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Abstract
Conventional economic growth theory, as developed originally by Solow, is now in need of
modification. In particular, it is necessary to explain and endogenize the residual, usually termed "technical progress". To do so it must reflect the existence of some "growth engine"
apart from population growth and the traditional savings-investment-capital accumulation
mechanism. A growth engine is a positive feedback loop involving declining costs and
increasing demand. There are a number of such feedback loops involving technology in
different ways. However several of the identifiable growth engines of the past are dependent
on resource availability (especially of fossil fuels) and the state of technology.
Based on both qualitative and quantitative evidence, the paper concludes that energy (or
exergy) has been and still remains a major factor of production, despite the small share of
payments to natural resource owners in the national accounts. The reason for this apparent
mismatch is probably historical and political. In the 18th century agricultural land was the
primary factor of production and resource (i.e. land) owners received the bulk of all rewards.
By mid-20th century labor had achieved a much larger share due to political changes, while
land-owners had lost their former dominance. In short, the resource owners' share has been
pre-empted by labor and capital.
The paper also concludes that the important (i.e. scarce) factors of production in
economics can and do change over time (and space). In the 21st century unskilled human
labor and produced capital will be increasingly plentiful and non-limiting, whereas natural
resources will be truly and increasingly scarce. On the other hand, knowledge — however
critical to resource availability — may be regarded as an intermediate. However, historical
evidence suggests that technological progress, hence economic growth, is more likely to be
accelerated by scarcity than by plenitude.
Some implications for "greenhouse" policy are discussed.
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Sources of growth
From one perspective it is evident that economic growth since the 18th century has been
driven by increasing labor productivity. The Marshallian (pre-Keynes) theory of growth was
quite simplistic: in part it was attributed to population increase, which resulted in increased
demand for goods and services while simultaneously increasing the labor supply. For the rest,
it was assumed that supply (i.e. the production process) generates demand by creating income
from wages and profits, and that some fraction of gross output would be automatically
reinvested to increase the stock of productive capital, thus maintaining the required supplydemand equilibrium. The implicit scheme — known as 'Say's law' — can be presented as a
simple feedback loop as illustrated in Figure I.
However, on closer inspection, the neo-classical paradigm has no convincing explanation
for two key parts of this loop. In the first place, increasing supply generates increased demand
for goods and services only to the extent that money continues to circulate. But if people use
money to buy and hoard gold (as in rural India, for instance) then this part of the mechanism
may not function. Or if people put their money in banks but the banks do not lend — as in
Japan today — the mechanism does not work.
In the second place, it is also unclear how increased demand generates increased supply.
The marginalists, exemplified by Alfred Marshall, could not explain clearly why profits
should exist in the long run in a competitive equilibrium, why individuals should save, or why
savers should invest to increase productive capacity, in the absence of profits. (Marx advocated
social ownership of the means of production as a more efficient means of generating
investment than private savings by wealthy capitalists who might prefer to simply consume
the surplus.)1 While answers to these questions are much better understood today, they have
not yet been fully integrated into the theory of growth.

Neoclassical growth theory
The basic mathematical structure of growth theory depends on the notion of a differentiable,
homogeneous "production function" whose arguments are stocks of factors of production,
originally capital, labor and land [Wicksteed 1894]. Wicksteed conjectured, and it was later
proved (by Flux), that the total product is used up (exhausted) if each factor is rewarded by
its marginal product, and that this property is automatically satisfied by a homogeneous
production function of order unity, by Euler's theorem. The so-called Cobb-Douglas function,
which is the simplest one with this property, was 'invented' by Wicksell —though it was
independently used earlier by Thiinen — but was first tested empirically by them [Cobb &
Douglas 1928; Douglas 1948]. 2 Production theory, including the relationship between
technology, elasticities and factor shares, was elaborated further by Hicks [Hicks 1932].
Thanks to progress in national accounting, which began to create a real economic data
base in the 1930s it became possible for macro-economists in the 1950s, for the first time,
to carry out quantitative retrospective 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 1962]. They also began to develop quantitative factor
productivity indices [e.g. Kendrick 1956].
As noted above, the classical assumption was that growth was driven by labor force
growth and capital accumulation. The empirical work of Fabricant, Abramovitz, and
Schmookler led to a shocking discovery: that population, savings and capital accumulation
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per se could not account for more than a small fraction of the growth in the US economy.
The remainder was an unexplained residual. It was termed (for convenience) "technical
progress", although growth accountants realized that technology, in the narrow sense, could
only be a small part of the story [Denison 1967]. Inspired by the new availability of timeseries data for labor and capital, Robert Solow and Trevor Swan (independently) described
growth models based on Wicksteed-type aggregate production functions of capital and labor,
assuming optimal savings and investment (in the Ramsey tradition) and consistent with the
assumption of declining marginal returns to capital investment [Solow 1956; Swan 1956] 3
The problem of defining capital was 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 unduly inhibited growth modelers.

A taxonomy of growth theories
Before continuing, it is useful to step back and consider the range of possible simple theories
of economic growth. Several dichotomies are evident. The first of them is concerns the
unexplained residual, viz. "technical progress". There are two possibilities. Either it is
assumed to be exogenous (i.e. a factor of time and no other variable) or endogenous, meaning
that it must somehow be explained by the exogenous variables of the model. The latter is
obviously preferable. But for many years it was thought that the former simplifying
assumption (made by Solow; see below) could be sufficiently justified.
A second classification factor concerns the choice of objective function: in brief, the
choice reduces to wealth (or net worth) vs. national income (or gross consumption, or gross
product) vs. growth rate (productivity). In practice, virtually the entire literature on economic
growth has focussed on the latter two options, presumably because of the availability of better
statistical measures. The "wealth of nations" is not a precisely defined concept. In any case
it is difficult to measure directly. Up to now it has been easy to finesse the difficulty by
appealing to the seemingly simple idea that income and wealth are simply and directly related,
wealth being the discounted present value of expected future income.
However, one of the major conceptual problems with current growth theory is that an
important, but unconsidered, element of national wealth consists of natural resource stocks
— especially fossil fuels — and common property environmental resources. The former can
only be inferred from geological evidence, production rates, proven reserve trends and
discovery rates [Hubbert 1957, 1962; Ivanhoe 1996]. However, difficulties of measurement
apart, stocks are finite. Moreover, there can be little doubt that in the case of petroleum and
natural gas, the two most important natural resources in the world's economy, the era of
increasing production and declining prices is nearly at an end [Campbell 1997; Hatfield 1997;
Campbell & Laherrere 1998]. The omission of natural resource stocks from the standard (UN)
system of national accounts (SNA) has encouraged nations to count non-renewable natural
resource (e.g. fossil hydrocarbons and minerals) extraction as a component of national income,
without a compensating stock adjustment [Hueting 1980; Repetto & Magrath 1989; Ahmad
et al 1990; Repetto 1992; Serageldin 1995]. Moreover, the problem of measuring "human
capital" has been given too little attention in the past, despite its prominence in the recent
growth literature.
A third classification factor concerns the choice of independent 'factors of production'.
The criteria for choice have rarely been discussed in the literature. 4 It has generally been
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assumed since Adam Smith that labor, capital and land were the primary agents or factors.
The French physiocrats assigned land the primary role while Smith and Marx emphasized
labor. Labor and land, of course, are not produced (directly) by the economy., and both are
scarce. Capital, on the other hand, is an output of the economic system. However, at any
given moment its quantity is limited (by what has been produced before) and, in a partial
equilibrium, comparative statics sense, it is also exogenous and scarce.
Since the 1970s a number of economists have used so-called KLEM production functions
which allow for energy E and material inputs M along with capital K and labor L. In fact
some authors have also subdivided energy inputs E to distinguish electric power (EP) from
other forms of energy. The question arises, however, whether factor choices should be a
function of time, over very long periods, or not? The simplest assumption, with the longest
pedigree, is that the choice of factors of production is determined once and for all time. Yet
land, once considered to be a factor of production, is no longer given separate status. In
principle it is certainly more realistic to assume that exogenous inputs do evolve over time.
A fourth classification factor concerns the relationship between "technical progress" and
R&D. Recalling that "technical progress" is a residual, and that it is essentially equivalent to
either "productivity improvement" or "real cost reduction" [Harberger 1998], the connection
to R&D may be quite weak. Yet many 'endogenous' growth modelers implicitly assume that
R&D is the primary source of technical progress.
A fifth and related classification factor concerns assumptions about the spread of
knowledge. The 'endogenous growth' school (see below) assumes that new discoveries and
knowledge in general spread more or less instantaneously throughout an industry, i.e. that they
are non-rival goods that cannot be monopolized by the discoverer [Stokey 1986; Romer 1986,
1987, 1990; Lucas 1988]. The other school consists mainly of game theorists trying to explain
the persistence of leadership. They make the contrary assumption, namely that discoveries can
be and are monopolized [e.g. Reinganum 1983, 1985; Barro & Sala-i-Martin 1995; Denicolo
1998], although they differ about the extent to which successive product innovations or
inventions along one 'technology trajectory' are interdependent.

Solow's growth theory
In 1957 Solow showed a way to characterize the residual " technical progress" in an aggregate
production function by introducing a multiplier that depends only on times He also
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. The average was 1.5 % per annum.
Solow's seminal work 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 $2.06 to $2.70 (in 1929 prices), although the peak
($3.33) was in 1932. His fitted functions suggested that the saturation point might be expected
when the K/L level reached $5 or above. This barrier appeared to be rather far in the future
when the paper was written, although it has since been passed long since. The failure of the
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economy to slow down, as predicted, is one of the problems with the theory.
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 reckoned the annual capital depreciation rate to be 3-5 percent, concluding that
"capital-saturation would occur whenever the gross marginal product of capital falls to
.03–.05."
To summarize briefly, the neo-classical one-sector growth model as formalized by Solow,
and elaborated subsequently by others, includes many simplifying assumptions. But two of
its predictions are crucial. The first prediction is that the contribution of capital investment
to growth will slow and finally cease, due to saturation. Thus all the industrial countries
should exhibit slowing growth unless technical progress is accelerating. This follows from the
law of diminishing returns to (man-made) capital. The second key prediction is convergence:
that poorer countries will grow faster than rich ones, other factors remaining the same.
It is well-known that these two key predictions are not consistent with 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 observed 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.6
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-iMartin 1995]. On the other hand, until 1997 the "tiger" economies of East Asia were
undoubtedly growing faster than the more 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 to endogenize technological progress, without
giving up the growth-in-equilibrium assumption.

Endogenous growth theory
The essential problem with Solow's growth theory has already been mentioned: it assumes
that technical progress is exogenous, costless, incremental and automatic, but not necessarily
perpetual. So-called "new" endogenous growth theory is essentially a modification of the
Solow theory.
Romer began it. He 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 of knowledge [Romer 1986]. 7 Since then, Romer has constructed models of
sustained growth without spillovers, but with imperfect (monopolistic) competition [Romer
1987] and with both knowledge spillovers and imperfect competition [Romer 1990]. Many
other economists have also contributed important insights, and applications to a variety of
areas from trade to technology and environment e.g. [Lucas 1988; Jones & Manuelli 1990;
Grossman & Helpman 1991; Rebelo 1991; Young 1991; Aghion & Howitt 1992; Hammond
& Rodriguez-Clare 1993, Elbasha & Roe 1996; Barbier 1996].8
It's main feature is that it explicitly treats knowledge as a kind of capital, which grows
almost automatically thus providing a justification for assuming that growth occurs "as if'
technological progress were exogenous. It is argued, further, by these writers that there is no
need for the marginalist assumption of declining returns to capital because knowledge —
unlike physical capital — does not depreciate but, indeed, may accelerate the production of
additional knowledge. They explain this as a positive spillover from the growing stock of
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knowledge itself.9 Thus the depreciation limitation (declining returns to capital) is apparently
overcome and growth can then continue without limit. Indeed, it is claimed that most of the
shortcomings of the neoclassical (Solow) growth model can be overcome. For instance, one
of the most general models in the endogenous growth literature utilizes a CES production
function with new variables incorporating three new parameters that, if set equal to zero,
reduce the model to neoclassical form [Hammond & Rodriguez-Clare 1993]. The three new
parameters are
(i) a resource essentiality parameter [e.g. Dasgupta & Heal 1974];
a labor efficiency enhancement factor that depends on capital accumulation and
(ii)
reflects learning-by-doing
a research productivity enhancement factor that depends on prior knowledge
(iii)
accumulation.
The generalized model reduces to most of the other endogenous models in the literature
with appropriate choices of parameters and interpretation of variables. Introducing these
parameters permits the generalized growth model to be applied to a wide variety of policy
situations, including trade policy, financial intermediation, demographics, education, fiscal
policy, and even income inequality. However, the authors caution:
"It would be rash to "summarize" what the new growth theory teaches us about real
economics. However there is one theoretical point general enough to deserve
emphasis. This is that a common feature of many growth models is their reliance on
positive externalities in one form or another. This is important because it implies that
growth will in general be lower than optimal ... It also marks a clear, if minor,
departure from the heavy use macroeconomists have been making of optimal growth
models" [op cit p. 31]. (Italics added.)
As I point out later, in the context of long-term forecasting (as applied to the problem of
climate warming, for instance) the implications of this departure are not minor.
On the whole, endogenous growth theory has offered some new theoretical insights, but
offers little more help than the neoclassical model in explaining the "actual growth
experience" [Pack 1994].
While it is difficult to characterize the whole literature so simply, the endogenous growth
theory also has a conceptual problem. It tends to assume that knowledge is a public good.
This means it is impossible to confine, protect, own or hold exclusive rights to use. It is soon
transmitted to others, by publication, migration, theft or other means. There are no secrets,
at least for long enough to profit from. The technical term for this characteristic is
"incomplete appropriability". Knowledge that cannot be appropriated or protected can be
characterized as "free floating" (in contrast to other sorts of knowledge discussed later).
A fundamental problem with the above approach is that the core assumptions about
knowledge are not actually true, and it is by no means clear that the economy behaves "as
if' they are true. (On the contrary, Schumpeter's theory of innovation — discussed
subsequently — essentially assumes the opposite).
Insofar as its applicability to the problem addressed here, we note that the obvious
measure of economic investment in knowledge capital (of the sort that could generate positive
spillovers) is R&D expenditure. Unfortunately, the link between formal R&D and growth is
not straightforward, to say the least. Among OECD countries, for instance, it is easily verified
that the most rapidly growing countries in the 1960s, 1970s and 1980s also had low domestic
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investment in R&D. This was particularly evident in Europe. During the 1970s and 1980s the
growth leaders in Europe were Italy, Spain, Portugal, Ireland and Austria, all of whom
invested very little in R&D. It is true today in Southeast Asia. On the contrary, the biggest
R&D spenders were Britain and the US, along with Sweden and Switzerland, which were also
among the slowest growing. When Japan was growing rapidly in the 1960s and 1970s it was
investing very little in R&D. As growth rates slowed down (perhaps due to "catch up")
Japanese R&D increased.
This pattern, at first glance, seems inconsistent with a direct causal link between R&D
and rates of growth. Any such link would have to be explained in terms of a "staged" model
of economic development in which the earlier stages are based mostly on technology transfer
from wealthier countries (or firms located there) and only the most advanced countries depend
on R&D as a source of new technology.
The best evidence for R&D as a driver of growth can be found at the sectoral level. It
is undoubtedly true that some of the fastest growing industries, including electronics,
telecommunications, pharmaceuticals and biotechnology, are heavily R&D based. Earlier in
the century it was the electrical and chemical industries and aviation that were most R&D
intensive and fastest growing. Metallurgy, mechanics and combustion technology had their
day still earlier. Before the present century, of course, R&D was informal at best. This, again,
suggests a "stage" theory of growth, wherein most of the economic growth — as contrasted
with output — occurs in a few dynamic sectors at any given time.

The role of energy and materials
Thanks to Fabricant, Abramovitz, Schmookler, Solow and the endogenous theorists it is now
generally assumed that 'technical progress' (variously defined) has been, and continues to be,
the major contributor to increasing the productivity of human labor. But, for purposes of longterm forecasting (e.g. for purposes of assessing greenhouse gas control policies) it is necessary
to look more closely at the specific mechanisms, especially insofar as they involve energy and
materials. What we seek, to begin with, are feedback loops, superficially comparable to
Figure 1 but without the unexplained gaps.
The industrial revolution is the obvious starting point. Economic growth since 1800 has
been driven to a large extent by utilizing machines (steam engines, internal combustion
engines, electric motors) powered by fossil fuels as a substitute for, and amplifier of, human
and animal labor.1° The extensive use of fossil fuel-derived chemical fertilizers and pesticides
on farms is another, more recent, technique of increasing production by using less labor.
The details are worth recapitulating briefly: it began with a scarcity of charcoal (due to
deforestation). Some 18th century industrialists in Britain learned to use a cheap alternative
fuel, coal. In time the (real) prices of downstream industrial commodities, such as ceramic
wares, pewter and brasswares and cast iron products began to fall. The coal-fired steam
engines of Newcomen and Watt accelerated this process, first by replacing horses for pumping
water out of flooded mines and subsequently — as railroads spread in the 19th century — by
reducing transport costs, thus making coal itself cheaper for all consumers.
The 19th century also saw a new source of cheap energy, triggered by a shortage of
whale oil for lamps for domestic illumination. The impending shortage stimulated a search
for alternatives, which quickly paid off with the discovery of petroleum in Western
Pennsylvania. At first, the main product was kerosine (for lighting) but the availability of a
by-product — gasoline — stimulated the development of compact liquid-fueled internal
combustion engines suitable for propelling vehicles or other machines. The oil and auto
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industries developed jointly thereafter, to become the dominant industrial complex in the
world. Again, falling costs created larger demand, which — as Henry Ford demonstrated
unequivocally — further drove down production costs thanks to economies of scale and mass
production.
The resource cost-driven feedback mechanism for economic growth is summarized by
Figure 2. Naturally, as the economy uses more and more natural resources to cut labor costs,
the overall use of raw materials and fossil fuels by the economy must ipso facto grow more
or less in parallel. Note, however, that this growth mechanism must falter and eventually fail
when (or if) fossil fuels eventually become scarce enough for prices to start rising. However
this has not happened yet.
A variant on this mechanism for driving economic growth became increasingly important
in the 19th century. Early in the century steam power supplemented and then replaced
hydropower (scarce in England) for mills. This permitted enormous scale economies, first in
mechanized cotton spinning and later in weaving. Scale economies (and technological
improvements) were found to be important in all kinds of manufacturing. Once again, cost
reduction encouraged demand growth — thanks to price elasticity — and vice versa. This has
been called the "Salter cycle", shown in Figure 3.11 Of course, growing demand for
manufactured products implies increased consumption of raw materials of all kinds.
On the basis of historical evidence it would seem that economic growth in the industrial
countries, at least until recently, has been driven primarily by a combination of these two
mechanisms (falling energy prices and economies of scale in manufacturing). Note that both
of them are perfectly consistent with Figure I. They merely fill in the missing causal
relationships. However, the obvious fact that economic activity is very energy and materials
intensive at present may tend to disguise the more important implication: that economic
growth, at least up to now, has been very tightly linked to natural resource extraction and use.
The linkage goes in both directions, of course.
The recognition that energy and power have played a critical role in economic growth
and development is not new of course. Seven decades ago a statistician at the Institute of
Economics (now Brookings Institution) in Washington D.C. wrote this:
"The great advance in material standards of life in the last century was made
possible by the enormous increase in the consumption of energy, and the prospect
of repeating the achievement in the next century turns perhaps more than anything
else on making energy cheaper and more abundant. A theory of production that will
really explain how wealth is produced must analyze the contribution of this element
of energy. These considerations have prompted the Institute of Economics to
undertake a reconnaissance in the field of power as a factor of production".
[Tyron 1927]
This topic is taken up again in a later section.

The problem of factor shares
Established neoclassical theory makes a fundamental, if usually implicit, assumption that
factors of production are mutually substitutable, without limit. This implies that factors
compete with each other for rewards. The theory also assumes that factor shares correspond
to factor productivities and thus represent an equilibrium relationship in a perfectly
competitive market. However, the theory stops there. It does not and cannot predict what the
equilibrium shares would be. That is, it does not explain at a deeper level why the observed
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shares of national income are about two thirds to labor and one third to capital, with land and
mineral resources essentially out of the picture. That this allocation represents an 'equilibrium'
(among factors) is merely assumed.
However, the assumption of equilibrium may be quite erroneous. The problem is that
labor owners, capital owners and resource owners do not compete with each other (as
opposed to internal competition) in a perfectly competitive environment. The playing field,
in this sense, is not level now, nor has it ever been. Since this is probably a new thought for
many economists, let me elaborate a bit.
The source of 'tilt' is inequality. The labor market per se in a modern democracy can be
regarded as a relatively level playing field, insofar as each worker has the legal right to sell
his own labor, and slavery is no longer permitted. No employer can legally own the labor of
another, although contractual leasing for specified purposes and times is allowable. But labor
contracts, to be enforceable, must be mutually agreeable and sanctions against workers who
break such contracts are very limited. Within the labor market, the major source of inequality
is unequal access to education and unequal natural endowments of intelligence, health,
ambition, and so on. Race and gender have also been and continue to be sources of inequality.
The capital market is also internally competitive. However, there is an enormous
inequality between large institutional players (banks, funds, broker-dealers, etc) and
individuals. At any given point in time, even in modern democracies, the capital market is
also rigged to favor those players with large liquid assets against those whose wealth is
illiquid (e.g. in land) or those without wealth. Needless to say, in much of the world, the
market is also rigged in other ways. Specifically, access to capital in much of the world today
is essentially limited to those with political influence or other links to the ruling party or
clique.
The land and resource ownership market did not exist, as such, in most of the world until
recently. Land (and other resources) belonged to the king, the church, the aristocracy, the
community or the tribe. Only within the last two centuries in Europe, were peasants given
legal title to their land, and mineral rights were usually withheld. In much of Asia and Africa
formal land ownership, with legal title, was either never established at all until very recently,
or was expropriated by colonial powers and redistributed to Europeans. And, in all of these
places, except in North America, and Australia, most of the land remained in the hands of a
very small minority of large hereditary landowners. The North American-Australian exception
was very important, however.
The point at issue is that economic competition for rewards between labor-owners (i.e.
workers), capital owners and land-owners has never been equal. To make the competition fair
each individual would have to be endowed at birth with an equal per capita share of capital
(both financial and natural), as well as the exclusive right to dispose of his/her own labor.
This redistribution is not likely to happen anytime soon. But until it does, we will never know
what the equilibrium distribution of rewards would be.
Contrary to Marx's prediction, labor has been able to capture a larger share of the
economic pie — mainly from non-liquid property (i.e. land) owners — in the 20th century
than it could in the early 19th century, and without social revolution. It occurred through the
abolition of serfdom and slavery, and the gradual extension of the voting franchise. This was
followed by the legal right to organize, the right to strike, legal exemption of labor unions
from anti-trust laws, progressive taxation on income and inherited wealth and full-employment
policies of the welfare state. These policies peaked in the 1950s and 1960s in Europe.
The process was partly driven by the increasing importance of industry and financial
capital. It was partly driven, also, by anti-clericalism and the forced redistribution of church
lands in western Europe. The strong political tilt against aristocratic and clerical landowners
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in Europe over the last two centuries is understandable, of course, in view of the prior history.
On the other hand, in the US, and Canada, fertile land west of the Alleghenies was available
to settlers at extremely low prices (even free), wages were comparatively high. This may help
explain why the public policy tilt toward protection of labor was less extreme in America
(where labor's bargaining power has fallen in recent years) than in continental Europe, where
unions are still very strong.
Government policy throughout the industrial world tilts the balance of power toward labor
for another reason. After all, it is mostly the wages paid to labor that accounts for mass
purchasing power that, in turn, permits and encourages economies of scale in manufacturing
and helps drive the economic growth 'engine'. Moreover, it is taxes on wages and mass
purchasing power that generates most tax revenue for government and pays for popular social
services. If capital and land-owners received the bulk of all payments (as was the case in the
early 19th century Europe) demand for manufactured goods would not justify either large
scale production or 'big government'.
Comparatively low rents paid to energy and mineral resource owners are also partly due
to two other factors. One is that land and mineral rights ownership in the US, Canada, South
Africa and Australia were widely distributed (to European colonists) whereas mining, refining
and distribution were rather quickly cartelized or even monopolized (as in the case of
Standard Oil, Union Miniere, De Beers, etc). Thus vertically integrated mining and oil
companies were — and are — able to manipulate the terms of trade in their favor vis a vis
resource owners, even when the latter were prerogatives of the hereditary ruler. It was these
powerful firms, in turn, that explored and invested in more remote places like the Middle
East, which they also soon dominated. While many of those oil reserves have subsequently
been nationalized, the big firms' domination of the refineries and distribution channels was
already solidified and they continue to have enormous bargaining power. The OPEC countries
have formed their own cartel, but it has not (yet) found a way to change the terms of trade
significantly in favor of the resource owners.
The other relevant factor is that, in the US, it was the deliberate policy of the government
to give mineral and water rights away to ranchers, miners and oil drillers very cheaply, in
order to encourage settlement and exploitation, originally in the name of economic
development and recently in the name of low prices for consumers. Since the US was also
the world's major producer and exporter of petroleum, copper, iron ore and some other
minerals until after World War II, this policy helped to create an effective ceiling for many
resource rents in other countries. US policy continues to favor (domestic) consumers vis a vis
producers. But the impacts are global.
Based on the above arguments, it seems reasonable to drop the neoclassical assumption
that marginal factor productivities must correspond exactly to equilibrium factor shares. In
fact, there is no reason to suppose that workers received their proper (i.e. 'equilibrium') share
in the early 19th century any more than land owners and, especially, natural resource owners
receive their 'equilibrium' share today.12

The empirical evidence as regards energy as a factor of production
An earlier section described a qualitative correlation between growth and energy (and
materials) use. Can this be confirmed quantitatively? The simple answer is yes. A number of
modelers have introduced an additional input factor E to the traditional K, L in Cobb-Douglas
or CES production functions and carried out the indicated statistical fits [e.g. Berndt & Wood
1975; Allen et al 1976; Allen 1979; Hannon & Joyce 1981].
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Berndt & Wood were the first to drop the assumption that energy (and materials) are
intermediate goods. They introduced the so-called KLEMS — the S refers to services —
production function, in order to create a modelling framework capable of explaining the
impact of increasing energy prices on growth. In so doing they opened the door (so to speak)
to consideration of a number of substitution (and complementarity) possibilities that had
previously been ignored. However, they refused to abandon the neoclassical idea that the
output elasticity (marginal productivity) of each factor had to be proportional to its share of
factor costs, which is an implication of the assumption of perfectly competitive markets.
Energy, in particular, was found to have an elasticity of 0.04, exactly corresponding to its
share of GNP. This implied that energy prices could not have a significant impact on
economic growth, a conclusion supported by others [e.g. Denison 1979; Gollop & Jorgenson
1980].
Meanwhile others explored alternative production functions. For instance, using data from
the years 1929, 1940, 1941 and 1947-1969, with a variety of model specifications (9 in all)
similar to the one that Solow used, except for the addition of energy E or electric power EP
or a combination like K+E as a factor, Hannon & Joyce obtained comparable results. In all
cases except one they derived an exogenous technical progress growth rate r of close to 1.3%
per annum, fairly close to Solow's number. They also showed, however, that the observed
economic growth could be explained quite well without an exogenous technical progress term
(i.e. r=0) by eliminating labor as a variable but including electric power EP instead. Their best
fit (R2 = 0.99464) was obtained with a capital exponent of 0.990 and an exponent of 0.007
(variance 0.006) for the EP term. "We conclude that the inclusion of energy in the standard
Cobb-Douglas production function does not explain the contribution of technological progress
(Hicks-neutral) to a rise in the rate of output, unless, possibly, one is able to make the
seemingly unreasonable assumption that labor should not appear in the production function"
[Hannon & Joyce 1981 p. 194]. More on this below.
Jorgenson later carried out much more elaborate multi-sectoral econometric analyses
using the KLEM framework, and also included electric power as a factor [Jorgenson 1984,
1988]. The detailed results cannot be summarized here, but Jorgenson concluded that
productivity growth is, after all, closely correlated with both electrical and non-electrical
energy growth. He also concluded
"that there was a dramatic impact of energy prices on economic growth during the
energy crisis. The economic impact was very strongly negative in both the United
States and Japan ... Almost every industry experienced a slowdown in the rate of
[Jorgenson 1988 p. 217]
technical change".
Jorgenson's neoclassical model also tried to explain the technical progress term in terms of
factor prices, although this result is not very convincing.
In response to the conventional 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 [Cleveland
et a11984; Costanza & Herendeen 1984; Costanza 1991; Cleveland 1992]. However, this type
of model made energy (adjusted for quality) the sole exogenous variable. The closeness of
the fit between model results and historical data was interpreted by its authors as an empirical
demonstration of the energy theory of value. It left essentially no role for capital or labor, nor
did it incorporate any of the standard menu of neo-classical assumptions. Most economists
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reject this interpretation out of hand [e.g. Rainer 1997].
Recent work has significantly closed the gap between neoclassical theory and empirical
data [Beaudreau 1998; Kiimmel et al 1998]. In both cases, the standard equilibrium
assumption (that factor productivities must equal factor shares) is dropped in favor of direct
estimation of productivities. Beaudreau's approach is a bold attempt to re-invent production
theory from 'scratch'. He introduces what he calls a "Newtonian" production function, output
as a function of two inputs, namely physical 'work' W(t) and 'supervision' S(t) as the two
independent variables. The text makes it clear that the former is directly related to energy
(actually exergy) consumption, adjusted for efficiency, while the latter refers to an organizing
or managerial activity.
Beaudreau's theoretical argument for choosing these two fundamental variables is quite
plausible. However, to implement his model of manufacturing output, he needs proxies for
both variables. For the first variable, he takes electric power generation as a proxy and for
the second variable he chooses indirect manufacturing labor i.e. the difference between total
manufacturing labor and 'direct' production labor. Given these assumptions, the remainder of
his econometric analysis of manufacturing productivity, for the US, Japan and Germany, is
relatively straightforward.
Beaudreau also estimates a Cobb-Douglas production function of three variables, capital
K, labor L and electric power (EP). He drops the neoclassical assumption that output
elasticities must be equal to factor shares. He estimated the elasticities econometrically (best
fit) for the US, Japan and Germany. The results are shown in Table I.
Table I: KLEP output elasticities: US, Japanese & German manufacturing
Country

USA (1950-1984)
Japan (1965-1988)
West Germany (1963-1988)

K elasticity (a) L elasticity

0.07505
0.19675
0.13138

0

0.39973
0.1976
0.12113

EP elasticity (7)

0.53724
0.60559
0.74748

Source: [extracted from Beaudreau 1998, Table 4.1]

Note that EP elasticities are by far the highest in all three cases. (Recall the results of
Hannon & Joyce quoted earlier, which gave a best fit for a=0.99 and y=0.007 by assuming
that labor was not an independent variable at all. It is possible that this dramatic difference
in results can be attributed to the different choices of data years, as Hannon & Joyce
acknowledge). The sum of Beaudreau's calculated elasticities for Japan and Germany is
exactly equal to unity (to 4 significant places), but in the case of the US the sum is 1.012.
This is a small but significant departure from constant returns. It is not clear whether this was
an error or a misprint. Beaudreau argues that the difference between calculated elasticities and
factor shares is due to lack of perfect competition in electric power markets, essentially due
to regulation. This part of his argument is much less convincing, however. Also, it is
noteworthy that capital and labor shares differ markedly between the three countries, for no
obvious reason.
The new model of Kiimmel et al is far more sophisticated. It assumes a generic
homogeneous production function of order unity with three factors of production, K, L and
E. (The analysis actually uses reduced forms of the variables k, 1 and e, which are index
numbers. It satisfies the usual condition of constant returns to scale, as well as some other
straightforward mathematical requirements. It assumes fixed factor shares (exponents) in the
short run, i.e. within intervals of reasonable length, and assumes that disembodied
(exogenous) technical progress within a given interval is zero. (Mathematically, this procedure
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is closely related to 'perturbation theory' in physics or to the more familiar Taylor expansion
taken around a point where the partial derivative of q with respect to time is zero). But it
allows for disembodied technical progress resulting in changes in the relative factor shares
between successive intervals (i.e. the long run).
The simplest solution satisfying all the imposed conditions (see original for details) is the
familiar Cobb-Douglas function, of the form q = qoexp(ak+131+ ye), where a+13+ y = 1.
However, many other less restrictive solutions also satisfy the conditions. The preferred first
order perturbation solution is a LINEX function in which energy appears as a linear multiplier
(with the exponent unity) and also appears in ratios with capital and labor in an exponent.13
Using time-series for industrial production 14 in Germany before unification (1960-1989), Japan
(1965-1992) and the US (1960-1993) the LINEX function matches the observed results —
including ups and downs — with extraordinary precision, despite the fact that the independent
variables 1 and e are not monotonically increasing over the time period in any of the three
countries. The factor productivities (elasticities) derived from the LINEX function are not
constant, of course. But averaging them over time yields the equivalent values of the
exponents (elasticities) of a Cobb-Douglas production function. The results were as follows:
Table II: Cobb-Douglas elasticities: US, Japanese & German manufacturing

Country
USA (1960-1993)
Japan (1965-1992)
West Germany (1960-1989)

k elasticity (a)
0.36
0.34
0.45

I elasticity ($)
0.10
0.21
0.05

e elasticity ( y)
0.54
0.45
0.50

Source: [adapted from Kimmel et al 19981

These results are semi-consistent with those of Beaudreau, insofar as they attach far more
importance to energy as a driver of growth than its factor share of GNP. They attach far less
importance to labor than Beaudreau, which is also consistent with the earlier result of Hannon
& Joyce, cited above. On the other hand the capital exponent is roughly equal to the observed
capital share, which is not the case for Beaudreau's results. The sum of labor and energy
elasticities is therefore reasonably close to the labor share in the national accounts.
Kimmel et al interpret this as follows: "apparently, in the past, the value added generated
by energy at nearly negligible cost has been given essentially to labor". My own interpretation
is similar: namely that (cheap) fossil energy, together with machines (capital), is an amplifier
of labor, although it receives no direct payments for institutional reasons. As suggested earlier,
the factor share given to energy in the national accounts reflects only the rents actually paid
to natural resource owners, not its actual marginal productivity. In other words, I believe this
is very strong, albeit indirect, evidence that the economy as a whole is not in equilibrium (and
probably never has been), even though some factor markets (such as capital markets) probably
are close to an internal equilibrium.
To summarize the case for energy/exergy as a driver of growth, the following can be
said: (i) the qualitative case is strong and compelling (ii) the quantitative case is moderately
strong, especially if one drops the neo-classical assumption that factor payment shares must
be equal to factor marginal productivities (even if this would be true in a perfectly
competitive equilibrium) and (iii) there is a good case (based on history) for dropping that
assumption.

Disequilibrium, double dividends, and "crowding out"
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The assumption that the economy is always in a perfectly competitive equilibrium state where
all actors have perfect information and receive rewards proportional to their marginal
productivities has another implication. In brief, all investments would generate the same
return, which would be the same as the rate of growth of the economy. High return
investments could not exist for long because investors would quickly move liquid funds from
below-average returns to above-average returns. Warren Buffet could not have made his great
fortune.
This rule would also hold for R&D investment. The conventional neoclassical model
assumes that R&D investment is always optimal. If this simple picture were correct it would
follow that any government policy that encouraged investment or R&D in a direction different
than that chosen by the "free market" must ipso facto reduce economic growth. It is this
assumption that is built into most computable general equilibrium (CGE) long-run models and
which underlies the conclusions of several modelers to the effect that CO 2 abatement policies
would "cost" a great deal of money in lost growth.'5
The suggestion has been made by a number of "bottom up" analysts that there is a
significant potential for negative costs and "double dividends" [e.g. Krause et al 1992, 1993;
Lovins & Lovins 1981, 1997]. Generally speaking, economists have not taken these claims
very seriously in the past, arguing that if such opportunities really existed on a large scale,
entrepreneurs would soon exploit and thus eliminate them. The apparent failure of profitseeking firms to do so is generally attributed to "hidden costs", even though the latter are
rarely identified or quantified [e.g. Jaffee et al 1995; Gabel & Sinclair-Desgagne 1997]. In
fact, the existence of possible negative costs or double dividends seems to have gained greater
credibility over time, partly because a number of specific institutional barriers to adjustment
are fairly easy to identify, and partly because the empirical evidence is increasingly hard to
ignore.
As the first paragraph of this section suggests, the case for negative costs and double
dividends is essentially the same as the case for economic disequilibrium [Ayres 1994].
Several authors have recently acknowledged the possibility of induced technological change
(ITC) [Grubb et al 1995; Goulder & Schneider 1997]. They point out that most policy
evaluation tools (based on standard growth theory) have treated technological change as
autonomous. This implied that productivity improvements would occur without investment
or effort. To modify this assumption Goulder & Schneider introduced an explicit R&D
investment loop in their CGE model. Under the conventional assumption of scarce
knowledge-generating resources and optimal R&D resource allocation, they show that ITC
increases the gross costs of CO 2 abatement policies (not counting environmental benefits).
However, they also admit that, "if there are serious prior inefficiencies in R&D markets
(whereby the marginal social product of R&D is much higher in alternative energy sectors
than in carbon-based energy sectors) ITC can imply lower gross costs than would occur in
its absence.'
There are no established inter-sectoral or time-series data on returns to R&D, whence this
possibility may appear unprovable either way to statisticians. However, it is easily verified
that most of the energy-related R&D investment in the past half century — hundreds of
billions of dollars — have gone into nuclear power. Yet, since the 1970s there has been no
real cost reduction in the generation of nuclear power. (On the contrary, due to tighter safetyrelated and waste disposal requirements, nuclear fission power is now more costly than was
the case three decades ago.) Two major programs, breeder reactors and fusion power, have
yielded no benefits at all, and may never do so. The second largest cumulative R&D
investment, scores of billions of dollars, has gone into coal gasification and coal shale
liquefaction. Again, there has been no economic return whatever. There are some intermediate
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cases. But the two alternative energy technologies with the highest returns, as demonstrated
by rapidly falling costs, are wind power and photovoltaic power. These two technologies have
jointly received only a tiny fraction of the total available R&D funding.
It follows, necessarily, that the global energy R&D market is almost ludicrously
inefficient in economic terms. The amounts invested in various technologies have been almost
inverse to the returns. Given comparably inefficient allocation of resources in other areas of
investment, it is hard not to conclude that ITC might very well accelerate rather than retard
economic growth. Such a possibility is entirely consistent with the history of technology,
where many of the most important and fertile innovations have resulted from a scarcity. It is
said that "necessity is the mother of invention". This point is discussed in the next section.

The role of technology
The basic economic mechanism that drives technological progress was described over eight
decades ago [Schumpeter 1912, 1934]. Schumpeter did not treat innovation as exogenous (as
Keynes and Solow did). On the contrary, he emphasized the fact that innovation in a nonequilibrium 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 would seem to be central to endogenizing technological progress
in a satisfactory theory of growth.
It is important to note that the Schumpeterian mechanism is inconsistent with the
assumption of 'knowledge-as-public-good' that is fundamental to much of so-called
'endogenous growth theory' discussed previously. There are several kinds of knowledge that
are indisputably appropriable, at least for a significant time, and thus not 'free-floating'.
Knowledge embodied in complex materials or products and protected by patents or industrial
secrets is one example. ("Reverse engineering", so called, is far from simple or cost-free).
Knowledge gained by direct experience — "learning by doing", in Arrow's words — is also
in this category. This follows from the fact that, if the knowledge gained by experience could
be transferred easily to others, the experience would not be necessary.
While scientific knowledge, for example, is "free floating" and accessible in principle to
all, it is only utilizable in practice by those with scientific or technical training. And, early
access, which can be vital for successful innovative exploitation, often depends on informal
networks rather than formal publication. Similarly, the knowledge embodied in skills,
organizations and political systems is not easily appropriable by others. This being so, it is
very difficult to justify the idea that knowledge gained by any is quickly available to all, as
Romer et al assume.
So-called "evolutionary" theorists have been working to develop explicit endogenous
simulation models of the innovation process since the late 1970s [Nelson & Winter 1977,
1978, 1982; Dosi et al 1988; Nelson 1995]. Nor has the validity of the basic scheme outlined
by Schumpeter been seriously disputed, notwithstanding well-founded doubts about one of his
conclusions, namely that the dynamic economy must be characterized by a succession of
monopolists. (Recall the earlier comments on leadership). On the contrary, while the threat
of competition forces the market leader to continue to invest in "defensive" R&D, the barriers
to entry thus erected are neither impermeable nor permanent, because of information
asymmetries and imperfect competition. New opportunities keep arising for agile
entrepreneurs with the right combination of insight, access to capital and risk-attraction,
thanks in part to the continuous growth of "free-floating" scientific knowledge (as Romer et
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al would presumably agree), and partly to the very fact that it is not equally accessible to all
at each point in time. This is a "stylized fact" of technological change, as numerous fallen
former monopolists, from US Steel to IBM could attest.
Unfortunately, however, Schumpeter's scheme is difficult to adapt to a long-range
economic growth model of the formal analytic type. This is because economic growth
stemming from discovery, invention and innovation is inherently dependent on imperfect
competition arising from information and other asymmetries. It also depends, of course, on
learning effects and scale effects that favor first corners. In short, it is a non-equilibrium
phenomenon. Many simulation models with the right sorts of behavior have been built. But
it is difficult to draw general lessons about the future from them because they are so
parameter dependent. Nevertheless, that is what we must attempt to do.
It is important to distinguish radical (Schumpeterian) innovations that create new
capabilities from gradual and incremental improvements that cut costs and improve product
performance. The former have much greater impact on economic growth in general than the
latter, because they often create new capabilities and new markets. A number of stylized facts
about radical innovation can be listed as follows:
(i) 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. Typically, they begin when
some previous barrier or limiting factor is overcome (or circumvented) in principle.
This extends the foreseeable limits of technological performance or capability
significantly beyond the old limits. I have called this pattern the "barrierbreakthrough model" [Ayres 1988]. Once the breakthrough occurs R&D funding and
venture capital are quickly attracted into the new field. For instance, consider the
radical innovations in the history of illumination: oil lamps, candles, gas light, arc
light, incandescent (electric) lights, fluorescent light, and finally light-emitting diodes
(LEDs) [Nordhaus 1994]. Each of these not only reduced the cost of illumination to
consumers drastically, but also created new and, in many cases, unexpected market
opportunities such as moving pictures, headlights for cars permitting night driving,
night operation of airports, outdoor entertainment at night (e.g. night baseball), etc.
(ii) Radical innovations are demand (or need) driven, in general [Ogburn & Thomas
1922; Gilfillan 1937, 1952]. They are normally created to solve a major problem, not
to exploit a newly recognized possibility. (Often, the problem is a scarcity or a
potential scarcity, as noted hereafter).
(iii) Radical innovations are typically introduced commercially on the basis of anticipated
future potential before they are truly competitive on a current price or performance
basis. In fact, early adoption can be rational to gain 'first user' advantages, depending
on the rate of discount [Ayres & Axtell 1996].
(iv) Radical innovations are rarely (if ever) 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. Nylon was not
developed by a rayon manufacturer. The established firms that produced vacuum
tubes never became competitive producers of semiconductors. The firms that
dominated stand-alone mainframe computers do not dominate networked
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workstations or PCs.
(v) Competition from the radical innovation sometimes stimulates a final burst of
improvements to the older technology before it finally disappears from the scene. For
instance the Sugg-Argand burner (1879) and the Welsbach mantle (1887) constituted
major improvements in the safety, efficiency, and brightness of gas lamps, prior to
their final displacement by electric lighting. Similarly, charcoal based iron smelters
continued to improve for several decades after coke-based smelters were introduced.
The reciprocating steam engine has continued to improve and still has enthusiastic
backers, despite long since having lost all its markets to turbines or ICE's.
Electromechanical typewriters and calculators were vastly improved in the last years
before their disappearance. Silicon chips have held their markets against repeated
threats by germanium and gallium arsenide.
The Schumpeterian scheme outlined above is far removed, in certain respects, from a
neoclassical viewpoint. First, it does not assume that the economic system is in equilibrium.
On the contrary, the mechanism that generates new technology also creates and promotes
disequilibrium. Second, it does not assume that all firms share all information. On the
contrary, it is precisely because they do not (indeed, some kinds of information are extremely
difficult to transfer) that temporary monopolies are possible and profitable!' Finally, it argues
that perceived necessity — arising from a scarcity, barrier or constraint — is often the
"mother of invention".
To be sure, Schumpeter's innovation mechanism, as originally formulated, does not
explain everything. For instance, it does not explain why innovations tend to cluster in time,
in space or in particular fields of technology. Schumpeter made the controversial suggestion
that large firms with market power might be especially innovative because of their greater
ability to finance R&D (and to defend patent rights against rivals). This hypothesis was
defensible in the early decades of GE and AT&T, but it is inconsistent with recent examples,
such as IBM. Also, while it provides a rationale for risk-taking and innovation, Schumpeter's
theory does not, per se, provide a straightforward basis for quantification and forecasting.
Obviously barriers and breakthroughs are difficult to predict far in advance. It is often
assumed that they cannot be predicted at all. But this is too pessimistic. The most reliable
indicator of a future technological breakthrough is a present recognized but unmet societal
need that would not require any physical law (such as the speed of light or the law of gravity)
to be violated. This principle was invoked in the 1930s to successfully predict, before the
development of radar, the development of systems to permit commercial aircraft to navigate
and land in bad weather and at night [Gilfillan 1937, 1952]. For similar reasons, it is highly
likely that a cure (or vaccine) for AIDS and effective treatments for drug addiction and cancer
will be developed within a few years.
More relevant to environmental concerns, it is becoming clear that cost-effective
substitutes for fossil energy in general and gasoline, in particular, are needed. There are no
physical laws in the way. A number of promising R&D avenues have already been identified,
notably wind power, photovoltaic power, fuel cells and hydrogen as an energy carrier. Only
the details, the funding sources, and the timing remain uncertain.

The long-term implications
It is clear that the natural resource-driven 'growth engine' is not sustainable for the indefinite
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future. This is partly because the natural resources themselves are bound to become scarcer18
(and probably more costly) in time. But mainly the limiting factor is the resulting
environmental pollution of our finite environment. 19 The employment and dissipative use of
chemically active materials does have ultimate limits. In particular, the gaseous waste
products of hydrocarbon consumption, and the buildup of toxic materials in topsoil and
groundwater from excessive use of synthetic fertilizers and other chemicals are already
causing increasing environmental disturbances.
As it happens, the 'Salter cycle' growth engine (Figure 2) based on economies of scale,
assuming a constant price elasticity, is also unable by itself to generate perpetual growth at
a constant rate. The reason is, essentially, that for a given product costs decline in relation
to output at a declining rate, whereas demand increases in relation to prices also at a declining
rate. To maintain a constant rate of economic growth, therefore, it is necessary to postulate
a product mix that changes continuously with a continuously increasing price elasticity. This
is implausible, to put it mildly?)
The question then arises: without ever-cheaper natural resources to exploit can economic
growth continue indefinitely? The answer is: probably yes, if and only if an alternative
growth mechanism is available. Resource productivity and labor-productivity must increase
simultaneously, not by increasing labor productivity at the expense of consuming ever more
natural resources. This result can only be to add value to durable products while reducing the
use of extractive raw materials, especially those with 'active' mass. This is the strategy of
'dematerialization' [e.g. Herman et al 1990; von Weizacker et al 1994].
Some would call it a new paradigm: material goods (and value added) must be conserved,
not consumed. The economy of 'space-ship earth' must focus as much as possible into
services. It will then be natural for managers to develop means for delivering services with
the minimum possible requirement for material and energy inputs. Of course, repair,
renovation and remanufacturing will necessarily sacrifice some of the advantages of mass
production. These activities are inherently more labor intensive than capital intensive.
But dematerialization is an objective; materials conservation is not ipso facto a growth
engine. In fact, increasing labor intensity looks, at first, like a disadvantage from the
perspective of labor productivity. If more labor is needed for each machine or other material
product in service, where is the macroeconomic gain? Instead of operating as an engine for
growth, the Salter cycle would switch into reverse by raising prices and reducing demand. At
least, so it appears at first.
Fortunately the situation has a bright side. The compensating feature has two aspects. One
is that repair, renovation and remanufacturing not only reduce the losses of primary extractive
raw materials but also reduce the loss of value previously added to materials by prior
production processes. In other words, the spaceship economy sharply reduces the rate of
depreciation of durable goods and physical capital. This is a real macroeconomic advantage,
because depreciation is a real loss to the economy. But cutting out depreciation does not ipso
facto generate new demand.
The second part of the answer, therefore, must lie elsewhere. Whereas the Salter cycle
growth mechanism depends on price reductions (due to economies of scale) to generate new
demand, the 'new' cycle must generate new demand in some other way. I suggest that the
obvious (and probably only) mechanism for doing so is cost-cutting via accelerated
technological innovation in the service sectors, as illustrated schematically in Figure 4. This
new mechanism is very similar to the knowledge-generation mechanism that underpins 'new'
growth theories.
Starting in the 18th century, sharply declining costs of fossil energy and mechanical
power encouraged mechanization in transportation and production in every sector, with both
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direct and indirect feedback on the costs of energy and power delivered to users. We are now
seeing this sort of cyclic feedback mechanism operate in the domain of information. Sharply
declining costs of information processing are self-perpetuating, as powerful computers and
sophisticated software are directly involved in the design and production process 21 Declining
costs of information processing have recently begun to stimulate the development and
utilization of applications far outside the original domains of automated 'number crunching'
(e.g. finance, insurance, airline reservations, weather forecasting, and so on).
It is true that information technology IT is also eliminating many traditional clerical,
bookkeeping, stenographic, switchboard and similar information-related jobs. Soon, thanks to
new developments in software, machines of all kinds will embody powerful microprocessors
that will be able to interrogate and communicate with each other without direct human
interfaces. This will eliminate many more office and factory jobs. But, new kinds of jobs are
also finally beginning to be created. The Internet and 'virtual reality' are becoming
economically important job-creators. The implications for entertainment, communications,
transportation, factory production — and even materials recovery and recycling — are only
beginning to be glimpsed.
IT is not the only area where growth-enhancing positive feedback mechanisms can be
discerned. Bio-technology may well be another. However, the temptation to digress must be
resisted.

Economic growth in the greenhouse
In recent years there has been growing concern about the problem of climate warming and
sea-level rise, due to the buildup of so-called Greenhouse Gases or GHGs (mainly CO2)
attributable mostly to fossil fuel use. These gases trap heat in the stratosphere and reradiate
it to earth. There is obviously a link between economic activity (and fuel use) and GHG
emissions. On the other hand, the extraction, processing and distribution of fuels and electric
power constitute a significant economic activity in themselves. Consequently the relationship
between energy use and economic growth has become a hot topic among macro-economic
modelers.
It has been widely accepted by most economists working in this field that the proper tool
for assessing policies for controlling GHG emissions economic growth is an optimal growth
computable general equilibrium (CGE) model [Edmonds & Reilly 1985; Edmonds et al 1986;
Nordhaus 1992, 1993, 1994; Manne & Richels 1992; Hourcade 1993; Grubb et al 1993;
Jorgenson & Wilcoxen 1993; Grubb et al 1995; Goulder 1995; Goulder & Schneider 1996].
The use of such models assumes (1) that the economy grows in equilibrium (2) that the
'engine' of growth is exogenous (i.e. increasing productivity) and (3) that any constraint on
the model — such as a regulation — must ipso facto reduce growth below the optimal level
[Ayres 1994].
One particularly contentious assumption built into the CGE framework is that growth
along the 'business-as-usual' trajectory is not only optimal but also costless and automatic.
If this were true it would also be true that any deliberate intervention by government to shift
the trajectory (e.g. to develop non-polluting energy sources) must automatically reduce the
rate of economic growth.
However, this implication is supported largely by the standard neo-classical theory of
growth-in-equilibrium, which assumes that technical progress is costless and automatic. It is
certainly inconsistent with the Schumpeterian model of growth. It is also contradicted by the
history of technology, which is replete with examples of shortage-induced innovations that
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subsequently stimulated a host of inventions and applications in completely new areas and left
the innovator with a long-lived comparative (and competitive) advantage.
Contrary to the neo-classical view, there are rather strong arguments suggesting that the
economic system, as a whole, is actually very far from equilibrium. This statement is not
inconsistent with the possibility that some elements of the system — notably markets for
labor and for capital, and for most commodities — are extremely competitive and may well
be much closer to optimality. But the competition between factors of production is probably
nowhere near equilibrium, and neither is the "market" for R&D resources, at least in the
energy area.
In the context of greenhouse policy, what this means is that (1) there is still plenty of
room for so-called 'double dividends' and even some 'free lunches' and (2) there is no reason,
apart from tradition, to suppose that well-conceived government intervention should
necessarily reduce economic growth. On the contrary, there is at least as much evidence to
suggest that the opposite might happen.

Appendix A
Physical measures of energy (E) and materials (M) introduce both conceptual and practical
difficulties. Most analysts have considered energy (E) and materials (M) flows separately. But
the term "energy" is not used correctly in most economic studies, as noted below. Physical
mass (M) is meaningful for engineering calculations, but it a very unsatisfactory and nearly
meaningless measure for heterogeneous material resource inputs (or outputs). Moreover, both
energy and mass are physically conserved quantities. Neither is gained nor lost in the
economic process. Hence they cannot be "used up" in any sense; they cannot be factors of
production.
For these reasons, economists have used monetary measures (dollar value) almost
exclusively. This is quite satisfactory for some purposes, such as comparing monetary outputs
per unit of aggregate mass input, over time, or between countries, for a given industry (say
steel, or petrochemicals). But comparing one sector or product, or resource, with another in
this manner introduces serious conceptual difficulties. While mass is definable for all
materials, and hence mass inputs and outputs are definable for all sectors, the relationship
between aggregate mass input and monetary outputs cannot meaningfully be compared, either
between sectors or from period to period.
As noted above, the term "energy", is used incorrectly by most people, although the
problem is mainly terminological. What is normally measured in practice and labelled
"energy" is the potential heat of combustion (technically, enthalpy) of a fuel, while on the
output side the usual measure is mechanical work or power delivered over time. Electric
power is regarded as pure work. (That is, it can be converted into work with almost 100%
efficiency). For the sake of conceptual precision it should be replaced by the word exergy,
which refers to that part of the energy flux that is available to do useful work and, which can
be used up in an economic process as work is done and energy becomes less available. 22 The
important difference between energy and exergy is that exergy is not a conserved quantity.
Exergy is measurable. As applied to dry fossil hydrocarbon fuels, exergy is nearly equal
to the standard heat of combustion because that combustion generates rather high temperatures
(over 1500°C). This heat can be converted to work, in principle, with comparably high Carrot
efficiency (T–To)/T where To is the ambient temperature of the surface of the earth, about 300
degrees above absolute zero on the Kelvin scale. The same cannot be said of firewood, which
burns at much lower temperatures (even when comparatively dry) and wastes much of its heat
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output on vaporizing water. In the case of steam, at temperature T, it is equal to heat content
times the Carrot efficiency. But the fact that fossil fuels are so dominant, at present, has
encouraged energy analysts to measure energy in terms of heat of combustion (e.g. BTU or
terajoules) and to speak of coal or oil equivalents 23
What is not commonly realized is that exergy is defmable and measurable for all
materials, not just fuels. It is as fundamental a measure as mass, except for one restriction:
exergy is only defined jointly for a material and the environmental medium or reference state
— or "sink" — with which it must ultimately reach thermodynamic equilibrium. Once the
reference state has been specified (usually the atmosphere, ocean or earth's crust) exergy can
be calculated quite precisely from thermodynamic data that are already collected and compiled
in reference books [see Ayres et al 1996].The exergy measure applies equally well to organic
materials and inorganic substances. Thus it can be determined equally well for physical
process inputs (resource flows, including fuels), process outputs (material products and
byproducts), waste heat, and material waste effluents.
Since the exergy measure is applicable to and computable for all materials, as well as all
forms of energy, it can be used for purposes of aggregation in situations where the monetary
measure is inappropriate or inadequate. For instance, the stock of all known mineral resources
in a given country, at a given time, can be presented as a single number combining fossil
fuels, forests, hydroelectric resources, metals and other minerals. Similarly, the consumption
of all resource inputs to a country or an industry — including minerals, agricultural and forest
products — can be expressed as an aggregate in exergy terms. This approach to resource
accounting has been proposed, in particular, by Wall [Wall 1977, 1986, 1990]. By the same
token, the aggregate output of useful products, as well as the generation of material wastes,
can also be expressed, separately, in exergy terms [Ayres et al 1996].
The physical units for exergy are exactly the same as for energy or heat, namely Joules,
Calories, BTUs, kilowatt hours or horsepower hours. Energy analysts have made matter worse
by introducing other units such as million tons of coal equivalent (MTCE), million tons of
oil equivalent (BTOE), and "quads" (for quadrillion BTUs). The confusion of units is a major
hazard of energy analysis.
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Endnotes
1.

The persistent recession in Europe that followed World War I, characterized by a combination of
overcapacity and unemployment, seemed (to some) to confirm Marx's views on capitalism. It also opened
the door to Keynes' insight that the economic system is not necessarily self-adjusting (i.e. that Say's law
does not always work) whence government could (and should) create artificial demand even if this had to
be done by deficit financing. However, while both were enormously influential, neither Marx' nor Keynes'
insights contributed significantly to the economic theory of growth.

2.

For historical notes see [Blaug 1997, especially footnote p. 430]. A more general constant elasticity of
substitution (CES) production function was introduced in 1961 [Arrow et al 1961] and an even more
flexible form, the trans-log form, has been utilized since the 1970s by Jorgenson and others [Jorgenson et
al 1973; Christensen et al 1975; Jorgenson & Lau 1984]. The trans-log form is not only more flexible than
CES, but it also facilitates the dual formulation of production theory in terms of factor prices instead of
quantities.

3.

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].
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4.

For instance, I can find no such discussion in Blaug's comprehensive history of economic theory [Blaug
1997]. Nor is there any discussion of the question in Joan Robinson's Economic Philosophy, where it might
be expected [Robinson 1962].

5.

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.

6.

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 19805) 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.

7.

Actually, 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], while
Solow has shown that 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].

8.

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

9.

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]. He cites several earlier scholars who made this
point, viz. "... the spectacle 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 he 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].

10. It is hardly necessary to mention that technical progress played a major role in this process, and that
Britain's lead in the industrial revolution came about because it was British innovators who led the way in
practical use of coal for iron smelting and for steam engines.
11. The cycle is named for an English economist, W. E. G. Salter who wrote a very perceptive book on growth
and technological change [Salter 1966], although he did not explicitly describe the cycle as such.
12. It should not be necessary to add that this comment is not intended as a value judgement. I would not in
the least favor a return to form of society that prevailed in 1780 where virtually all wealth and income was
in the hands of a very small number of very rich landowners or the Church. The point is that there is no
compelling reason to suppose that either allocation corresponds to an equilibrium in any meaningful sense.
13. The argument of the exponential term is ao[2-(1+e)/k + aoct(1/e-1)] where 1, k and e are index numbers
representing labor, capital and energy consumption, respectively and ao and c, are technology parameters.
14. The sectoral definition to which the time series applies varies somewhat from country to country. In
Germany it accounts for about 50 percent of GNP. In the US it includes services and accounts for about
80 percent of GNP, while in Japan it accounts for 90 percent of GNP.
15. Examples of such long-run CGE models include the Dynamic General Equilibrium Model (DGEM)
[Jorgenson & Wilcoxen 1993], the OECD's GREEN model [Burniaux et al 1992], the Goulder model
[Goulder 1992, 1995], the Pacific Northwest Laboratories Second Generation Model [Edmonds et al 1992],
and Whalley & Wigle [Whalley & Wigle 1991, 1993]. See also [Goulder & Schneider 1996].
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16. In addition, Goulder and Schneider note that ITC can also increase the net environmental benefits of a
carbon tax.
17. Of course, many of these criticisms have been made in the past. Neo-classical growth theorists are often
tempted to make an easy but dubious argument: that, while Schumpeter's scheme may indeed provide the
missing micro-explanation for "exogenous" technical progress, nevertheless at the macro level it is safe to
assume that markets behave "as if" they were in equilibrium [e.g. Conlisk 1996].
18. See, for example, the March 1998 issue of Scientific American, especially the article by Colin J. Campbell
and Jean H. Lahentre "The End of Cheap Oil" (pp. 60-65) [Campbell & Lahentre 1998].
19. As regards the scarcity problem — depreciation of the natural resource base — the pessimistic views of
"neo-Malthusians" [e.g. Meadows et al 1972] have been strongly disputed by economists, who argue that
capital accumulation and technological progress can compensate, more or less indefinitely [Solow 1974;
Stiglitz 1974, 1979], with considerable empirical support [Barnett & Morse 1962; Smith 1979]. However,
the natural resource endowment of the earth is nevertheless finite.
20. For a detailed proof, see [Ayres 1998].
21. For instance, computer-aided design software (known as CAD) has been the key to very large-scale
integration (VLSI) in computer chip manufacturing. Similarly, sophisticated computer software is now
integral to the software-writing process itself.
22. In effect, as energy becomes unavailable, it generates entropy. (Entropy is measured in units of energy
divided by temperature). Thus the economic process necessarily generates entropy. It can be characterized
as a process that converts low entropy resources into high entropy wastes. For an extensive discussion of
the economic process from this perspective see [Georgescu-Roegen 1971].111e so-called "entropic" school
notes that fossil fuels and metal ores constitute a finite stockpile of "low entropy" resources that is being
rapidly exhausted by economic activity.
23. In the case of hydroelectricity, wind, or nuclear power, special calculations are needed, depending on the
details of the assumed conversion process. However, for convenience, exergy content can be equated to the
electric power output.
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