication of
these models was that, to maintain full employment without exhausting the labor supply (and
igniting inflation) mr = s/v = g.
This condition became known as "the razor's edge" because it was so difficult to control
the different factors, which were independent of each other. The implied problem for
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economic planners was to "walk" on it. This so-called "razor's edge" phenomenon gave rise
to much talk of "structural disequilibria" (i.e. bottlenecks) at the sectoral level — which was
really a defense of central planning. The operation of the market had almost no role, since
savings could be voluntary or government enforced. Equilibrium was not assumed, because
in an equilibrium model unemployment does not exist and cannot therefore be a control
variable.
The H-D models also had nothing at all to say about the role of technological progress.
An implication of the models, that developing countries should oscillate between prolonged
periods of increasing/decreasing unemployment and/or increasing/ decreasing capacity
utilization rates, has not been observed. Kaldor (and others) tried to save the model by
endogenizing the relationship between s and v [Kaldor 1956]. Robert Solow pointed out in
1956, however, that the "razor's edge" was actually an artifact of the H-D model structure
[Solow 1956]. This observation, together with weak empirical support, finally cut the
intellectual foundation from under the central planning approach.

Input-Output Models
Another class of models intended for use in economic planning, but recently also applied
to problems associated with growth, is input-output (1-0) models. This class of models was
directly traceable to theoretical Marxist ideas, as first implemented in the USSR after 1920.
Marxism saw no necessary role for either the free market or for private profit. To Marxists,
the "masses" would be better off by implementing collective ownership of the means of
production, thus eliminating the bourgeois middleman. This left the resource allocation
function of the market to be carried out by some formalized central planning agency. Planners
assumed that they could accelerate growth by preferentially allocating investment capital to
heavy industry (steel, electric power generation, heavy machinery) and correspondingly
reducing investment in consumer goods sectors. 8 To assist in the allocation function, Russian
planners began to develop what later became known as input-output sectoral models. Wassily
Leontief, a young refugee economist from Leninist Russia, began developing these planning
tools in Germany and later the US.
The main feature of a Leontief-type model is a set of fixed coefficients representing
proportional inputs per unit output of each sector. For a complex modern economy, the inputoutput tables typically comprise anywhere from 80 to 400 plus sectors. But given the table
(actually a matrix) of coefficients, it is possible to determine the exact requirements associated
with any item of final demand. For instance, if the planners want to increase some category
of military equipment consumption, the I-0 tables would permit them to calculate exactly how
much additional steel, aluminum, electricity, coal, petroleum, etc. would be needed. 9 The same
tables could be used, of course, to calculate the incremental demand for every sector
associated with an added unit of housing or health care.
The I-0 model in its original form was not intended for, nor well suited to explaining or
forecasting economic growth. The tables are inherently static. They represent a snapshot of
inter-industry relationships at a point in time. However, it is possible to create a dynamic
inter-industry model of the economy by introducing current capacity constraints for each
sector and isolating capital flows from current consumption flows. The capital flows obviously
alleviate future capacity constraints. Capital flow matrices and capacity feedback loops have
been developed in the last thirty years, and built into dynamic I-0 models for all the major
industrial countries. The "driver" of all dynamic I-0 models implemented so far is an
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exogenous GNP forecast which, in turn, usually depends on an exogenous forecast of
productivity growth.
However, a more difficult problem for I-0 models is to allow for technological changes.
For instance, changing process technology in the steel industry reduces the amount of coking
coal and iron ore required per unit of steel, while increasing the amount of scrap iron and
electric power per unit of steel output. Similarly, the telecommunications sector is using more
glass fibers and less copper wire. There is no way to endogenize materials substitutions of
this kind the national level. They must be introduced exogenously by engineering analysis and
technological forecasting at the sectoral level, or even at the process and product levels. Only
since 1970 has this been attempted at all, and most of the efforts to introduce technological
change in I-0 models have been largely ad hoc [e.g. Ayres & Shapanka 1976; Duchin &
Lange 1987, 1992].
A conceptual difficulty that is inescapable for this approach is that the GNP "driver" is
not linked — nor can it be linked in any straightforward way — with the technological
changes that occur at the sector level. In principle, however, these changes are all occurring
as part of the same process and driven by the same underlying mechanisms (for example,
increasing resource scarcity). Also, an objection that many neo-classical economists would
raise is that the I-0 model, as normally implemented, is deterministic, with little evident role
for the operation of markets.

Competitive Equilibrium
One of the most important of the assumed relationships in classical and neoclassical
economics is that supply and demand remain in balance, thanks to automatic correction
mechanisms in the competitive free market. The impersonal allocating and balancing role of
the market was recognized by Adam Smith, who gave it the evocative name "invisible hand".
A more explicit articulation came from a Swiss engineer-economist Leon Walras [Walras
1874 (tr. 1954)] who reformulated Say's Law in mathematical terms. The standard Walrasian
(neo-classical) model of an economic system consists of a set of production activities with
cost functions, a set of independent resources, commodities and services, and a final demand
function°. It is assumed — for convenience — that all resources, commodities and services
can be produced entirely from linear combinations of others in the system (i.e. the system is
closed), with an appropriate expenditure of labor. The wages of labor constitute the income
available to satisfy demand. In the original version, no joint products or co-products are
permitted and (by assumption) there are no "free goods" or wastes.
Walras postulated a unique competitive equilibrium, namely a set of prices such that
supply would exactly balance demand in each market (i.e. for each good or service), including
labor. Walras also postulated a process, called tonnement, by means of which the
equilibrium state would be reached spontaneously, assuming each market actor was always
fully informed by a sort of super auctioneer about all transaction prices. Even though Walras
was not able to prove this conjecture, it was widely accepted and had an enormous influence
on subsequent developments in economic theory.
Abraham Wald proved the existence of a competitive equilibrium for some quite special
cases as early as the 1930s [Wald 1936, 1951]. Kenneth Arrow and Gerard Debreu and Lionel
McKenzie proved it for more general cases in 1954 [Arrow & Debreu 1954; McKenzie 1954].
Even so, the restrictions were tight. The Arrow-Debreu solution postulated a "timeless" market
consisting of utility-maximizing actors with perfect knowledge of their own and all other's
preferences and production possibilities. It also postulated an auctioneer knowing and
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instantaneously publishing all prices and bids. The proof of the existence of a static supplydemand equilibrium was one of the great achievements of neo-classical economics because
it seems to provide a theoretical explanation of Adam Smith's price-setting "invisible hand".
The fact that these proofs used powerful and esoteric mathematical tools — especially
something known as Brouwer's fixed point theorem — has fascinated two generations of the
most competent mathematical economists. They have written hundreds of papers about the
properties of von Neumann-type growth models, "golden rules" of capital accumulation,
"turnpike" theorems, and so on.
The original mathematical proof-of-existence of a static competitive market equilibrium
(in the above sense) depends on some restrictive simplifying assumptions. Among them are
the following:
a. The supply side of a competitive equilibrium consists of a large number of small
independent producers (no monopolies or oligopolies); the demand side consists of
a number of small independent consumers. None of the producers or consumers is
able to influence prices or aggregate production levels.
b. Every commodity or service in the economy is produced from labor or from other
commodities and services produced by the economy and sold in the market. By
implication, no resources are taken from the environment and the environment
provides no unpriced services (such as waste disposal). In other words, the economy
is closed, and prices are unaffected by anything outside the market. Moreover, the
closed economy produces only goods; there are no "bads" or externalities.
c. Each agent in the market is a perfectly rational utility maximizer. He is consciously
aware of his own preferences and can instantaneously and consistently decide how
he will re-allocate his income among all possible goods/services, given any change
in market prices.
d. Each agent in the market is perfectly informed about the prices and characteristics
of all products and services offered for sale at all times. If any change were to occur
(e.g., the introduction of a new product), it is assumed that information about it is
instantaneous and automatically available to all agents.
The most important theorems about competitive equilibrium are as follows: (1) all
product markets, and labor markets, "clear" in the sense that supply and demand are perfectly
balanced and (2) once an equilibrium state has been reached, no transaction can improve the
position of one actor without hurting that of another or others. The first attribute — market
clearing — makes the competitive equilibrium efficient: there are no wasted or unutilized
resources, either of capital or labor. The second attribute of competitive equilibrium is known
as "Pareto optimality", associated with the name of Vilfredo Pareto [Pareto 1906]. In modern
game-theoretic terms we would say that in a Pareto optimum state, all economic contests are
at best "zero sum", meaning that the sum of all gains and losses add up to zero.11
Theoreticians have occupied themselves with proving the existence of competitive
equilibrium under somewhat less restrictive conditions. In particular, the important
assumptions of utility maximization, timelessness, perfect information and perfect competition
have all been significantly relaxed in some ways. Uncertainty is allowable (i.e. perfect
information about the future is unnecessary), but only if each market actor has literally
infinite computational capability [Radner 1968]. Smale, Aubin (and others) have found ways
to relax the assumption of an all-knowing auctioneer [Smale 1976, 1976a; Aubin 1981]. The
assumption of perfect competition can also be relaxed [Dixit & Stiglitz 1977]. The assumption
of utility maximization is also unnecessarily strict. In fact, it is sufficient to postulate a "no
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loss" rule for individual transactions in the market, and the market will nevertheless approach
(but never reach) a competitive equilibrium [Ayres & Martinis 1994, 1994a].
Nonetheless some of the other assumptions required for the (static) equilibrium solution
to exist are very hard to relax. Since infinite computational capacity is impossible, uncertainty
is inevitable. This has consequences. It has been proved that in this case, there is no guarantee
that market mechanisms will achieve optimal outcomes [e.g. Dasgupta & Heal 1979]. In
general, the competitive equilibrium under uncertainty is not a Pareto optimum [Newberry &
Stiglitz 1982].
Another condition that cannot be relaxed with impunity is the assumption of declining
marginal productivity of capital, and (most important) its corollary that no individual agent
in the market can influence either prices or production levels. In other words, for the
competitive equilibrium to exist there must be no monopolists or oligopolies (no "pricemakers") either among producers or labor. Yet this assumption is patently and profoundly
false. Moreover, as many theoretical papers have shown, it matters quite a lot: even small
violations of this assumption can lead to outcomes far from the competitive equilibrium result
[Lancaster & Lipsey 1956; Sylvestre 1993].
A multisector general equilibrium model was introduced by the Hungarian mathematician,
John von Neumann in 1932, translated into English in 1945 [von Neumann 1932, (tr. 1945)].
Von Neumann's model postulates a closed Walrasian set of products and processes. Each
"product" of the model economy is essentially produced by a linear combination of the others.
Output grows but the relationships remain fixed, which means that there is no structural
change over time. (The term for this kind of growth is "homothetic"). The virtue of the model
to mathematical economists, is that a consistent growth solution, in which supply and demand
remain in perpetual Walrasian equilibrium, actually exists. This model was the first of the
breed that is now known as "computable general equilibrium" (CGE) models.

Second Thoughts on Markets and Equilibrium
The Pareto-optimal equilibrium state of an economy is, by definition, static. It is a state
in which all agents in the system are as well-off as they can be, in the sense that no agent can
improve its welfare/utility by voluntarily exchanging any goods or services with others. As
a tool of analysis — a point of departure for theory — this concept is invaluable. It is,
perhaps, the one area where truly rigorous analysis has been possible in economics, thereby
differentiating economics from "softer" social sciences. Thus, the Arrow-Debreu proof of
existence, in 1954, was a landmark in theoretical economics. 12 Since that time, growth
theorists (and everybody else) have tried very hard to build models in which the conditions
for equilibrium are explicitly included.
So much for the good news. The bad news is that the economy is never actually in
equilibrium. For example, Joan Robinson remarks "The concept of equilibrium is, of course,
an indispensable tool of analysis ... But to use the equilibrium concept, one has to keep it in
its place, and its place is strictly in the preliminary stages of an analytical argument, not in
the framing of hypotheses to be tested against the facts, for we know perfectly well that we
shall not find facts in a state of equilibrium." [Robinson 1962 p. 78 italics added]. She goes
on to note that "Long run equilibrium is a slippery eel. Marshall evidently intended to mean
by the long period a horizon which is always at a certain distance in the future, and this is
a useful metaphor, but he slips into discussing a position of equilibrium which is shifted by
the very process of approaching it ... No one would deny that to speak of a tendency toward
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equilibrium that itself shifts the position towards which it is tending is a contradiction in
terms ..." [Ibid p.79].
The supposed equilibrium state of an economy is, by definition, a Pareto optimum, i.e.
a state in which all actors in the system are as well-off as they can be in the sense that no
actor can improve his/her welfare by voluntarily exchanging any goods or services with
others. Even if there is an unique static equilibrium that corresponds to a Pareto optimum, the
notion that growth could occur while the economy remains in this ideal state is untenable. The
idea of growth in equilibrium (driven by continuous exogenous driving forces) can be
explored mathematically. But in the real world it is an oxymoron — a contradiction in terms.
It makes no sense even in theory, because all of the inducements for economic actors to buy,
sell, or produce are actually consequences of economic disequilibrium.
The only production or exchange that occurs in an equilibrium state will be production
of services that are consumed as they are produced (e.g. food), or to replace goods that are
physically used up or depreciated. In a Pareto optimum nobody wants to buy more than
he/she buys now, if it means giving up leisure time by working more hours to earn more
money. Nobody wants to exchange the goods he has to buy others at the prices offered. In
short, everybody is satisfied with the status quo, by assumption.
The same problem arises on the supply side. In a competitive static equilibrium system
with perfect competition, all producers have perfect information about their own production
possibilities and about consumer preferences under all conditions. Thus any firm that found
an opportunity for making higher-than-average profits would immediately attract price-cutting
competitors. Anyhow, no such opportunities for extraordinary profits could exist because each
firm and sector has, by assumption, already selected the best available production technology
for its product. This is because there are — by assumption — no monopolies or oligopolies,
so the cost of entry to any market is zero or negligible. Replacement of depreciated capital
is assumed to be taken care of by reinvesting "normal" profits of enterprises, although even
this is doubtful given that competition in a perfect market would drive down prices to the
level of marginal costs. "Supernormal" profits (which might be available for investment to
finance growth) exist only in imperfect markets. They depend on the existence of economies
of scale and experience, which create barriers to entry, i.e. the possibility of an effective, if
temporary monopoly. Luckily, it has been shown that competitive equilibrium is also possible
with imperfect markets [Dixit & Stiglitz 1977 op cit.]. I return to this point later.
Janos Kornai has written a detailed and exhaustive critique entitled, simply AntiEquilibrium [Kornai 1973]. Nicholas Kaldor compiled a considerable list of market
phenomena that are inconsistent with an equilibrium in his book Economics without
Equilibrium [Kaldor 1985]. Paul Ormerod's The Death of Economics [Ormerod 1994] is a
scathing indictment of "marginal economics" — a theory based on competitive equilibrium
in a market of small firms with perfect information and no market power — in a world where
production and commerce are dominated by giant multinationals. Here are some of the facts
that are inconsistent with static equilibrium:
Fact 1. Markets do not always clear. Both backlogs and shortages occur from time
to time. Unemployment is, of course, inconsistent with equilibrium in labor
markets.
Fact 2. Businesses do not price uniformly on the basis of cost. Enormous differences have been documented in the prices of brand name products, such as
drugs, for instance, in different countries. 13 Of course, there are enormous
and well-known disparities in the prices of telephone calls, airline tickets,
and so on.
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Fact 3. Consumers rarely shop for the lowest possible price, preferring to deal with
known suppliers and brands. (If it were not so, advertising would be largely
pointless and brand names would have little value). This phenomenon
applies especially for domestic goods as compared to foreign imports. For
instance, Japanese consumers routinely pay several times world prices for
standard commodities like rice, beef and fruit, produced domestically. In
fact, some organizational theorists now doubt that "markets", for products
and commodities truly exist at all in the textbook sense, except for financial
markets.
Fact 4. Large firms, especially oligopolies in mature industries, generally do not
operate on or near the so-called "efficiency frontier" as they are assumed
to do. There is ample evidence of this, especially as revealed by numerous
cases where companies have been able to achieve remarkable improvements
in both processes and product quality, when induced to do so by pressure
from regulators, sudden scarcities, or new competitors. (In fact, this is the
source of many "double dividend" possibilities.)
Fact 5. Some inferior technologies are "locked in" by a combination of market
power and institutional barriers (such as standards), while others —
potentially superior — can be "locked out" by the same mechanisms
[Arthur 1988, 1988a]. 14 These situations are inconsistent with the assumption of rational utility maximization.
Despite these very serious drawbacks, the idea of the competitive equilibrium remains
so attractive that most modem economists have convinced themselves that the competitive
equilibrium (or something very near it) actually exists in the real world. In the Foreword to
a popular text on growth theory, Solow wrote: "Real economies are not steady states...not
even in a factor — and commodity — equilibrium. But they do not appear to be very far
from, or to be rushing systematically away from steady-state conditions. So a steady state may
be a very fair first approximation. Of course that is a temporary excuse, not a permanent
license" [Solow 1970]. Since long-term economic growth is also an unassailable fact, it is a
trivial — almost unconscious — step for most economists to assume that growth occurs in
equilibrium.
But even before discussing neoclassical growth theory since 1956 it is important to
emphasize that growth in the real world is cannot be explained by Walrasian equilibrium
theory, however much the original conditions for proof-of-existence may have been relaxed.
In fact, only a special (and unrealistic) kind of growth is even theoretically compatible with
it. Wairasian equilibrium is inherently static. At best, it accommodates a kind of smooth,
proportional expansion — called homotheticity — bearing little resemblance to the kinds of
uneven, stop-start, "punctuated equilibrium" growth (to borrow a phrase from Stephen Jay
Gould) that are actually observed in the real world. The underlying picture of the von
Neumann world is of a simple model economy that grows steadily, over time, like a coral
reef. The size of the economy expands but its sectoral structure does not change or evolve.
This means that old sectors do not shrink or die and no new sectors are born. In this sort of
model, for instance, agriculture, mining, manufacturing and services would always grow in
proportion. (There could be no urbanization). There is no room for qualitative evolution.
Clearly, there is no room in this conceptual scheme for oil shocks, market crashes, hyperinflations, wars, revolutions or radical (Schumpeterian) innovations. If the economy were
growing in equilibrium there would be no better-than-average (or worse than average)
investments, no growing (or declining) sectors. There could be no "free lunches", or "double
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dividends" whereby a firm can reduce effluent emissions and environmental damage by
cutting waste and reducing inputs, while at the same time making bigger profits than before.
Of course, in the real world, many such "free lunch" and "double dividend" opportunities have
been found and continue to be found [Ayres 1994].
Nevertheless, neo-classical growth theory is largely built around the assumption that
economic growth occurs in equilibrium. To get around the plain fact that in a Pareto-optimal
equilibrium state nobody has any incentive to make changes, the assumption is that growth
is driven by exogenous driving forces originating from outside the market system.

Neoclassical Growth Theory and "Technical Progress"
Modern neo-classical growth theory began in the 1950s. Thanks to progress in national
accounting, which began to create a real data base, it became possible for macro-economists,
for the first time, to carry out quantitative analysis using time series. In particular, economists
working at the National Bureau of Economic Research (NBER) began to construct long time
series of labor, capital stock and GDP data for the US since 1870 [Fabricant 1954;
Abramovitz 1956; Schmookler 1956]. They also began to develop factor productivity indices
[e.g. Kendrick 1956].
Remember the classical assumption that growth was driven by labor force growth and
capital accumulation, which had dominated macro-economics for a century. The empirical
work led to a shocking discovery: that population, savings and capital accumulation per se
could not account for the growth in the US economy. Fabricant's estimate of the capital
contribution toper capita growth was 10%, for instance. The remainder was an unexplained
residual. It was termed (for convenience) "technical progress".
There was a distracting controversy between economists at MIT and Cambridge (called
the "Cambridge controversy") with regard to the definition and measurement of capital
aggregates. The problem is that capital is mainly a theoretical construct; only savings can be
measured directly [Robinson 1955, 1955a, 1956]. Robert Solow and Trevor Swan
(independently) described growth models of a new kind, based on aggregate production
functions of capital and labor, assuming optimal savings and investment (in the Ramsey
tradition) and consistent with the marginalist assumption of declining marginal returns to
capital investment [Solow 1956; Swan 1956]. The problem of capital has been side-stepped
by introducing an accounting convention with respect to depreciation, which enables capital
stock to be estimated by working back from an investment time-series [e.g. Salter 1959].
Nevertheless, the interpretation of this stock, and the meaning (if any) of "capital utilization",
are still unclear. However, these difficulties have not inhibited growth modelers from
proceeding.
1957 Solow wrote a paper that showed a way to characterize "neutral technical
progress" in an aggregate production function by introducing a multiplier that depends only
on time. 15 He statistically confirmed the assumption of neutrality, meaning that the multiplier
is independent of the capital-labor (K/L) ratio. Fitted to US time series data for 1909 through
1949, Solow's technical progress multiplier accounted for 87.5% of per capita non-farm
growth per capita in the US. It grew annually at about 1% per annum during the first half of
the period and 2% per annum thereafter.16
To anticipate a point that will be made more emphatically later, econometric results of
this kind are very sensitive to the model specification and the time period selected for
calibration. A little-known study conducted in the late 1970s using data from the years 1929,
1940, 1941 and 1947-1969, using essentially the same model specification that Solow used,
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albeit slightly different sources of time series data, obtained surprisingly different results,
namely a technical progress growth rate of 1.38% per annum [Hannon & Joyce 1981]. This
study also tested a number of other model specifications, also with interesting results that will
be discussed later.
Solow's seminal work (for which he was later awarded a Nobel prize in economics) also
gave some empirical justification to one key prediction of the marginalist growth theory,
namely that aggregate output should demonstrate declining marginal returns to capital.
However, during the period studied, the rate of decline of marginal returns to capital was
rather slow. This implied that the saturation point (when marginal returns to capital would
eventually be equal to the marginal rate of capital depreciation) was not yet near at hand. To
be specific, in his time series from 1909 through 1949 the capital employed per unit of labor
(K/L) rose from $2.96 to $2.70 (in 1929 prices). His fitted functions suggested that the
saturation point might be expected when the K/L level reached 5 or above, which appeared
to be rather far in the future when the paper was written.
Solow also pointed out that zero net marginal capital productivity sets in when "adding
some capital adds only enough product to make good the depreciation of the capital increment
itself'. He then did a rough "back of the envelope" estimation of the annual capital
depreciation rate, which he put "between 3% and 5%", based partly on the capital labor ratio
noted above. In other words, "capital-saturation would occur whenever the gross marginal
product of capital falls to .03–.05."
A point of some interest that Solow did not comment on, curiously, is that his method
of estimating the marginal rate of capital depreciation suggests that the rate itself was rising.
That is, if it was 3% in the 1909 it had increased to 5% by 1949. This increase may well
have continued. In fact, I think there is a good explanation. The total physical capital stock
consists of a mix of long-lived infrastructure, structures and shorter lived machines and
vehicles. At the beginning of the century railroads, for instance, constituted a large fraction
of the capital stock. Since then the mix has shifted in the direction of shorter lived equipment,
such as trucks. In recent years even shorter-lived computers and software have been
increasingly important. So, it is almost certain that if the marginal capital depreciation rate
was 5% per annum in 1949, it must be greater today.
I have made no attempt to estimate depreciation quantitatively (has anybody?) but 6-8%
would not be a big surprise. What is surprising is that many economists still assume much
lower rates of depreciation, apparently without a second thought. For instance, in a recent
article, E. N. Wolff calculates a time series for capital/labor ratio and average age of capital
stock for major industrial countries assuming a service life of capital of 50 years, unchanging
over time [Wolff 1995, Table 4, footnote]. It seems to me that this assumption is very
questionable indeed.
To summarize briefly, the neo-classical growth model as formalized by Solow and
elaborated subsequently by others, includes many simplifying assumptions, of course. But
three of its implications are crucial. The first implication is that the contribution of capital
investment to growth will slow and finally cease due to saturation. The second implication
follows. Namely, the only source of growth thereafter must be technological progress —
which the model does not explain and treats as exogenous. Usually this is done by introducing
a simple exponential function of time of the form ert.17 It follows that the industrial countries
should exhibit slowing growth. This second implication follows from the law of diminishing
returns to (man-made) capital. The third implication is that poorer countries will grow faster
than rich ones, other factors remaining the same. Thus, economic convergence should occur.
The basic problem is that the standard neoclassical macro theory has very little predictive
or explanatory power. The two key predictions of the standard theory are not consistent with
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observation. In the first place, the 16 richest countries grew much faster in the 1950-1970
period (3.7% per annum) than they did in the prior 80 years, when growth averaged about
1.3% per annum. Even after the slowdown in the early 1970s, growth continued at around
2.1% per annum which is slower than 1950-1970, but faster than the long-term average.18
In the second place, a simple scatter chart of growth rates vs. GDP for 118 countries,
shows no detectable correlation between the two variables, even though the standard theory
implies that countries with higher GDP should have lower growth rates [Barro & Sala-IMartine, 1995]. On the other hand, the tiger economies of East Asia are undoubtedly growing
faster than the most industrialized countries. This suggests that other factors account for low
growth rates elsewhere. These facts have motivated a recent flurry of interest in revising the
neo-classical theory, without giving up the treasured growth-in-equilibrium assumption.
Economists have, for a long time, stuck with the assumption that technological change
is exogenous — like manna from heaven — despite both logic and overwhelming empirical
evidence to the contrary. In effect, the assumption that technological change is exogenous
amounts to a straightforward device for linearization: it permits the construction of
equilibrium models that have unique (however unrealistic) solutions. In particular, it permits
the construction of so-called computable general equilibrium (CGE) models, which are
currently enormously popular among macro-economists.
Nevertheless, it is important to acknowledge, here, that the simple assumption of
exogenous technical change is not the only way of reconciling economic growth with the
assumption of Walrasian equilibrium. The so-called "new" theory of endogenous growth that
has blossomed since Romer's paper in 1986, has uncovered several alternative (and more
realistic) ways of linearizing the growth theory to accommodate more of the "stylized facts"
of growth.
The stylized facts in question are as follows [Romer 1994]: (1) market systems involve
many firms; (2) discoveries are public knowledge (non-rival goods, in the jargon); (3)
physical activities are replicable, whence the aggregate production function must be
homogeneous of degree one in all inputs that can be owned and exchanged (i.e. they are rival
goods); (4) technological progress is a consequence of human activity; (5) competition is
imperfect. (Recall my comments on this last point a few paragraphs above.)
The new theory of endogenous growth was kicked off by Paul Romer, who simply
discarded the neo-classical condition of diminishing returns to capital and defended that step
by arguing for increasing returns to human capital, thanks to positive spillovers [Romer 1986].
He justified this seemingly radical step by arguing that, contrary to earlier opinion, such
models could be robust. Since then, Romer has also constructed models of sustained growth
without spillovers, but with imperfect (monopolistic) competition [Romer 1987] and with both
knowledge spillovers and imperfect competition [Romer 1990]. The latter seems to be his
major contribution. Many other economists have also contributed important insights, and
applications to a variety of areas from trade to technology and environment [e.g. Grossman
& Helpman 1991; Rebelo 1991; Aghion & Howitt 1992; Young 1991; Elbasha & Roe 1996;
Barbier 1996].19
It must be said, however, that notwithstanding its ingenuity, all of the above-cited work
involves a certain "sleight-of hand" insofar as it depends on just one fundamental change in
the standard menu of assumptions. It exploits the "public goods" attribute of knowledge to
achieve increasing returns to capital (including human capital). The other relaxations to the
standard theory, such as imperfect competition (and incomplete appropriability of intellectual
capital) had already been made. Also, it seems that the returns to capital must be exactly
unity, after all. Lucas showed that even a slight diminishing returns would make the model
incapable of generating perpetual growth [Lucas 1988, op cit] , while Solow has shown that
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even a slight increasing return would cause the model to blow up (i.e. generate infinite output
from finite capital) in a comparatively short time, such as a couple of centuries [Solow 1994,
1994a].
It must be said that there is a deeper problem. Romer's stylized fact, that discoveries are
instant public knowledge, is analytically convenient — hence standard among neo-classical
theorists — but it is indefensible. This is not even true of discoveries in physics or chemistry,
still less of other kinds of knowledge that contribute fundamentally to productivity. The usual
justification is that learning in one firm is rapidly (i.e. instantaneously) shared with all others
in an industry through normal inter-personal communication, the movement of individuals
from firm to firm or the transfer of knowledge to capital goods producers who then embody
the knowledge in capital goods available to all others. Using this framework, Kenneth Arrow
pointed out, in a famous and much quoted paper, that inefficiencies arise from this situation
because the firm that does the learning is unable to capture all of its benefits. This leads to
under-production even in competitive free markets [Arrow 1962]. It is argued, for instance,
that this constitutes a justification for protection of infant industries.
A major strand of the recent work on endogenous technology is based on a similar
framework, i.e. that knowledge spillovers (leakage) are so rapid and complete that learning
occurs, effectively, for an industry as a whole [e.g. Stokey 1986]. This convenient assumption
permits the learning curve to be applied at the industry level, rather than at the firm level.
However, it fails to deal with the contradictory implication of the same neo-classical
assumption: that with no barriers to entry all competitors having the same technical
knowledge would be forced to marginal cost pricing, leaving no profits to invest for growth.
Fortunately, there is another explanation for the fact that learning appears to apply at the
industry level. It is that, even in an industry with large and small firms competing, the
learning curve of the largest firm or firms is likely to drive prices. The argument goes like
this: the largest producer has the lowest costs, thanks to economies of scale and experience.
(This topic is discussed in more detail in the next section). The market leader could set its
prices at the break-even point of the next largest firm, thus making it unprofitable — hence
unable to invest — and driving out all the others. But this is not necessarily optimal, since
the dominant firm would have to incur short-term costs (i.e. profits foregone) to drive out all
its competitors. Instead, it maximizes the discounted present value of future profits by setting
prices at a much higher level, as a quasi-monopolist. All the smaller firms in the market then
become price-takers; the more efficient among them can also be profitable (if less profitable
than the dominant firm) but not profitable enough to grow faster and gain market share. The
result is a quasi-stable implicit, but effective, cartel.
The competitive situation in such a cartel is a game against the market leader. A
secondary competitor may decide to cut prices with the objective of increasing its market
share at the expense of rivals (mostly smaller) and thus gaining experience and improving its
long-term cost picture. The market leader may or may not match the cut, depending on its
assessment of the threat to its leadership. If a real price war does break out some of the
smallest and weakest firms in the same market are usually driven out. 2° They must find
different "niches" or die. Some small competitors disappear each time this happens.
Eventually, after a few price wars, the industry becomes a true oligopoly with only a few
survivors.
In the real world, technological change alters the picture. Some firms gain long-term
competitive advantages because some kinds of information relevant to production leak very
slowly, or do not leak at all. In particular, I refer to two other types of knowledge. The first
is skills and "know how", of the sort that is acquired only through apprenticeship programs,
"on the job" training, "learning by doing", practice and experience. It is embodied in
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individuals but not in books. It is the sort of knowledge that computer scientists are struggling
to learn how to incorporate into "expert systems", although this process has barely begun.
Firms that are very profitable can and do minimize their losses of this type of knowledge by
paying higher-than-average wages. (The classic examples were Ford and, more recently,
IBM).
The other and even more important type of non-transferable knowledge is embodied, not
in individuals, but in organizations, institutions and social systems. It is acquired by social
learning, experience, experimentation and Darwinian selection. It probably accounts for most
of the differences in productivity between successful and unsuccessful firms — and nations.
I return to this topic again in a later section. In fact, it is now gospel among management
consultants and researchers that the only way to transfer the sort of knowledge that conveys
competitive advantage is to transfer people.
Consider the sort of information that does leak from firm to firm. In a hothouse
environment like Silicon Valley, where there is a lot of social contact between engineers
working for different firms, and the local universities. There is also a large turnover of
engineering employment, due to the high rate of failure of smaller firms (and even larger
ones, like Apple). Thus the spread of information between firms is much faster than it would
be between firms that are physically far apart, especially across national (and linguistic)
barriers. This is undoubtedly one of the reasons new firms tend to locate in Silicon Valley.
It results in a long-term competitive advantage for the industry-in-the-valley as a whole, as
compared to firms in the same industry located elsewhere.
But the inter-firm competitive advantages over others gained by first learners (and first
movers) are nevertheless real. These advantages permit disproportionate profitability and
disproportionate growth. They are inconsistent with the neo-classical growth model's
presumptions of equal access to information, zero cost of entry and perfect competition. (In
short, perfect competition without perfect information is an oxymoron).
A further problem for growth models is this: if technological change were assumed to be
truly endogenous (i.e. self-generating or "path dependent" in the jargon) the growth models
would have to involve several feedback loops. For example, they would have to accommodate
the complex relationships between demand, investment in new capacity, introduction of new
technology, learning from experience, production costs, prices, and — again — demand. This
feedback loop, which depends upon price elasticity of demand and marginal returns to scale
or the "experience parameter", is discussed in the next section.
A subsidiary mechanism is the negative impact of scale and capital intensiveness on
technological innovation [Abernathy 1978]. As fixed capital intensiveness increases, the cost
of product innovation rises. (However, the impact of this effect depends on the flexibility of
the capital plant and equipment. Some capital equipment, such as "hard automation" is
inherently very inflexible, whereas other types, such as general purpose machine tools or
computers, may be easily adapted to new uses. The distinction has been incorporated in some
models as "putty" vs. "clay".) Still another subsidiary mechanism is the relationship that links
rising demand, increased profits, increased R&D spending and technical progress, which in
turn affects product performance and/or manufacturing cost and, thence, demand [e.g. Ayres
1994]. The equations of dynamic models incorporating positive feedback loops and
mechanisms such as the foregoing become immensely complex and — more important —
potentially non-linear.
An interesting point for purposes of this discussion is the following: non-linear systems
evolve in time, but they do not, in general, have unique solutions (i.e. minima or maxima)
or possess equilibria. Instead, they move irregularly and unpredictably in regions of
parameter-space, called "strange attractors". Non-linear systems evolve in much the way a
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moth flutters around a candle. Non-linear models are not only difficult to solve (although
modern computer software has greatly decreased the difficulties) but with certain parameter
sets they also lead to irregular and complex behavior patterns, including the possibility of
such phenomena as "deterministic chaos". 21 Be this as it may, the real economic system is
certainly non-linear, mostly thanks to these feedback loops involving technological change
(but others as well). It is therefore also not "in" equilibrium.
Non-linear dynamics is not a new idea in economics. The pioneer was Richard Goodwin,
a Cambridge growth theorist who was dissatisfied as early as 1950 with the inability of linear
growth models to exhibit realistic behaviors such as business cycles [Goodwin 1951,1967,
1982, 1987, 1989]. Several other theoreticians have worked on non-linear models, especially
Richard Day [Day 1981, 1982, 1987, 1989]. Empirical work on "chaos" in economics has also
thrived [e.g. Baumol & Quandt 1985; Day & Shafer 1985, 1987] 22

Learning, Experience and Productivity
As already hinted above, the primary non-technological determinant of manufacturing
productivity improvement is "learning by doing" or "learning from experience". This was first
recognized by Frederick Taylor, a well-known industry efficiency expert in the late 19th
century. Taylor saw many opportunities for accelerating this natural process by detailed task
analysis, including time and motion studies and extreme specialization of tasks. All of this
became part of Taylor's theory of scientific management, which greatly impressed many
industrialists, including Henry Ford. Henry Ford himself recognized and exploited the socalled "learning curve", or "progress function" which relates labor productivity to experience,
as measured by cumulative output. Ford also pioneered the use of this relationship as a
competitive tool: observing that costs continued to decline with experience, he adopted a
deliberate policy of "continuous price reduction" to force his managers and workers to keep
discovering ways of cutting costs to meet the announced price. Ford claimed that he had a
deliberate policy of never considering any cost to be fixed [Cunningham 1980].
The first formal quantification of this empirical relationship to appear in the engineering
literature seems to have been a paper by T. P. Wright (of the Curtiss-Wright Aircraft Co.)
who wrote a paper in 1936 entitled "Factors Affecting the Cost of Airplanes" in which he
noted that the man hours required to assemble an airplane dropped by 20% for each doubling
of the cumulative number of planes that had been produced to date [Wright 1936]. The
construction of standardized liberty ships in World War II offered an even more convincing
example [Searle & Gody 1945; Rapping 1965] 23 Learning curves are generally characterized
in terms of the percent cost reduction obtained from each doubling of cumulative production.
This relationship can be expressed by the equation
qt) = N (t)b

ln(1-a)
1n2
where C(t) is unit cost at time 4 N is cumulative production to time t and a is the fractional
reduction of costs for each doubling of N. It is known as the "experience parameter". It
typically ranges between 0.1 and 0.3, although there are outliers. Equation (1) translates into
a straight line on log-log paper when man-hours (or costs) are plotted against cumulative
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production. The relationship has become a standard management tool in manufacturing. Such
curves have been developed for many industries 2"
The use of learning curves as a competitive policy tool was co-pioneered in the late
1960s by Texas Instruments Corp. and the Boston Consulting Group, which made it the core
of its successful management consulting practice [Conley 1970]. The President of Texas
Instruments, J. Fred Bucy made the following statement to a TI stockholders meeting:
"Manufacturing costs can be brought down by a fixed percentage each time cumulative
volume is doubled. Therefore selling price can be brought down by the same percentage....The
key to using the learning curve is design-to-cost, where you determine the cost required for
the product to realize high volume production and then design the product and the system to
manufacture it to hit that cost goal." [Cunningham 1980 op cit]. The technique outlined by
Bucy has been widely used, especially in the electronics industry.
The first economist to discover the learning curve was apparently P. J. Verdoorn
[Verdoorn 1949, 1951, 1956]. Verdoorn had observed a positive empirical correlation between
productivity and growth. The so-called Verdoorn law, as it came to be known, says that the
growth of labor productivity in the long run is proportional to the square root of the growth
of output. Later this law was reformulated as two laws: (1) that the level of labor productivity
of any industry in any manufacturing country, at any point in time, is determined (mainly)
by the accumulated output of that industry and (2) that the growth of labor productivity in any
industry and country is approximately proportional to the square root of the rate of growth
of output. The second (dynamic) law, now known as the "Verdoorn law", can be derived from
the first, provided output grows exponentially (i.e. at constant rate).
The details of the derivation need not concern us here, although they are simple enough.
However, it is fairly obvious that the Verdoorn law is the macro-economic equivalent of the
experience curve. Thus, if efficiency (i.e. productivity) increases in proportion to cumulative
production, it would follow that the rate of productivity gain would have a corresponding
relationship to the rate of increase of cumulative production. The latter is, of course, the level
of current output.
A considerable amount of empirical testing of these laws has been done, especially by
Verdoorn himself [ibid], and others [Kendrick & Grossman 1980; McCombie 1982;
McCombie & de Ridder 1984; Metcalfe & Hall 1983; de Vries & Tuyl 1984]. The testing has
focussed largely on the extent of apparent inconsistencies, or "paradoxes" between the second
and first law in a cross-sectional context. There has been an inconclusive search for "hidden
variables" to explain the inconsistencies. The interesting question, in the context of growth
theory, is whether the Verdoorn law is valid for long-term forecasting purposes, especially
for an aggregated economic system. The empirical research suggests that the Verdoorn law
has some limited validity in an economy with growing manufacturing industries, although the
so-called Verdoorn logarithmic coefficient (theoretically equal to 0.5) may vary considerably
from one sector to another.
A mirror image to the Verdoorn law was proposed by Kaldor [Kaldor 1966], namely that
the rate of growth of labor usage (i.e. employment) should be proportional to the rate of
growth of output. Kaldor interpreted this relationship as a reflection of the reallocation of
labor from agriculture to manufacturing in countries where manufacturing was strongly
growing. The statistical analysis of this law, and its relationship to the other, have occupied
many statisticians and pages of journal articles. The two laws taken together seem to imply
a third statistical relationship (between employment and productivity) that in fact does not
exist in the data.25 Of the two laws, the Verdoorn version appears to be more robust than the
Kaldor version. The latter tends to break down when tested cross-sectionally across countries
with low rates of manufacturing growth, but under those conditions the relevant test of the
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Kaldor law would be within a country between different sectors, where some are faster
growing than others.
The importance of "learning by doing" as a driver of economic growth was discussed in
theoretical terms by Arrow in a much-quoted paper [Arrow 1962]. But the Verdoorn law,
being empirically based, may reflect a number of underlying causal factors. The pure learning
or experience effect, is unlikely to be the only one. Nor is it easy to sort them out. A second
effect, emphasized by Salter, arises mainly from the rate of capital investment in new plants
and facilities, since the most advanced technology is normally embodied in plant and
equipment [Salter 1960]. Clearly the rate of investment in new plant and equipment is directly
proportional to the rate of growth of demand (i.e. of output). Assuming that new technology
pays for itself by increasing labor productivity, it follows that the rate of advance of labor
productivity in a sector is proportional to the rate of growth. Salter incidentally emphasized
the importance of capital turnover and the resulting lag between "best practice" and average
productivity within a sector. This lag has the effect of gradualizing the impact of technological innovations, no matter how radical.
Scale effects are surely involved. Economies of scale are normal in manufacturing. This
means average unit costs tend to drop as volume increases, for the simple reason that fixed
costs (R&D, design, plant and equipment, etc.) can be spread over more and more units. In
many cases the "most advanced" technology is simply the standard technology implemented
on a larger scale. For instance, blast furnaces have scarcely changed in basic operating
principles for over a hundred years, but each increase in scale increases energy efficiency and
cuts labor costs.
For various reasons, profits are generally maximized when production is maximized (i.e.
at the limit of capacity). It follows, therefore, that manufacturers with fixed investments to
amortize have a strong incentive to increase sales. This is the basic reason why it pays to
advertise. It also turns out that price cutting is effective, which is why advertising campaigns
so often feature price reductions. The price reductions are not always permanent. (Prices can,
and do, tend to rise whenever market demand exceeds current capacity). But, as I have said,
price reductions generate additional sales. This happens because even a slightly lower price
can bring in marginal customers who couldn't quite afford to buy at the higher price. In
economic jargon, this reflects the price elasticity of demand. There is a lot of tactical games
playing in marketing, since manufacturers want to sell as much as they can at the highest
possible price. In other words, they try to "skim the cream", before cutting prices. But, when
the cream has been skimmed, the only way to increase sales is to cut prices.
The virtuous circle now appears. The increased demand generated by a price cut justifies
a larger scale of production. The larger scale of production causes costs to fall. Decreasing
costs justify further price cuts, which generate increased demand, which results in greater
economies of scale, ... and so on. The process continues in each market until it reaches a
state of complete saturation. (At this point the price elasticity approaches zero). What all this
amounts to is that growth itself begets more growth. This has been called the Salter cycle
although Salter himself emphasized only one of the mechanisms involved, namely the link
between productivity and output, via capital investment and embodied technology [Salter
1960].
In any case, positive returns-to-scale in manufacturing have apparently accounted for a
significant part of the economic growth experienced by advanced countries, since WW II. For
example Edward Denison of Brookings Institution estimated that 18% of total US economic
growth in the period 1948-1976 could be attributed to economies of scale [Denison 1979].
The contribution of increasing scale was correspondingly larger for Germany and Japan. This
is because their economies were much smaller in the early postwar years, and manufacturing
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accounts for a much larger percentage of total output in both cases. For Japan, Denison
estimated that scale effects accounted for 44.4% of total growth from 1953 to 1971 [ibid].
This percentage seems to have increased still further to 54% during the 1970s and early 1980s
[Usui 1988, Table B-6].26
Increasing scale of production tends to promote increasing capital intensity of production.
The logic is straightforward. In the first place, economies of scale apply to the production of
capital goods themselves. In other words, the costs of producing capital goods, such as
machine tools, fall as a function of both size and scale. Machine tools, transfer machines,
trucks and the like become cheaper to produce, per unit, the more units are produced, as long
as the units are standardized. This is even true of nuclear power plants, which explains why
nuclear power is relatively economic in France, where the basic plant design was standardized
(thanks to a single monopsonist buyer) and is simply repeated, as compared to the US, where
each utility insisted upon its own customized design.
Capital goods also become cheaper in relation to the work they can do, as a function of
size. A big machine costs more than a small one, of course. But, assuming both big and small
machines are produced in equal numbers (and therefore enjoy equal economies of scale) it
is generally true that, for a given capital investment, more productivity can be achieved with
a single big machine than with several small ones. The reason is that there are inherent
economies of scale associated with size. For instance, the electrical circuitry and control
systems would be virtually the same for a big machine or a small one. A big tank requires
less surface area per unit volume than a small one. And so forth.
A second reason for increasing capital intensity as a function of scale is that less time
is required for R&D, design, marketing, production engineering and setup per unit output.
This means that, even if capital equipment were not used more intensively as a function of
scale, the cost of capital equipment would comprise a larger share of total costs per unit
output because the cost of other inputs (R&D, design, etc.) per unit output would be lower.
But, in addition to this, longer production runs mean that machines and capital equipment are
used more continuously as the scale of production increases. Less idle time means greater
utility per unit investment. All of these factors contribute to the sharply declining unit costs,
as output increases, that help drive the feedback loop.
This phenomenon of declining unit costs as a function of scale is not only theoretically
explicable; it is also observable in practice. For instance, the unit cost for a handmade one
of a kind prototype racing car engine is likely to be 100 times (or more) the unit cost of a
standard mass-produced engine of similar size and complexity.
But, despite the powerful and well-understood mechanism that pushes capital intensity
up and unit costs down as output rises, standard neoclassical economic theory assumes that
the productivity of aggregate capital in the economy as a whole declines with increasing
capital intensity. This is called the "law of diminishing returns", which says that each
additional unit of capital, per unit of labor, yields a lower return than the last one.
(Technically, the productivity of capital decreases as capital stock increases).
Contrary to intuition, it is possible to reconcile positive returns-to-scale with constant (but
not declining) returns to capital. However, positive returns-to-scale (and to experience) do
imply imperfect competition. They confer an automatic cost advantage to large size, which
translates into market power. In short, oligopoly is a natural consequence of increasing returns
to scale and to experience!' However, it has been shown that the condition of perfect
competition can be relaxed without losing the possibility of competitive equilibrium [e.g.
Dixit & Stiglitz 1977; Ethier 1982; Judd 1985; Grossman & Helpman 1989].
Evidently the existence of imperfect competition and increasing returns to scale do not
ipso facto guarantee that the economy is not in equilibrium. Actually, a model of endogenous
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technology adoption/diffusion, in which demand is inversely dependent on price and price is
determined by market size is consistent with the existence of a competitive equilibrium
[Batten 1987]. Batten assumed that inelasticities on the supply side limited cost reductions
due to learning, whence prices eventually increase with market size as required by the
standard assumption of decreasing returns to scale. This has been interpreted as a "one shot"
technological improvement.
However it is of interest to note that when increasing returns to scale are introduced (i.e.
prices declining with market size, as in the Salter cycle) and two or more techniques are
competing, only one can survive [Amable 1992]. One technique inevitably drives the other
out of the market. The winner may not be the most efficient in terms of long-term market
potential. In Amable's model the outcome of the competition depends on initial conditions,
production capacity and diffusion. From another perspective, it can be argued that there are
times when the superior technology will be adopted only if the proponents are willing to take
a very long-term view of the competitive situation, which means discounting the future less
than the average market player [Ayres & Axtell 1996].

Toward a Theory of Technological Progress
The "new" endogenous growth theory is an improvement over its predecessors, insofar
as it reflects the fact that knowledge can be regarded as a kind of capital. The current theories
of Romer and others [e.g. Romer 1986, 1987, 1990; Lucas 1988] assume that knowledge is
inherently difficult to confine, protect, own or hold exclusive rights to use. It can easily be
transmitted to others, by publication, or other means, but the originator does not lose it. There
are few secrets, at least for any length of time. In short, "pure" knowledge has some attributes
of a public good. No matter where or how it originates, it soon becomes part of the general
stock. The technical jargon for this characteristic is "incomplete appropriability". As such,
new scientific knowledge about how the world works eventually contributes to the
productivity of all factors, not merely the discoverer or inventor.
There are other kinds of knowledge that are more difficult to transmit and thus easier to
protect. Knowledge embodied in individual skills is one example. Knowledge embodied in
complex materials or products is another. ("Reverse engineering", so called, is far from simple
or reliable). Knowledge embodied in organizations and societies, being almost unrecognizable,
and largely unconscious, is the hardest of all to copy. In short, there are several colors and
flavors of knowledge, with different economic impacts. This being so, it is very difficult to
justify the idea of a well-defined stock of knowledge. (Here, one is reminded of the similar
difficulties in defining capital stock in a meaningful way). But, perhaps it is best not to be
tempted down this by-way.
Also, technologies can have different impacts on the economy. Neoclassical theory treats
technological progress only as a multiplier or accelerator of the other factors of production
(labor, capital). This ignores the fact that technological change today (especially information
technology, or TT) is having an unexpectedly perverse effect: IT is drastically cutting the
useful life of both products and productive capital, including human capital. In effect, IT has
accelerated the rate of depreciation of some physical capital and considerable human capital.
This means that, while IT itself appears to be accelerating, its economic impact may be
perverse. To the extent that it enhances the rate of depreciation of prior investments, the net
impact of IT may actually be to destroy capital, not create it.
Another stylized fact about technology is that, for a variety of reasons, government
investment in education, institution building and R&D play an enormously important --
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probably dominant — role in its creation. It is a commonplace that economic benefits do not
necessarily accrue to the original creators of technology (due to imperfect appropriability).
They are more likely, in practice, to be captured by entrepreneurial innovators who create
products, services and markets. The greatest asset a country can have is a literate and
numerate work force, a strong scientific establishment backed up by good engineering
schools, and an entrepreneurial, innovative climate in which new small enterprises can grow
into giants. Very deep social, political and cultural forces are involved. Economic growth
theory does not (and probably cannot) account for these factors. But they probably explain
much of the difference in economic performance between countries. (This is one type of
knowledge that is very hard to transfer).
Another well-known stylized fact about technological progress, and especially invention,
is that many important inventions have occurred more or less simultaneously by workers
unknown to each other, sometimes in different parts of the world. 28 This phenomenon
(simultaneous invention) has occasioned many disputes, of course. It has been of great interest
to the sociologists of invention because it suggests that the direction of technology path
dependent in the sense that each step is largely predetermined by what has gone before
[Ogburn & Thomas 1922; Gilfillan 1935, 1937]. Thus, it is only the name of the successful
inventor — rather than the nature of the invention itself — that is unpredictable.
Invention precedes innovation, which is practical commercial application of the invention.
In a few instances invention has been followed almost instantly by application. For instance,
the telephone was patented by A. G. Bell in 1876 and the first local telephone system (in
New Haven) was in service less than two years later. Edison's electric lighting system was
implemented almost equally fast. However, innovation often lags by a number of years, or
even decades, depending on the circumstances. Edison's system for electric lighting was, in
many respects, the integration of a series of prior developments in electrical technology, none
of which was in itself conclusive. Often an invention is merely a precursor of other inventions
that solve the same basic problem more efficiently or more elegantly. The Singer sewing
machine is an example of such as sequence of improvements.
Sometimes a number of inventions must be combined, as with Karl Benz's first
automobile, which utilized Gottlieb Daimler's small high speed liquid fuel burning version of
the Otto cycle stationary gas engine. This gasoline engine, the first prototype suitable for
propelling a vehicle suitable for transporting one or a few individuals, depended on the
invention of the carburetor. Of course, cars did not become truly practical until many other
inventions had been incorporated, from the spark plug to the electric self-starter to the steel
body. The airplane illustrates this point even more clearly. The Wright brothers made use of
numerous contributions from other technologies, from wing design and high speed internal
combustion engines to bicycle construction, of which their own unique (but crucial)
contribution was the three-dimensional positive aerodynamic control system.
It is important to distinguish radical innovations that create new capabilities from
improvements. A number of stylized facts about radical innovation can be listed as follows:
(i) They are demand driven, in general. They are created to solve a major problem.
(ii). They are generative. Each truly radical innovation gives rise to hundreds, if not
thousands, of subsequent improvements.
(iii) Radical innovations are not straightforward extrapolations from or improvements of
existing technologies; on the contrary, they involve new phenomena or (more commonly) new
combinations of known phenomena. For instance, consider the radical innovations in
illumination: oil lamps, candles, gas light, arc light, incandescent (electric) lights, fluorescent
light, light-emitting diode (LED).
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(iv) They are normally inferior to the state-of-the-art of the competing current technology
when first introduced but they overcome some previous barrier or limiting factor in principle
and extend the foreseeable limits of technological performance or capability significantly
beyond the old limits [Ayres 1988]. In the case of lighting, for instance, the efficiency of
energy-to-light conversion has increased by at least a hundred fold.
(v.) Radical innovations are virtually never pioneered by the firms that dominate the older
competing technology. They create new industries and new firms. For instance, IC engines
were not introduced or manufactured by steam engine manufacturers. Jet engines were not
developed by piston engine manufacturers. The firms that produced vacuum tubes never
became competitive producers of semiconductors. Several generations of semiconductor
technology have been led by a succession of dominant producers, the latest of which (Intel)
did not even exist when the industry was created.
(vi.) Competition from the radical innovation often stimulates a final burst of
improvements to the older technology just before it finally disappears from the scene. For
instance the Sugg-Argand burner (1879) and the Weisbach mantle (1887) constituted major
improvements in the safety, efficiency, and brightness of gas lamps, just prior to their final
displacement by electric lighting. Similarly, charcoal based iron smelters continued to improve
long after coke-based smelters were introduced reaching their final peak of efficiency after
1920. Steam-powered automobiles also reached their highest point of development with the
Doble in the 1920s, although only a few hundred of these cars were produced.
Joseph Schumpeter called attention to the economic importance of radical innovation as
a driver of economic change and growth in his book The Theory of Economic Development
[Schumpeter 1912, 1934]. Schumpeter did not treat innovation as exogenous (as Keynes did).
On the contrary, he emphasized the fact that innovation in a non-equilibrium world permits
innovators to gain temporary but significant monopoly profits, until competitors catch up with
the innovator. (Patents are legal monopolies awarded to inventors precisely for the purpose
of rewarding and thus encouraging innovation). This so-called Schumpeterian mechanism is
clearly central to endogenizing technological progress. So-called "evolutionary" theorists, such
as Richard Nelson, Sidney Winter, Stanley Metcalfe, Geoffrey Hodgson, Giovanni Dosi and
Gerald Silverberg have been working on explicit endogenous models of the innovation process
since the early 1980s.29
The process of equilibration (catch up) between innovators and followers is not
particularly well understood. One part of the mechanism is diffusion of "free floating"
knowledge (i.e. knowledge that is codified in words or represented by formulae or designs,
recorded or embodied in artifacts). Such codified knowledge is difficult to protect for a long
time, although nations and firms are incredibly obsessed with protecting their own secrets and
discovering the secrets of others.3° The design details of the atomic bomb, stolen and
transmitted to the USSR by the Rosenbergs, constitute one of the few historically significant
examples. GM's current campaign against VW for theft of industrial secrets (i.e. price lists)
is almost a parody of this obsession.
The aggregate human stock of "free floating" knowledge, is that it increases irreversibly,
or nearly so. Knowledge of this sort, once gained is generally disseminated and almost never
lost (except by major catastrophes, such as the burning of the Alexandrian library or the fall
of the Roman Empire) [Ayres 1994, chapter 8]. A closely related stylized fact is that
technological progress is accelerating.31 The endogenous growth theorists explain this as a
positive spillover from the growing stock of knowledge itself. The general idea is that these
spillovers make innovation in every field continuously easier. 32 This observation helps explain
the long-term acceleration phenomenon, as a simple consequence of combinatorial logic.
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It should be noted that diffusion of free-floating knowledge is also faster because
communication is much faster. Countries lagging in the technological sweepstakes have
learned that technology can be imported and adapted as easily — or more easily — than it
can be developed at home. However, this merely means that, if a wealthy country is to stay
wealthy it is more important than ever before to maintain a technological lead over poorer and
hungrier rivals. This requires effort.
Not all knowledge is codified and transferable (i.e. free-floating) in the above sense. The
knowledge gained by direct experience — "learning by doing" — is in this category,
especially when it is not embodied in a single individual. It is widely recognized that the most
effective means of technology transfer from firm to firm or country to country is to transfer
skilled and knowledgeable people who are capable of teaching and guiding others by their
example. Aerospace or electronics firms that routinely lay off large numbers of people due
to cutbacks in defense procurement, for instance, are likely to see their competitors gain
knowledge and expertise by hiring their former employees. Similarly, a leading edge
manufacturing firm like Toyota or Fujitsu can clone their efficient manufacturing systems
around the world by transferring relatively small teams of experienced employees. On the
other hand a competing firm like Ford or IBM finds it much more difficult to equal Toyota's
or Fujitsu's performance by simply observing and imitating organizational details.

The Technology Life Cycle
A number of the key stylized facts of technological progress constitute a coherent pattern
that can be termed the "technology life cycle". The phenomenon is easily identified by its
resemblance to the biological life cycle. A technology (like a product) has characteristic stages
of development: conception, infancy, adolescence, maturity and senescence. While metaphoric,
these stages are so widely applicable that the metaphoric language is almost universally used.
Technology in the very broadest sense is always progressing. But the growing tip of rapid
progress is always moving from sector to sector. At present, the areas of rapid scientific and
technological progress are high energy physics, computer science and bio-chemistry. A few
decades ago solid state physics, micro-electronics, nuclear physics and polymer chemistry
were very active. In the late 19th century and early 20th century organic chemistry, electrochemistry, electro-metallurgy and electro-magnetic radiation were the "hot" subjects.
Technologies have recently followed where science led. Like science, it progresses
unevenly. The spotlight moves irregularly from sector to sector. At first, some major new
application of a scientific discovery is conceived. A harder or stronger material enables a
better tool, for instance. This translates into a more efficient manufacturing process. Or it
permits higher combustion temperatures or smaller and faster engines. Or a new compound
or alloy displays different and unsuspected electronic properties permitting higher photovoltaic
efficiency or higher speed or stronger magnetic fields, or higher current density, or more
powerful lasers, or better superconductors, or greater/lower electrical/thermal resistance, or
greater or less infra-red absorbtivity, etc. The possibilities (and combinations) are indeed
endless.
But, it is also a fact that fields of technology do not remain equally active forever. No
more do economic sectors grow rapidly and proliferate new products or services indefinitely.
The pattern is different. During the "infancy" stage of a technology, applications do
proliferate, as do (mainly) new enterprises hoping to capture new markets. They attract
venture capital and invest heavily in R&D. In consequence, the performance level of the
technology increases rapidly. Products are likely to be expensive, and sold on the basis of
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performance. If the new product is not competing directly with an established one, change is
rapid, so standardization and large scale production are not possible.
But during the "adolescent" stage, proliferation of product variants and firms slows and
stops. Standardization and consolidation begins, as one or two variants begin to dominate.33
The firms producing the dominant variants become more profitable and begin to enjoy
increased market power. They are in a position to increase capacity, and to exploit economies
of scale in manufacturing. Prices then begin to fall and smaller producers are pushed out. The
result is commonly called a "shakeout". This phenomenon has occurred dozens of times in
different sectors of the economy, from typewriters and bicycles to automobiles and aircraft
manufacturing to computers, PCs, and airlines.
The "mature phase" follows the shakeout. During this phase the rate of progress in terms
of performance slows down, the product becomes more and more standardized, economies
of scale in manufacturing become more and more important, the production process becomes
much more capital-intensive — which slows technical change still further — and the industry
consolidates still further. Typically it becomes an oligopoly, if not a monopoly. Finally, in the
senescence phase, the product becomes a commodity. Technological change slows further.
During this entire sequence underlying economic relationships are changing. For instance,
the capital/labor ratio increases steadily, from infancy through maturity. The elasticity of
substitution changes too. The return on R&D, and the investment in R&D decreases
throughout the cycle. The price elasticity of the product decreases as the product changes
from being a high-priced luxury to a low-priced commodity. During the early stage of the life
cycle, the product is "new" and is probably competing (at the margin, at least) against some
established product. At the end of the cycle it is "established" and competing, at the margin,
against would-be substitutes.
The pattern is not absolutely immutable. To be sure, sectors occasionally rejuvenate
themselves, usually by a sort of collision with a more rapidly changing technology or a
constraint. The steel industry was mature by 1900, but it went through a second adolescence
in the 1960s and 1970s, thanks to new technology, global competition and changing rawmaterial availabilities (more scrap). The nuclear industry faces possible extinction, or major
renovation (with new technology). The auto and oil industries probably face such a period in
the next several decades.
The economy is always a collection of sectors in different stages of the life cycle. During
the 19th century, most sectors were infant or at most adolescent. Only a very few had
matured by the end of the century. But a number of new sectors were still infant in 1900
(automobiles, aluminum, electrical engineering, radio) and some of today's most important
sectors (aircraft, TV, micro-electronics), were still well in the future. Today, by contrast, most
manufacturing sectors are clearly mature. Even semiconductor and computer manufacturing
are now mature, having duly experienced their shakeouts. Software systems for stand-alone
computers are still in the adolescent phase, perhaps. But the only truly "pre-adolescent"
sectors are biotechnology and the new network-based multi-media industry (for lack of a
better name) .34
One important feature of the adolescent phase of the life cycle, which carries over to the
mature phase, is the vital importance of "experience" or "learning by doing", discussed earlier.
As already noted, learning is a collective phenomenon, in that the hours of human labor
required to produce a given product, whether cigars or airplanes, continues to decline more
or less indefinitely, as a function of the cumulative number of items produced since the
beginning of production. But the rate of improvement is not a fixed law of nature. Workers
do not all learn at the same rate. Old workers learn slower than young ones. Illiterate or semiliterate workers learn much slower than well-educated ones. Undernourished or unhealthy
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workers don't learn as fast as well-fed healthy ones. Unmotivated workers don't learn at all.
So, human resource policies, especially education, are enormously important. On the other
hand, such policies take a long time to be effective. Today's highly motivated, disciplined and
well-educated German and Japanese work forces are the product of culture, policies and
institutions long in the building.
To assign constant elasticities of demand or of substitution for the economy as a whole
based on historical data, is clearly unjustifiable, given the overall trend toward maturation.
Similarly, to argue that technical progress — or factor productivity — will continue at
historical rates for another century, for the economy as a whole, is equally unjustifiable, for
the same reason.
One final stylized fact about technological change is important. It can be expressed in
terms of the simple proverb: "necessity is the mother of invention". Just as competition
stimulates individuals and firms to higher levels of productive performance, competitive stress
— or other sorts of stress, including resource exhaustion or wartime shortages — can
stimulate innovation. Similarly, technological change and progress can be stimulated by the
prospect of large rewards for success (and conversely, inhibited by large barriers to
acceptance).
The stimulative effect of wartime exigencies on technology is well-known. Major
progress in machine tool technology was driven by military needs for guns. The boring
machine — which was so important for the manufacture of steam engines — was originally
developed for boring cannon barrels. A number of later machine tools also had their first use
in gun manufacturing. The Germans developed the synthetic ammonia process, for instance,
to break a British monopoly of access to Chilean nitrates. During WW II, the US synthetic
rubber industry was essentially created from scratch to compensate for the unavailability of
Malaysian rubber. The Germans learned how to gasify coal for similar reasons. Radar,
microwave technology, sonar, gas turbines, jet engines, atomic energy and digital computers
were all either invented or subject to accelerated development because of the war. The Cold
War was certainly responsible for further technological developments, especially in
microelectronics, computer technology, inertial guidance systems, supersonic flight, and much
more.
In fact, it is highly likely that the very high rate of economic growth that was
experienced by all the industrialized countries during the period 1950-1972 can be explained
in large part by two factors. One was the Marshall Plan, which amounted to 2% of US GNP
in aid to Europe for four years (1948-1952). (The purpose, to counter the perceived Soviet
threat, is irrelevant to the argument.) The other factor was the existence of an inventory of
partially developed but already proven technologies, such as plastics, jet engines, radar and
TV, ready for exploitation, while transistors and computers followed immediately thereafter.
Surely a significant part of the growth spurt that occurred during those two extraordinary
decades was attributable to this factor. Given that the second world war was such a powerful
inducement to new technology development, and economic growth, why should a future
worldwide campaign to find substitutes for fossil fuels and to reduce CO2 emissions be a less
potent inducement?

Energy (Exergy) as a Factor of Production
The criterion for a true factor of production is that it be produced outside the economic
system, everything else being an intermediate. In the 18th century labor and land were
considered to be the two factors of production. To Marxists, there is only one factor of
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production, namely a sort of abstract labor.35 Capital, in turn, is an intermediate that is
produced from labor (and pre-existing capital). Capital, to a Marxist, is nothing more than an
accumulation of labor surplus. Land has gradually been relegated to the historical footnotes.
Nevertheless, most economists today consider abstract labor and abstract capital to be the two
factors of production. Indeed, they are so used to this formulation that they seldom stop to
question the underlying assumptions.
In recent decades external inputs of energy and material resources have been considered,
by some economists once again, as factors of production. In place of land, the current
approach is to consider both energy and material resource inputs. Technically, the word
"energy" in this context is inaccurate, since energy is a conserved quantity that is neither
gained nor lost in the economic process and hence cannot be an input. For the sake of
precision it should be replaced by the word exergy, which refers to that part of the energy
flux which can do useful work and can be "used up" in an economic process. I use this term
hereafter.
However, a more sophisticated neo-classical response from those who prefer to stick with
labor and capital would be that energy is an intermediate good rather than a true factor of
production because it is not really scarce. The idea is that exergy, or thermodynamic work,
is "produced" by some combination of (abstract) labor and capital. Indeed, the neo-classical
model implicitly assumes that labor and capital are mutually substitutable, without limit.
Thence it follows that exergy can be produced, in principle, by either labor alone, or capital
alone. The absurd implications of this are discussed below.
The difference between labor and thermodynamic work was anything but obvious in the
days when human labor was primarily an exercise of the muscles. The distinction has become
progressively clearer since animals, and later, machines, took over most of the activities
involving physical strength or power and the role of human workers in most situations came
to be understood more clearly as sensing, eye-hand coordination, design, planning,
supervision, inspection and monitoring. In other words, human workers (except in rare cases)
are no longer valued in Europe, Japan or America for jobs that horses or steam engines or
electric motor-driven machines could do just as well. Rather, human workers are needed for
their unique combination of sensory acuity, physical dexterity, sensory information processing
ability and problem-solving skills [Ayres 1987, 1994436
The argument for neglecting energy and material resource inputs in today's economy is
worth addressing explicitly. Some historical context is helpful. At the beginning of the
industrial revolution, when most economic product was created by agriculture, labor on the
land was indeed scarce at critical times, especially during plowing, planting and harvest. For
instance, the invention of the moldboard plow (by the Sla ys in the 6th century), which was
pulled by a team of eight yoked oxen, permitted much more efficient utilization of heavy
alluvial soils than the earlier system of plowing [White 1967]. This was followed by later (9th
century) invention of special harnesses that allowed the use of horses and doubled the
effective rate of plowing. The higher rate of plowing, in turn, permitted more intensive use
of the land, and the characteristic three-field rotation in western Europe. Obviously, these
innovations permitted a significant increase in the application of animal muscle power to
agriculture. In effect, they amplified the available human muscle power. But, since the amount
of human labor was not reduced (indeed, it increased) the economic effect was to increase
the productivity of a scarce resource, namely land.
Obviously later introduction of machines to perform these tasks was a further
amplification of labor. This time, the actual amount of human labor required on the land
dropped sharply. While machines, such as tractors, were direct replacements for horses, they
also substituted the use of fossil fuels for animal feeds. These machines greatly increased the
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speed of plowing and harvesting, thus allowing a given number of agricultural workers to
handle a much larger land area. The fact that agricultural land formerly devoted to the
production of animal feeds, such as oats (for horses) could be diverted to producing corn and
wheat for human consumption amounted to a further increase in the effective productivity of
the human workers. So the economic effect was to increase the productivity of labor by
substituting fossil fuels (i.e. exergy) for labor.
The importance of machines and processes utilizing fossil energy in later industrial
development can hardly be doubted. The smelting of metals, for instance, depends entirely
on fossil fuels or electricity. Technological progress in the eighteenth and nineteenth centuries
— from Darby and Cort to Bessemer — sharply increased the yield of final product (e.g. pig
iron or carbon steel) per unit of charcoal or coking coal. The number of persons employed
in the process was only reduced in proportion to the material inputs. In this case, again,
resource productivity increased as much as labor productivity. But the real impact was that
the price of iron and steel dropped so dramatically that it found a host of new uses, especially
in railways, ships, construction and machinery-building, that transformed the world.
Or, consider electricity. Edison's greatest contribution to civilization was the practical
electric generator and the incandescent light. This innovation may have increased the labor
productivity of some seamstresses and bookkeepers, but its real impact was on the quality of
life in cities, and especially homes. Electric power, in turn, made the telephone possible. It
made X-rays possible. Electricity also made aluminum smelting (hence the aircraft industry)
possible, not to mention chlorine chemistry, copper refining, and high temperature electric
furnaces. These were all products with capabilities that literally had not existed before.
Electric motors eventually replaced steam engines in factories and horses in street
railways (it took 40 years) but the labor savings were insignificant. Again, the real impact of
small electric motors was to facilitate flexible organization of machines in factories and to
make possible wholly new products for the home, such as the washing machine, the vacuum
cleaner, the refrigerator, the freezer and the electric stove and microwave oven. These
products displaced a minor amount of domestic labor by maids but they have revolutionized
life for middle class women. And decade, by decade, the price of electricity has kept falling
so that many new uses were found, and new products (such as the radio, and the moving
picture) were created. Again, the telephone, and the radio, and movies and TV, eliminated
virtually no jobs. On the contrary, they were new products that created new demand and new
industries to satisfy that demand. The economic impact cannot be characterized meaningfully
in terms of labor productivity.
Electric power itself, which is needed for almost every industrial operation today — not
to mention consumer goods — is largely obtained from fossil fuels. There is no conceivable
way in which human labor (abstract or not) could substitute for the fossil fuels used to
generate electricity. Nor is capital (abstract or not) a possible substitute for fuel inputs without
limit. However, to complicate matters, there is some potential for substitution of capital for
both fuel (by increasing conversion efficiency) and labor, at the margin. Generally speaking,
both labor and capital are complements, rather than substitutes, to the exergy consumed in the
generation of electric power. Similarly, the glass, brick, ceramic clay, and cement industries
are all based on high temperature combustion processes. The entire petrochemical industry
is directly dependent on fossil fuels as an input. And, of course, the transportation sector that
ties the rest together, is virtually entirely based on liquid fossil fuels. In all of these cases
labor is simply not a possible substitute for fuel, though capital can be substituted up to a
point (via efficiency gains), at the margin.
Nevertheless, it is true that fossil fuels are intermediates in the sense that they are
discovered, extracted and processed by human labor, amplified by capital equipment. On the
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other hand, they are not created by economic activity. If the natural resources of adequate
quality are not already in the ground, or on it, neither labor nor capital can create them.
Having said this, does it follow that resources are necessarily scarce? Must they become
scarcer?
The resource scarcity argument was thrashed out to some extent — and at a very abstract
level — by neo-classical economists in the 1970s, largely in response to the worldwide
publicity associated with the publication of the famous Report to the Club of Rome [Meadows
et al 1972]. It is not necessary to recapitulate the discussion in detail. Suffice it to say that
a number of leading theoreticians explored variations of economic growth models in which
"resources" (meaning exergy) were given some explicit role. The general conclusion was that
resource scarcity would not limit economic growth in the long run, given continued capital
investment and technological progress. In most of these models, it was assumed that human
capital and natural capital (i.e. resources) are inherently substitutable and interchangeable,
without limit [e.g. Solow 1974; Stiglitz 1974, 1979]. Only a few theoreticians even
acknowledged that natural resource inputs might actually be essential to production, although
the quantities needed might nevertheless be virtually infinitesimal [e.g. Dasgupta & Heal
1974, 1979].
Evidently any conventional production function of the homogeneous type (Cobb-Douglas
being only the simplest example) assumes unlimited substitutability between factors. This
implies that resource inputs can be reduced to arbitrarily small levels, but only by
correspondingly large capital inputs. Georgescu-Roegen in his 1971 book and many
subsequent papers, especially his 1979 critique of Solow and Stiglitz [Georgescu-Roegen
1979] argues that this is a "conjuring trick". He says:
"Solow and Stiglitz could not have come out with their conjuring trick had they
borne in mind, first, that any material process consists in the transformation of some
materials into others (the flow elements) by some agents (the fund elements), and
second, that natural resources are the very sap of the economic process. They are not
just like any other production factor. A change in capital or labor can only diminish
the amount of waste in the production of a commodity: no agent can create the
material on which it works."
Daly comments that the neo-classical production function (of labor and capital) is
equivalent to an assertion that it is possible to make a cake with only a cook and a kitchen,
but that no flour, sugar or eggs are needed.37 This clearly contradicts both the first and second
laws of thermodynamics. It is evident that G-R (and Daly) envision the economic system as
a materials-processing system in which final products — commodities — are necessarily
material in nature. (Indeed, this is a perfectly accurate description of the real economic system
as it functions today. This vision lies at the core of the emerging field of industrial ecology,
for instance). If the above description were timeless, the G-R/Daly critique would be
devastating.
But, a perfectly acceptable neo-classical answer to their critique (I imagine) would be that
in the distant future the economic system need not produce significant amounts of material
goods at all. In principle, it could produce final services from very long-lived capital goods,
with very high information content, and non-scarce renewable sources of energy, such as
sunlight. At the end of its useful life, a capital good in this hypothetical economy would be
repaired, upgraded and remanufactured, but rarely discarded entirely.
In short, it can be argued (as I have in the past) that there is no limit in principle to the
economic output that can be obtained from a given resource input [e.g. Ayres 1978; Ayres
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& Kneese 1989]. Another way of say the same thing is that there is no limit in principle to
the degree of dematerialization that can be achieved in the very long run. One must hasten
to add that this does not mean that no materials need be processed at all. Nor does it imply
that recovery, remanufacturing and recycling can be 100% efficient. No such claim need be
made. It is enough to assert that nobody can define a finite absolute minimum material input
requirement to produce a unit of economic welfare (with the obvious exception of food and
drink). This conclusion is evidently in agreement with Solow, Stiglitz, et al.
In fact Edward Barbier has shown recently that, even when resource scarcity is introduced
into a model with endogenous technical change (e.g. by introducing a Romer-Stiglitz growth
model allowing for both exhaustible resource consumption a la Stiglitz and endogenous
accumulation of human capital a la Romer) it is still theoretically possible for the economy
to grow indefinitely, with increasing consumption [Barbier 1996]. That remains true even in
a constrained case where resource scarcity interferes with society's ability to innovate,
although long-run growth rates and consumption levels in this case will be lower.
Consistent with the foregoing, some growth theorists will doubtless argue that, while
natural resources might be essential in principle, they can be neglected in practice, based on
the empirical argument that the apparent cost of natural resource inputs to the economy has
been declining for many decades and is now very small — only a few percent of GDP. 38 The
actual number is unimportant here.
There are at least two problems with this line of argument. First, it will be recalled that
the conventional GDP measure makes no allowance for resource depletion. In particular, it
treats the sale of natural resources as income, without making any corresponding subtraction
for the depreciation of natural resource capital stock. But surely the cost of replacement
should be taken into account. Unlike man-made capital, natural capital cannot necessarily be
replaced at the cost of locating and exploiting the original resource. A marginal barrel of oil
from Saudi Arabia today may have cost $10 (or less) to find and pump in terms of current
dollars. But the replacement marginal barrel of oil from deep in the Gulf of Mexico or from
northern Siberia might cost $30 or more to find and extract. And the replacement costs are
probably rising now, though they have fallen in the past. Obviously, one can obtain liquid
hydrocarbon fuels from other primary resources — natural gas, or coal, or shale — at some
price. But once again, the replacement is significantly more costly than the original. A
realistic estimate is something like $50/barrel. It seems clear that valuing resource inputs (and
depletion) at current market prices is seriously misleading for this reason alone.
There is another problem, however. The use of fossil hydrocarbons generates combustion
effluents, such as carbon dioxide, sulfur dioxide, nitrogen oxides, carbon monoxide,
particulates (smoke), and so on. Carbon dioxide contributes to climate warming, which may
be quite harmful to the environment. Fuel-bound sulfur and nitrogen oxides produced in high
temperature combustion processes both contribute to acid rain. Particulates are very harmful
to human health. The exact numbers don't matter here. The point is that — as economists
consistently argue — when the use of a resource causes harm, the damage cost should be
"internalized" i.e. reflected in the price of that resource in order to arrive at the optimum level
of use. However environmental and health damage costs are currently not paid for by either
resource extractors or users. Resources are used to excess because they are much too cheap.
In the case of hydrocarbon fuels (and many other resources, such as heavy metals) the
environmental damages resulting from use may outweigh the actual market prices of those
resources several fold [e.g. Ayres & Walter 1991].
The implications of including avoided environmental damage costs in productivity growth
estimates have been mentioned already in the earlier discussion of productivity [Repetto et
al 1996 op. cit.].
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As regards growth theories using production functions, even multi-factor production
functions in which resource inputs are included along with labor and capital are likely to
under-weight the resource component. If resource inputs were priced on the basis of feasible
replacement alternatives and environmental damages, the apparent magnitude of this factor
vis a vis others would be much greater. For instance, the likely backstop technology for
petroleum is to extract liquid hydrocarbons from shale or coal. The cost of doing so is
probably at least $50 per barrel, or 2.5 times the current price ($20). Since the efficiency of
the process is unlikely to exceed 50%, the environmental damages associated with such an
extraction process would also be roughly double the damage associated with the use of
petroleum per se. So if the environmental damage cost associated with a barrel of petroleum
is $30, the corresponding cost for a barrel of synthetic petroleum would be at least $60. So,
whereas current statistics suggest a value of $20 for a barrel of petroleum, based on current
markets, the more appropriate valuation, taking into account depletion and environmental
damage, might easily be $110 per barrel.
What this implies is that, even though the apparent costs of natural resources only amount
to a few percent of GDP, these figures are seriously misleading. In effect, resource costs are
undervalued by a significant amount — possibly a factor of five — for the two reasons noted
above.
What all this suggests is that fossil energy — and, for that matter, renewable energy from
the sun — is, indeed, as much a factor of production as physical capital. Both are produced
by human labor, together with capital and energy(exergy). In short, labor, capital and energy
are co-factors. The technical detail of correctly accounting for the energy share of production
is not something that needs to be discussed further here. Suffice it to say that the problem
needs to be addressed more seriously than it has been to date.
Quite apart from the above, the neoclassical tendency to omit resources as factors of
production is inconsistent with the simple physical fact that available energy (exergy) is used
up in the economic production process, but cannot itself be created or "produced" by human
activity. This will be equally true in my hypothetical dematerialized economic system of the
distant future as of the real system as it operates today. Nor is exergy available in unlimited
amounts at zero cost. Exergy as a factor of production is no less scarce than reproducible
capital. If one can be substituted for, so can the other. Substitution works in both directions.
To be sure, an oil well requires capital investment and labor to "produce" oil, but the oil
itself (and its exergy content) is a gift of nature. The same capital and labor are required to
dig the well, whether or not it turns out to be a gusher or a dry hole. But the oil and gas were
produced by natural processes, not by human actions. The same holds for minerals, forest
products and agricultural products. In any case, it makes no sense to regard physical capital,
which is unquestionably a product of human activity, as scarce while treating the exergy
supply as unlimited. Capital may be scarce at a given moment in time because of time delays
in the system, but exactly the same argument also applies in the case of exergy flows.
In response to the rather arbitrary formulation of production functions in terms of labor
and capital only, a heterodox view has been put forward by the so-called "biophysical school".
This group has argued that the only factor of production is low-entropy "stuff" from the
environment (i.e. exergy), and that even labor is an intermediate. In terms of explanatory
power, this formulation is as good as, if not better than, the neo-classical approach. The
proponents of this view have called themselves ecological economists. For a coherent
summary of this perspective and some of its implications, see [Cleveland et al 1984;
Cleveland 1992; Costanza 1991].
However, it seems to me that, while exergy is indeed a factor of production, it is not the
only exogenous input, as the biophysicists argue. I think labor is clearly exogenous to the
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economic system, just as virtually all economists have always insisted. Human labor could
not exist without human beings, which require food and shelter. These, in turn, are "produced"
by the economic system, to be sure. But humans pre-existed the economic system. It is true
that humans require exergy (i.e. food) to survive. But so do all plants and animals. I cannot
accept the biophysical argument that exergy is exogenous but labor is not. They both are
exogenous, insofar as this term has meaning.
On the other hand, capital is certainly endogenous. It embodies both labor and exergy.
Capital can nevertheless be regarded as a factor of production, however, in the very precise
sense that capital (in combination with labor and exergy inputs) is productive by definition.
Capital consists of either money or tangible products (of labor and exergy and capital) that
can be used (in combination with labor and exergy) to help produce other products. The
argument for treating physical capital as an independent factor of production is the pragmatic
one that, once produced, it endures for a significant time. The case of financial capital,
especially liquid capital (cash), is less clear since liquid capital can — in principle — be
consumed rather than invested. Conceptually, however, one can treat capital as a given. In a
static model, capital pre-exists. It is there, or it isn't. Its origin does not matter. In a dynamic
model, of course, capital must be produced in order to accumulate. But there is no conceptual
difficulty in producing capital from capital, labor and exergy.
One consequence of the academic discussion of resource economics in the 1970s was that
energy was recognized for the first time in some growth models as a distinct factor of
production (i.e. distinct from, but analogous to, labor and capital) [e.g. Allen et 1211976; Allen
1979]. Meanwhile, Jorgenson, Christensen and Lau introduced the generalized transcendentallogarithmic (trans-log) cost function, adding materials (M) to the other three K, L, E
[Jorgenson et al 1973]. This approach was quickly adopted for productivity studies [Jorgenson
& Fraumeni 1981; Jorgenson et al 1982]. These generalized cost/production functions are now
generally called KLEM functions, reflecting the equal status of the four factors. In the
translog formulation the optimal production level is determined by minimizing a cost function
of the factor prices. In practice this is done by expanding the logarithmic function (with time
included as an independent variable) in a Taylor series, to second order, assuming constant
coefficients which are interpreted as biases of technical change with respect to the variables
K, L, E, M and t. This yields a set of cost share equations with 30 parameters that can be
econometrically fitted, given a sufficiently detailed data base.
When the model has been fitted to a suitable data series, the signs of the biases of
technical change with respect to factor prices, and especially the bias of technical change with
respect to time itself, would appear to be significant. A non-zero bias with respect to time
implies that technical change has been somehow endogenized by the model [Hogan &
Jorgenson 1991]. The translog approach, including this "endogenous change" feature, has been
adopted to the climate change problem [Jorgenson & Wilcoxen 1990, 1990a, 1992, 1993].
A word of caution is needed here. The Hogan-Jorgenson claim to have endogenized
technological change by explaining it in terms of base-year prices must be taken with a few
grains of salt. In the first place, the model specification contains no theory of technological
change. In the second place, it assumes that thirty parameters can be fitted accurately from
historical macro-data, much of which is itself open to challenge due to fundamental
measurement problems. Third, it assumes that the economy is always in equilibrium and that
change is slow enough and smooth enough so that a Taylor approximation to second order
is satisfactory. There are many reasons to doubt that the economy always changes smoothly
in equilibrium; events like the oil shocks of 1974 and 1979, when energy prices changed
radically and rapidly, would cast special doubt on the latter presumption.
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These theoretical reasons for skepticism must be reinforced by reference to the work of
Hannon and Joyce, mentioned earlier in connection with Solow's model. These authors tested
nine different specifications of the Cobb-Douglas production function, using least squares fits
to U.S. data from the years 1929, 1949, 1941 and 1947-1969 to determine whether the "best"
specification could be distinguished econometrically. The results were significant. Using the
standard Cobb Douglas model, with factors K, L only, without an exogenous technological
progress term of the Solow type, the best fit (with an r2 of 0.99495) required increasing
returns to scale: in particular the capital share (exponent) was 0.234 and the labor share
(exponent) was 0.852. The sum of these two exponents is 1.086, which is significantly greater
than unity.
Hannon and Joyce then tested a number of specifications involving different combinations
of K, L, E and El (electricity) allowing for an exogenous technological progress term of the
form err. In six cases, retaining labor as one of the factors, with different combinations of K,
E and El, extremely good fits to the data were obtained. In all of these six model specifications the best fit was achieved with constant (or very slightly declining) returns to scale and
a significant rate of exogenous technological progress r. For five of the six, involving the
apparent rate of technological progress r was between 1.30% and 1.38% per annum. All five
achieved fits with r2 values above 0.9994. In the sixth case (assuming factors L and El only)
the indicated value of r was 1.68% per annum and the r 2 was only slightly lower, viz. 0.9988.
Hannon & Joyce also tested two models with K and E or El, respectively, excluding labor
L as a factor of production. In one of these cases (assuming K and E to be the only factors)
the indicated value of r was 0.84%. In the other case (K and El), the indicated value of r was
nearly zero (-.02%). In both of these cases the sum of the exponents was very slightly less
than unity, implying nearly constant returns to scale. But these two cases differed dramatically
in one surprising respect. When K and E were selected as factors of production, the best fit
(r2 = 0.99895) required a capital exponent (share) of only 0.031, and an energy exponent
(share) of 0.976. This implies that growth can be explained very well by energy consumption
alone, allowing for a small rate of exogenous technological progress (0.84% per annum).
The other case is even more fascinating. It seems that economic growth can also be
explained very well by capital alone, with an exponent of 0.990, with no exogenous
technological progress and only a tiny contribution from electricity (r 2 = 0.99464). The
authors point out that the standard error of the exponents, in this case, was fairly large. Still,
this result is so astonishing that it cries out verification and (if confirmed) for deeper
explanation. But the Hannon-Joyce results, taken together, do strongly suggest that the "right"
model specification is unlikely to be uncovered by econometric analysis of historical data. It
is unfortunate that this paper was not published in an economics journal.
In this context, recent empirical and still unpublished work [Oravetz & Dowlatabadi
1996] is relevant. This work was addressed to the question of whether it is realistic for
modelers to assume a constant drift (i.e. bias) toward increasing energy use efficiency in the
absence of price or policy signals. Such a bias has been explicitly assumed, for instance, by
many economists and modelers interested in long term climate policy issues [e.g. Edmonds
& Reilly 1985, 1985a; Manne & Richels 1992; Burniaux et al 1992; Nordhaus 1992]. The
parameter in question is now usually called autonomous energy efficiency improvement
(AEEI). The standard procedure has been first to choose an aggregate price elasticity from
the literature, then to determine the impact of price changes on historical energy consumption
for that choice of elasticity and model structure (by backcasting), and finally choose the "best"
value of AEEI as a residual. The Energy Modelling Forum (EMF) has formally adopted this
procedure to facilitate modelling comparisons. AEEI is typically given values ranging from
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0.5% to 1.5% per annum. As might be expected, long-term forecasting results are highly
sensitive to this choice.
To avoid having to select an elasticity arbitrarily and produce a more robust result
Oravetz & Dowlatabadi [ibid] undertook a major elaboration of the previous approach to
determining AEEI. They first introduced Bayesian updating procedures for model calibration,
rather than simply choosing an elasticity parameter from the literature. They then used a
slightly modified version of the well-known ETA-MACRO model [Manne & Richels 1992]
for backcasting to reproduce historical data over a much longer period (1954-1994) than
previous studies. To make a fairly long story short, they got considerably better fits than other
models. An AEEI value of -1.6% per annum was found to be best suited to replicate the trend
from 1954-1974, when energy prices were declining, while an AEEI value of +1.6% per
annum was best suited for replicating the subsequent 20-year trend when prices were more
volatile. Taking both periods together the best value of the parameter turned out to be +0.17%
per annum. In fact, the AEEI parameter itself appears to be policy sensitive, and price
sensitive. Changes in the trend can apparently be initiated by strong price signals, as occurred
in 1973-1974, although the new trend itself may persist long afterwards.
The obvious conclusion from this work is that one cannot extrapolate AEEI for a hundred
years into the future. But, at a deeper level, the significant result is that calibration parameters
really do depend on the choice of time periods for fitting. This might seem unremarkable at
first. But, if it were true that production depends only on factor inputs and time (as in Solowtype models), or on factor prices and time (as in the Jorgenson models), then the choice of
time-period for model calibration should not matter. To put it another way, if those structural
assumptions were true it would imply that there exists a set of constant technical bias
parameters to be discovered by econometric fitting. Evidently this notion is fundamentally
misconceived. (This means, incidentally, that the claim by Hogan and Jorgenson to have
endogenized technical change cannot be taken seriously).
Another conceptual problem has to do with substitution vis a vis complementarity. In a
traditional neo-classical production function capital (K) and labor (L) are traditionally
regarded as perfect substitutes for one another. A given level of output can be achieved by
any combination of the two, but of course there is likely to be a single most efficient
(optimal) combination, depending on the factor prices. Similarly, with three or four factors,
(KLEM) a given output can be achieved with any combination of the variables, but once
again, there is presumed to be an optimal combination for given factor prices. However, it
is implicit in most models that any factor can be replaced, in principle, by any of the others.
Thus, labor should be entirely substitutable by capital, and/or by energy, and/or by materials;
similarly, capital should be entirely substitutable by labor and/or energy, and/or materials. I
assume hereafter, for simplicity, that the two traditional factors E and M can (and should be)
combined into a single factor, namely exergy 90.39
These perfect substitutability assumptions are built into the mathematical form of the
production function, which is given once and for all. It does not change over time. Yet the
fundamental relationship between capital and labor (for instance) is not one of pure
substitution. For instance, consider trucks. Increasing the number of trucks increases the
number of truck drivers needed, in direct proportion. On the other hand, increasing the size
of trucks permits each driver to carry more freight. The first case illustrates complementarity
rather than substitution, whereas the second case is much "purer". Again, consider trucks vis
a vis exergy. Exergy is required to produce a truck in the first place, and even more (as fuel)
is required to operate it. Thus exergy is clearly complementary to some kinds of capital
equipment; one cannot have (or use) one without the other. But there are also cases of
relatively pure substitution. Buildings may use quite a lot of fuel exergy (or electricity) for
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heating, lighting and ventilation, but more insulation and better quality windows, not to
mention photovoltaic cells installed on the roof, can sharply reduce the need for fuel exergy.
Here capital and exergy are more nearly — but not perfectly — pure substitutes.
These points are not new. Economists have put a lot of effort into determining whether
capital and energy are substitutes or complements for the economy as a whole [e.g. Berndt
& Wood 1975; Griffin & Gregory 1976]. The results, based on econometric analysis fitted
to historical data (mainly from 1947 to 1971) are, not surprisingly, ambiguous. For instance,
Griffin & Gregory noted that aggregate energy and aggregate capital are complements in the
short run but can be substitutes in the long run.
More to the point, why should we expect the tendency to substitution or complementarity
to stay constant over time? Is it not plausible that the factors might be complements at one
time and substitutes at another? Prices would obviously influence such shifts, but so equally
would the particular state of technology. In fact, this last point appears to be crucial.
It is important to recall that technology (or knowledge) is not normally treated as a factor
of production like the others i.e. as a flow of information services that can be a substitute for,
or substituted by, other factors. Rather, since the work of Robert Solow in 1957, technical
progress is normally treated as a multiplier A(t) of the production function as a whole, or of
the other factors of production individually, that depends only on time. If the multiplier
applies to a production function of both labor and capital it is called "neutral". If the
multiplier applies only to labor it is called "labor enhancing". If it applies to capital it is
"capital enhancing". It is technical progress, in one of the above forms, that is generally
assumed to be responsible for continuously increasing productivity of capital and/or labor.
Since the Solow multiplier depends only on time but not on any of the other factors, it
is traditionally considered to be a "free good", requiring no labor, capital or exergy investment
but only patience. This assumption is very unrealistic and unsatisfactory, of course. Technical
progress is no less endogenous than capital. Both are created by human labor and investment,
which in turn comes from savings (i.e. gross output less consumption). Economically
productive knowledge, or "technology" in the broad sense, is largely created by research and
development, which requires significant prior investment in education. Only informal learning
— such as "learning by doing" and organizational learning from experience — is "free" in
some sense. But education and R&D, at least, are long-term investments that have to be
financed from the same pot of savings as capital. The problem is that they may take much
longer to pay dividends. (The Romer-type endogenous models seek to treat this aspect of the
problem more realistically.)
It is clear from many sorts of evidence that a large part — probably by far the largest
part — of the historical increase of technical progress (or "labor productivity") that apparently
drives economic growth is, in fact, attributable to the vast increase in the exergy flux, per unit
of human labor, that was supplied from outside the system. In effect, exergy (in combination
with machines, i.e. capital) has been a substitute for human labor in many sectors. (Machines,
alone, cannot replace human labor.) If one adds exergy to the production function, then
economic output — and growth — must be reallocated among three factors, labor, capital and
exergy. This allocation would surely explain a much larger fraction of total historical growth,
leaving correspondingly less to be explained by exogenous multipliers.
But to reformulate the growth problem in this manner introduces practical difficulties.
One of them is the so-called Kuznets (inverted U) curve, which shows that increasing output
for industrializing economies tends to be closely correlated with exergy inputs, whereas after
some point in the developmental pattern exergy requirements per unit output begin to decline
as services begin to dominate material production. This is an empirical observation that has
been repeated for a number of countries. But, given a long-term trend of declining energy
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prices, it is obviously incompatible with a traditional multiplicative production function of the
Cobb-Douglas or CES type. It would require something more like a Leontief-type of
production function.
This is not the place to discuss the mathematical form of production functions in detail.
However, it is quite important for growth theorists to confront this problem. For reasons that
have been adequately discussed elsewhere, long-term sustainability requires that future
economic growth must rely much more on services and be less dependent on exergy inputs
than in the past. This means it must be correspondingly more dependent on labor and capital.
This is rather good news, in one sense, since labor is now in surplus supply almost
everywhere whereas natural resources will inevitably become scarcer. On the other hand, the
productivity of labor and physical capital must be increased without increasing exergy inputs.
This brings out into the open a very fundamental issue: to explain how the economy can
continue to generate an increasing flow of final services from a decreasing flow of physical
inputs. This conundrum needs to be addressed seriously by economists and environmentalists.

Conclusions
Some of the elements a satisfactory growth theory must incorporate are the following:
•

Growth does not occur in equilibrium. It is essentially a disequilibrium process.

•

There is a shadow equilibrium that moves in time. The factors that cause it to move are
irreversible accumulations of real wealth (consisting of goods and money), exhaustion of
natural resources and accumulation of scientific and technological knowledge. A
"progress function" incorporating these drivers is needed.

•

The "real" economy follows the "shadow" (equilibrium) economy at some "distance"
reflecting the extent of disequilibrium. The rate of growth at any time is a function of
this distance from equilibrium.

▪

Growth is driven mainly by the accumulation of knowledge.

•

There are two important types of knowledge. One type ("free floating") knowledge
concerns the way the world works. It is gained through R&D and can be protected for
some time, although it diffuses eventually into books, formulae and designs. Before it is
lost by diffusion it conveys competitive advantage to firms. This competitive advantage
can be translated into long-term advantage for firms (or countries) by using the
knowledge to produce a product or service. This experience generates a different, nontransferable kind of knowledge.

•

Free floating knowledge is a "non rival" (i.e. public good). The other type is a private
good. It is much more difficult (in fact costly) to transfer. It is gained by learning-bydoing, and by experience. It is embodied in organizations and cultures more than in
individuals, although individual skills are also part of this category.

▪

Economic growth occurs at different rates and times in different sectors.
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•

Sectoral growth follows a life-cycle pattern (birth, childhood, adolescence, maturity, age).

•

The distance from equilibrium is measured by the difference between average and best
available technology i.e. multi-factor productivity.

Endnotes (13)
1.

Admittedly, there were major ups and downs that distorted the figures. The 13th century was relatively prosperous,
whereas the 14th — which encompassed the Black Death and the Hundred Years War — was an economic disaster.
However, growth accelerated for a while thereafter, in part because depopulation of the countryside created labor
shortages and raised wages. This, however, led to peasants rebellions that, in turn, triggered both religious turmoil
(including the rise of Protestantism) and social/religious reaction. Serfdom was gradually relaxed in the western part
of Europe, which subsequently began to industrialize slowly starting in the 15th century. On the other hand serfdom
was reimposed harshly in the eastern part of Europe and relaxation did not occur until the 19th century.

2.

A very similar scheme was promoted in England (the South Sea Company) but it collapsed within a year without
causing long-term damage.

3.

However, while the leadership role has changed a number very few countries have suffered actual declines. The major
examples were in Latin America (during the 1980s) and, more recently, Eastern Europe. In both cases the decline
appears to have been arrested and reversed, thanks to economic reforms.

4.

The most modern models are known as KLEM, because they incorporate four factors, capital (K), labor (L), energy
(E) and materials or mass (M). Production functions are generally expressed as separable functions of these variables.
The earliest and simplest growth models used so-called Cobb-Douglas production functions, which were simple
fractional powers of the factor inputs, subject to the assumption that the sum of the (2,3 or 4) exponents must equal
unity. This constraint expresses the mathematically convenient — and plausible — assumption that the economic
system as a whole is characterized by constant (i.e. neither dedining or increasing) returns to scale.

5.

Both theories largely depend on the same set of axioms, with one exception. Orthodox theorists assume that increased
savings will automatically produce increased domestic investment and that job creation will follow. On the other hand,
neo-Keynesians generally believe that the savings rate is not the starting point for policy, thanks to an inverse Say's
law: demand will create its own supply. Hence, demand for goods and services will generate the necessary investment.
Since it is the lower income groups that have the most unsatisfied wants and needs, it is they who should receive the
most relief.

6.

To be sure, Keynes also proposed that, in times of full employment, governments should compensate for their deficits
by increasing tax revenues and running budgetary surpluses. The latter half of the Keynesian formula has seldom been
implemented. It must be said, however, that Keynes was concerned with full employment, rather than with growth per
se.

7.

Joan Robinson has said: "The formula has made a great negative contribution to the development of economics. It
marks, as it were, the watershed between Keynesian and modern analysis; but regarded as a positive contribution to
thought it has not proved so useful" [Robinson 1962 p. 99].

8.

It must be acknowledged that this strategy actually worked for several successive five-year plans, both before and after
World War II. During that period, notwithstanding the devastation of the war itself, the USSR achieved significantly
faster sustained growth rates than the western world. From 1929 to 1949 the USSR tripled its industrial output, while
most of the rest of the world stood still. Soviet performance after the War through the 1960s was also quite impressive.
When Khrushchev took power after Stalin's death, his intemperate boast that "we will bury you" was plausible. It was
only in the 1970s that the Soviet system began to lag and in the 1980s that it collapsed.

9.

For this reason, Soviet I-0 tables were regarded as vital national secrets as long as the regime lasted. Russian academic
economists outside the central planning hierarchy told me, even in the late 1980s, that they had no access to the I-0
tables for their own country. They were forced to use published tables constructed by US researchers based on
intelligence data.
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10.

Assuming N goods (commodities) and M productive resources and/or services, the complete system consists of 2N+2M1 simultaneous equations, assuming an unique set of inputs (resources, goods and services) for each output and no
multiple or joint products.

11.

Game theory, along with the modern form of utility theory, were introduced to economics by John von Neumann and
Oskar Morgenstern [Von Neumann & Morgenstern 1944].

12.

Apparently similar results were obtained about the same time by French mathematical economists associated with
Maurice Allais. (In fact, Debreu had been a student of Allais).

13.

We recently encountered this situation personally: the well-known bioproduct melatonin, which is widely used by
travellers to speed up the process of adjustment to different time zones (jet-lag) cost S9 for a packet of 60 tablets in
the U.S. in 1996 (purchased from a health-food store); the same quantity cost 58 Swiss Francs (roughly $40) in Zurich,
purchased at the same time. To take a contrary example, the prescription sleeping tablet Ambien cost $4559 for 20
tablets, purchased in Washington D.C. (also 1996) while the same drug under a different name (Stilnat) cost just 34.7
French Francs (approx. S7) for 20 tablets, purchased in France.

14.

The classic example of "lock-in" is the QWERTY typewriter keyboard [David 1985]. The British system of weights
and measures has been locked in by the US and Britain, while the metric system has been locked out. Driving on the
left (or the right) is another case in point. These examples demonstrate the principle, but not the magnitude of potential
economic losses or unrealized gains. To demonstrate that the latter may be significant is more difficult, since it is
necessary to compare hypothetical technologies. There are a number of possible examples whereas existing technology
strongly supported by established industrial sectors is competing against an unproven technology that has much greater
potential but which has received minuscule R&D support from either industry or the public sector. One example will
suffice.
Consider the competition between nuclear fusion power vs solar photovoltaic (PV) power. The former has
benefitted significantly from hundreds of billions of dollars of R&D expenditure on nuclear fusion weapons technology
over the last four decades and still receives very large direct subsidies through several major laboratories devoted to
basic research on aspects of the technology, induding the problems of ignition and containment. Yet practical nuclear
fusion remains a distant dream, at least three or four decades in the future. Its largely unsubsidized competitor,
photovoltaic power, has progressed far more rapidly, with far less R&D funding (mostly private) and far fewer potential
environmental problems. Despite the disparity in R&D funding, PV technology is now very close to the point of largescale investment by private industry. It seems quite clear that if public funding had been more generous, the technology
could have been competitive much sooner. The same can be said of new technology for hydrogen fuel cells, that may
eventually facilitate the introduction of electric vehicles capable of competing directly in performance terms with
gasoline powered vehicles.

15.

Solow was careful to say that he used the phrase "technical progress" as shorthand for any shift in the production
function, whether from slowdowns, speedups, educational improvements or whatever.

16.

See Robert M Solow "Technical Change and the Aggregate Production Function" in The Review of Economics and
Statistics August1957 pp. 312-320 [Solow 1957].

17.

Economists tend toward the assumption that technological change is exogenous, despite much empirical evidence to
the contrary. One cannot help but wonder whether this tendency is related to the fact that, if technological change were
assumed to be endogenous (i.e. a consequence, rather than a cause) the equations of growth models would be
immensely complex and non-linear— and most models would be insoluble by known techniques.

18.

Nevertheless, the record since 1950 appears to confirm the theory insofar as it shows a consistent secular decline in
growth rates among all the major industrial countries since 1972, including Japan. In fact, Solow has contributed to
the debate on this issue by coining the so-called "Solow paradox", which notes that (up to the late 1980s) large
investments in computer technology had not resulted in measurable productivity gains. A major conference was held
at the OECD in 1990 to explore the possible explanations for this situation. [Bell & Weinert 1991]. Curiously enough,
none of the papers in that conference offered the suggestion that a declining growth rate was a prediction of the Solow
growth model itself.

19.

For useful surveys of this literature see [Andersen & Moene 1993] , especially the first article [Hammond &
Rodriguez-Care 1993], and the Winter 1994 issue of Journal of Economic Perspectives.

20.

Obviously, new entrants without some technological advantage should not bother to challenge a market leader.
Nevertheless it happens surprisingly often that a firm that has done well in one industry decides to try its luck in
another. For instance, Henry J. Kaiser attempted to convert his legendary wartime success as a ship-builder into
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peacetime success as an automobile manufacturer. His failure was quick and inevitable. Most of the conglomerates
created by mergers across industry lines in the 1970s failed for much the same reasons. The modem managerial dogma
(attributable to Jack Welch of GE) is that a conglomerate should sell or dose down any business in which it is not
number one or number two.
21.

Weather and climate models, for example, are essentially non-linear. It is extremely difficult to forecast at long range
with non-linear models because arbitrarily small differences in starting conditions can lead to arbitrarily large
differences in results after the passage of some time. (This phenomenon has become Icnown as the "butterfly effect",
from the observation by one of the first non-linear climate modelers that a perturbing influence on the atmosphere as
small as the fluttering of the wings of a butterfly in the Amazon forest could theoretically result in a change in the
weather patterns over North America, years later).

22.

I am probably out of date, but I know of two survey papers, viz. [Baumol & I3enhabib 1987] and [Boidrin 1988].

23.

Between December 1941 and December 1944 14 different U.S. shipyards produced 2458 ships to exactly the same
standardized design. The learning rates differed from yard to yard, but the reduction in man-hours for each doubling
ranged from 12% to 24%.

24.

For a thorough summary of the literature through the 1980s see [Argote & Epple 1990].

25.

There was a major controversy in the 1970s as to whether the lack of correlation between employment and productivity
implied that Verdoorn's law had been disproved, or not. The conclusion seems to be that the "disproof' was faulty,
and that two statistically significant but imperfect correlations (R 2 <1) do not imply that the third must be statistically
significant.

26.

It should be noted that economies of scale operating through the Salter cycle are not the only driver of long term
economic growth. Other factors considered by Denison [op cit] include "structural change" (the growth of services),
urbanization, investment in infrastructure, investment in plant and equipment, technological progress and investment
in human resources (i.e. education.)

27.

Increasing returns to scale are not inconsistent with the neoclassical results (i.e. competitive equilibrium) but constant
returns to capital is an irreducible requirement of perpetual growth. Solow points out that to have constant returns to
capital without negative marginal productivity for non-capital factors it is actually necessary to have increasing returns
to scale [Solow 1994].

28.

Famous examples indude the steam engine (Cugnot, Watt), the steam locomotive (Cugnot, Murdock, Trevithick),
electromagnetic induction (Faraday, Henry), the electric telegraph (Cooke & Wheatstone, Morse & Henry), the
incandescent lamp (Swan, Edison), the telephone (Bell, Gray), and the aluminum reduction process (Hall, Heroult).
In fact, virtually all important patents have been challenged fiercely by rival claimants. The key patent applications
for digital computation by Eckert & Mauchley (builders of ENIAC) were rejected by the courts because of rival claims
of priority.

29.

For a good summary of the literature see [Nelson 1995] Richard Nelson "Recent Evolutionary Theorizing about
Economic Change" in Journal or Economic Literature Vol XXXII! Number 1, March 1995 pp 48-90.

30.

For instance, consider the bitter conflict between GM and VW over alleged thefts of secret documents by a departing
employee of GM's Opel subsidiary who was hired by VW.

31.

C. E. Ayres [Ayres 1944. pp 120-121] cites several earlier scholars who made this point, viz. "...the specrade we
behold is that of advancement in scientific knowledge and technical power according to the law, and at the rate of a
rapidly increasing geometric progression or logarithmic function [Korzybski 1922] "...law of progress seems to be that
of the geometrical ratio. As equal intervals of time are added to his experience be seems to increase his wealth of
thought in an approximately fixed ratio.." [Carmichael 1930] and "...the progress of science is constantly accelerated,
and hence....more and more is accomplished in shorter and shorter periods." [Sarton 1936].

32.

Actually, both the phenomenon and the likely explanation were recognized long ago. It has been called "the principle
of combination" and noted that "in every innovation analysis reveals the combination of previously known devices"
[Ayres 1944, chapter VI, p. 114 et seq]. The author cited, Clarence Ayres, was a distant relative of the present author.

33.

Economists tend to assume that the dominant is invariably the "best" one in some not-very-well-defined sense. But it
may be simply the variant that happens to be chosen by a large and powerful firm that has decided to compete for the
new market (as in the case of IBM's PC). Or it may be the variant selected by a large and powerful customer in a hurry
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to standardize (as was the case with nuclear reactor designs, which were prematurely standardized by the US Navy
in order to push forward with the nuclear submarine program).
34.

In fact, the technological life cycle may be responsible for the so-called Kondratieff, or "long" cycle that has repeated
itself at least four times since the industrial revolution. Three of the cycles seem to have been correlated closely with
clusters of technologies associated with a new dominant source of energy (coal, oil and electric power, natural gas)
although the fourth substitution — which was widely expected to be nudear power — seems to have been aborted.

35.

This reasoning goes back to Adam Smith. Smith recognized, however, that some labor is productive and some is not.
Work on a farm or in a factory is productive. But the work of a lawyer, a preacher or a soldier is not. In the Marxist
system, only the former is considered to have "value" and is counted in the national accounts, which is why services
were never developed in communist countries. But, apart from this distinction, the value of labor obviously depends
on the skill and training that lie behind it. But, as Joan Robinson notes, it is circular and illegitimate to value labor
hours based on wages paid, if the "true" measure should be the amount of (abstract) labor inputs required to impart
the skill [Robinson 1962 p. 44].

36. The growing unemployment crisis in the western world arises from the fact that computers and computer-controlled
machines are now rapidly encroaching on formerly human domains in the labor market
37.

I am indebted to Herman Daly for calling my attention to this quotation in his commentary "Georgescu-Roegen vs.
Solow/Stiglitz" presented at the ISEE Conference, Boston, Aug. 1996.

38.

See, in particular, the landmark study by Resources For The Future Inc. [Barnett & Morse 1962].

39.

In earlier work I tried to treat all resources, together with technology, as different but equivalent "kinds" of physical
information [Ayres & Miller 1980; Ayres 1987-a]. I have since realized that this was going too far, they are not
equivalent. However, the equivalence between energy and material resources is much more justifiable.
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